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ABSTRACT 

 

The aim of this PhD thesis primarily focused on the characterization and chemical 

stability of polymeric synthetic paints recently used in the artistic and industrial field, 

i.e. acrylic emulsions, alkyd, and styrene-acrylic resins. The need for scientific 

knowledge derives from the fact that some research topics have yet to be understood, 

such as the influence of various pigments (e.g. synthetic ultramarine, cobalt blue, 

titanium white, etc.) in the paint degradation processes, the interaction between paint 

and atmospheric agent, and the effect that the combination of pollutants has on the 

overall stability of the paints. These topics were studied applying several 

complementary analytical techniques available at the Institute of Natural Sciences and 

Technology in the Arts (ISTA) at the Academy of Fine Arts Vienna, such as 

Attenuated Total Infrared Spectroscopy (ATR-FTIR) and μ-Raman Spectroscopy, and 

at the Technical University of Vienna (TU Wien), such as Atomic Force Microscopy 

(AFM) and Laser-Induced Breakdown Spectroscopy (LIBS). The chosen experimental 

methods are useful for the investigation of molecular-chemical reactions and also 

semiquantitative aspects occurring during artificial aging. The various results obtained 

from the different analytical techniques chosen are implemented through multivariate 

statistical methods (i.e. PCA, and Random Forest Discrimination) in order to fully 

exploit the chemical information on these materials, combine the results with each 

other, and obtain complete information on the interaction of the pollutants agents and 

paints. 

The PhD thesis was divided into two parts in order to individually evaluate the 

deteriorating action of the two main atmospheric pollutants, UV-light and pollutant 

gases. In the first part, the degradation behavior of paints subjected to accelerated 

aging by UV-light was studied. The UV-light radiation chosen provides radiation with 

wavelengths between 295 and 3000 nm, simulating outdoor sunlight conditions. This 

study demonstrated that the type of inorganic pigment in the mixture and the 

Pigment/Binder (P/BM) ratio used has a significant impact on the stability of the 
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binding media. Moreover, chemometric methods and advanced techniques showed 

that the degradation effect of UV-light varied also according to the binder, pigment 

granulometry, showing different trends comparing the top and inner paint layers. The 

second part of the thesis focused on studying the degradation reactions caused by 

pollutant gases and relative humidity (RH). The paint samples were exposed to 

different corrosive gases, such as SO2, O3, H2S, and NOx. Synthetic air was mixed with 

different amounts of RH (50 and 80 %) and gases in the ppb and/or ppm range to 

represent the atmospheric environment. In general, the results showed that binders 

present a different degradation behavior when exposed to pollutant gases. Specifically, 

RH has more influence on acrylic paints, different gases on alkyd paints, and the 

gas×RH combination on styrene-acrylic paints. However, the type of pigment in the 

mixture and the RH content applied in the accelerated weathering chamber also 

influence the deteriorating phenomena. In addition to this experimental evaluation, a 

preliminary study on cleaning methods for painted materials was carried out. This last 

part represents the connection between chemical investigations on cultural heritage 

and conservation practices useful for preserving modern artworks. 

The knowledge gained from the results obtained might support conservators and 

restorers for the development of appropriate conservation strategies, as well as to 

artists for a better selection of art materials. Finally, the research carried out can be 

applied to further research projects that study different classes of pigments, synthetic 

binders, and degradation processes of artistic objects and industrial products. 
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ZUSAMMENFASSUNG 

 

Das Ziel dieser Dissertation konzentrierte sich hauptsächlich auf die Charakterisierung 

und chemische Stabilität von polymeren synthetischen Farben, die neuerdings im 

künstlerischen und industriellen Bereich verwendet wurden, d. h. Acrylemulsionen, 

Alkyd und Styrol-Acryl-Harze. Der Bedarf an wissenschaftlichen Erkenntnissen ergibt 

sich aus der Tatsache, dass einige Forschungsthemen noch nicht verstanden sind, wie 

zum Beispiel der Einfluss verschiedener Pigmente (z.B. synthetisches Ultramarin, 

Kobaltblau, Titanweiß, etc.) auf Lackabbauprozesse, die Wechselwirkung zwischen 

Lack und Witterungseinflüssen sowie die Wirkung der Schadstoffkombination auf die 

Gesamtstabilität der Lacke. Diese Themen wurden unter Anwendung von mehrerer 

komplementärer analytischer Methoden, die am Institut für Naturwissenschaften und 

Technologie der Künste (INTK) der Akademie der bildenden Künste Wien verfügbar 

sind, untersucht, wie zum Beispiel Abgeschwächte Total-Infrarot-Spektroskopie 

(ATR-FTIR) und µ-Raman-Spektroskopie, und an der Technischen Universität Wien 

(TU Wien), wie zum Beispiel Rasterkraftmikroskopie (AFM) und Laserinduzierte 

Durchbruchspektroskopie (LIBS) werden durchgeführt. Die gewählten 

experimentellen Methoden eignen sich zur Untersuchung molekular-chemischer 

Reaktionen sowie semiquantitativer Aspekte, die während der künstlichen Alterung 

auftreten. Die Ergebnisse der verschiedenen gewählten Analysetechniken wurden 

durch multivariate statistische Methoden (d.h. PCA und Random Forest 

Discrimination) umgesetzt, um die chemischen Informationen über diese Materialien 

vollständig auszuschöpfen, die Ergebnisse miteinander zu kombinieren und 

vollständige Informationen über die Wechselwirkung der Schadstoffe und Lacke zu 

erhalten. 

Die Dissertation wurde in zwei Teile gegliedert, um die schädliche Wirkung der beiden 

Hauptschadstoffe UV-Licht und Schadgase einzeln zu bewerten. Im ersten Teil wurde 

das Abbauverhalten von Lacken untersucht, die einer beschleunigten Alterung durch 
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UV-Licht ausgesetzt sind. Die gewählte UV-Lichtstrahlung liefert Strahlung mit 

Wellenlängen zwischen 295 und 3000 nm und simuliert so die Bedingungen des 

Sonnenlichts im Freien. Diese Studie zeigte, dass die Art des anorganischen Pigments 

in der Mischung und das verwendete Verhältnis Pigment/Bindemittel (P/BM) einen 

signifikanten Einfluss auf die Stabilität des Bindemittels haben. Darüber hinaus wurde 

durch die Umsetzung der Ergebnisbewertung mit chemometrischen Methoden und 

fortschrittlichen Techniken gezeigt, dass die Abbauwirkung von UV-Licht auch je 

nach Bindemittel und Pigment Granulometrie variiert und unterschiedliche Trends 

beim Vergleich der oberen und inneren Lackschichten zeigt. Der zweite Teil der Arbeit 

konzentriert sich auf die Untersuchung der Abbaureaktionen durch Schadgase und 

relative Luftfeuchtigkeit (RH). Die Lackproben wurden verschiedenen korrosiven 

Gasen wie SO2, O3, H2S und NOx ausgesetzt. Synthetische Luft wurde mit 

unterschiedlichen Mengen an RH (50 und 80 %) und Gasen im ppb- und/oder ppm-

Bereich gemischt, um die atmosphärische Umgebung darzustellen. Generell zeigten 

die Ergebnisse, dass Bindemittel ein unterschiedliches Abbauverhalten zeigen, wenn 

sie Schadgasen ausgesetzt sind. Konkret hat RH mehr Einfluss auf Acrylfarben, 

verschiedene Gase auf Alkydfarben und das Gas×RH-Kombination auf Styrol-

Acrylfarben. Aber auch die Art des Pigments in der Mischung und der RH-Gehalt, der 

in der beschleunigten Bewitterungskammer aufgetragen wird, beeinflussen die 

Verschlechterungsphänomene. Zu dieser experimentellen Bewertung wurde eine 

Vorstudie zu Reinigungsverfahren für lackierte Materialien durchgeführt. Dieser letzte 

Teil stellt die Verbindung zwischen chemischen Untersuchungen des kulturellen Erbes 

und Konservierungspraktiken dar, die für die Erhaltung moderner Kunstwerke 

nützlich sind. Die aus den Ergebnissen gewonnenen Erkenntnisse könnten 

Konservatoren und Restauratoren bei der Entwicklung geeigneter 

Konservierungsstrategien unterstützen und Künstlern eine bessere Auswahl von 

Kunstmaterialien ermöglichen. Schließlich können die durchgeführten 

Untersuchungen in weitere Forschungsprojekte einfließen, um die verschiedenen 

Abbauprozesse von Pigmentklassen, synthetische Bindemittel in Kunstobjekten und 

Industrieprodukten durch zu leuchten.   
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1 
INTRODUCTION 

 
 

Modern and contemporary art had an outstanding development from the 1950s on and 

subsequently a deep impact on the market and production of innovative artistic 

materials, involving more and more professionals in the fields such as conservation-

restoration, art history, and conservation science. Despite the use of the latest 

generation polymeric materials, the artworks require adequate conservation plans, as 

the complex chemical composition of the materials used made the prevention 

assessment and the knowledge of their chemical-physical stability difficult. For this 

reason, since the beginning of the early 2000s, these materials have been investigated 

and studied by various research groups and organizations through morphological, 

mechanical, chemical, and physical analyzes in order to understand their state-of-art, 

their chemical composition, and to support conservators and restorers in evaluating the 

prevention of the degradation of these materials when exposed to different atmospheric 

conditions. 

Specifically, the knowledge concerning material degradation processes, linked to the 

change of chemical properties of the altered surfaces due to the chemical species 

constituting the atmospheric environment, is still of current interest. The atmospheric 

degradation that influences the stability of materials is mainly due to the interaction 

between the atmospheric constituents and the humidity; in this way, the water settles 

in a thin layer on the materials and, acting as a solvent, attracts the pollutants present 

in the air, both gaseous and particulate matter. Therefore, having a general overview 

of the chemical-physical reactions that occur during the surface degradation of 
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materials, it is essential to develop and apply new strategies to monitor, analyze, and 

understand the different phases that occur during these deterioration processes. 

Nowadays, from the commercial point of view, routine analysis is carried out only to 

improve protective materials that prevent these effects. However, a more detailed and 

microanalytical investigation of the materials would allow to better comprehend the 

chemical-structural changes of the materials for industrial employment, applications 

in different fields of research (coating studies, corrosion science, cosmetics), and 

above all for the prevention of cultural heritage that over time risks to be completely 

destroyed.  

In this thesis, an analytical procedure was developed in order to carry out a 

qualitative/semi-quantitative and statistical evaluation for the molecular stability of 

modern art materials. Results will explain the chemical interactions that occur between 

the atmospheric environment, modern paints, and the stability or degradation 

processes that are developed in contact with UV-light and air pollutant agents.  

The innovative aspects of this work are based on scientific concepts which are still 

under investigation: 

1) The study and the molecular-chemical identification of new synthetic paint 

materials recently used in the artistic field; 

2) The analysis of the interaction between various pigments/binder’s mixture used 

and the different degradation effects under UV-light exposure; 

3) The study of accelerated aging by using controlled atmospheres with relative 

humidity and polluting gases; the mechanisms occurring between corrosive gases and 

modern paint materials; 

4) The evaluation of a correct and effective method for cleaning these paint 

materials in order to properly remove the degradation deposits and maintain the 

aesthetic and physical mechanical integrity of the original materials. 

The discussed investigations were performed by applying several analytical 

techniques, such as Attenuated Total Reflection infrared spectroscopy (ATR-FTIR), 
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μ-Raman spectroscopy, Atomic Force Microscopy (AFM), and Laser-Induced 

Breakdown Spectroscopy (LIBS). These methods led to a comprehensive and 

systematic investigation of the chemical reactions occurring during artificial aging of 

synthetic art materials. Using ATR-FTIR and Raman spectroscopy, it was possible to 

identify new degradation products on the surfaces. In addition to these chemical 

investigations, AFM was used to investigate the morphological changes observed 

according to the different pollutant agent, and finally, by LIBS it was possible to 

increase the elemental qualitative knowledge of modern art materials. The correlation 

of these results was studied by multivariate analysis to understand if the degradation 

impact on paints is favoured from the interaction and combination of the pollutants or 

the different components constituting the art materials. This information is important 

for the cultural heritage field, the prevention, the conservation practises, and the 

research of new restoration methods. Moreover, the scientific topic can be of interest 

to study the degradation of photo-electrochemical devices, the prevention of plastic 

industrial products, and the development of innovative solutions for air purification. 
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2 
MATERIALS 

 
 

2.1 Acrylic and Styrene-acrylic emulsions 

In the twentieth century, artistic paint materials underwent a significant evolution from 

the stability and chemical-physical properties perspective. In previous centuries, the 

most used binder was petroleum, but the development and innovation of new 

technologies in the field of artistic materials allowed the creation of new binding media 

such as the polyvinyl acetate (PVA) emulsions, the vinyl-acrylic emulsions, the alkyd 

resins, water-miscible oils, etc. [1]. Among them, acrylic emulsion paints have been 

the most successful. Chemically, the two main monomers used for the formation of 

the acrylic polymer are the esters of acrylate and methacrylate acids, respectively. 

Although acrylic resins were used as early as the late 1930s, waterborne acrylic 

emulsions were only widely applied as artist's paints since the 1960s. Their success is 

mainly due to their rapid drying and the presence of water in the paint mixture instead 

of organic solvents. For this reason, acrylic emulsions have been revolutionary in the 

paint and coatings industry [2]. There are many categories of acrylic emulsions, but 

the two main ones are thermoplastics and thermosettings. The first represents the 

acrylic product most used by artists. Thermoplastic acrylic emulsions have long 

polymer chains, so film formation occurs without any additional chemical action 

(except the evaporation of the solvent or water). On the other hand, thermosetting 

acrylics have a slightly shorter chain length and are usually used for industrial 

applications [3]. Still considering thermoplastic acrylics, they can be divided into two 

forms: acrylic solution and acrylic emulsion. In the first case, the acrylic polymer is 
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dissolved in an organic solvent. In contrast, in the acrylic emulsions, the insoluble 

acrylic polymer is dispersed in an aqueous phase and stabilized with a surfactant 

(biphasic system), able to lower the interfacial tension. The surfactants used in this 

step are generally added in low concentrations. They can be anionic (sodium lauryl 

sulfate or dodecylbenzene sulphonate), cationic (quaternary ammonium compounds), 

or non-ionic (alkylphenol ethoxylates) [4,5]. 

Over the years, there were technological developments to improve the chemical and 

physical properties of acrylic emulsions, such as the addition of additives. They can 

improve the chemical performance of the acrylic binder by e.g. increasing its resistance 

to light degradation and thermal resistance [6]. In addition, they can be added to the 

acrylic matrix both during the manufacturing of the polymer emulsion and in the 

formulation of the paint itself (Fig. 1). Some of them are: 

- Coalescing agent: It makes paints more resistant to dirt pickup when dried by forming 

coherent films. 

- Defoamers: They reduce the tendency of surfactants to foam. 

- Freeze-thaw agents: They increase the resistance to freezing. 

- pH buffer: Monitoring the pH value of acrylic paints is important as it affects the 

physical properties and performance of the polymer system. For example, acrylic 

paint is more stable if slightly acid. 

- Preservatives: They prevent the growth of microorganisms during the drying phase 

and storage. 

- Protective colloids and sequestering agents: They allow for steric stabilization and 

the removal of metal ions that risk precipitating. 

- Surfactants: As previously described, they allow for electrostatic stabilization and 

steric hindrance mechanisms. 

- Thickeners and dispersing agents: They avoid the formation of pigment agglomerates 

and their steric and electrostatic stabilization. 
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Acrylic emulsions became particularly useful due to their physical properties, 

specifically, the glass transition temperature (Tg), above which a polymer can be 

flexible and rubbery. In the case of waterborne acrylic emulsions, copolymers with a 

Tg just below ambient temperature (around 10-15 °C) are selected. The polymeric film 

obtained will be flexible enough to avoid cracking [7]. 

 

Fig. 1: Representation of all chemical components present  
in acrylic paint tube and spray can.  

 
Furthermore, another characteristic of acrylic paints is the drying speed. However, 

there are differences between the solution and the emulsion forms. The emulsions are 

dispersed and diluted in water (reducing its toxicity), while a solution dries by 

evaporating the solvent [8]. However, a feature that can compromise the chemical and 

physical stability of acrylic emulsions is the presence of additives. E.g., surfactants 

(the main one is polyethylene oxide, PEO) tend to migrate into the paint-air interface 

both during the film formation and long-term aging.  
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This phenomenon causes mechanical stress which leads to surface morphological 

changes such as increase of roughness and gloss. Once the surface is physically 

compromised, it will be more subject to other degradation factors making the whole 

paint more unstable.  

In the research study presented here, a large part of the results was evaluated 

considering previous studies carried out [9–13] and subsequent assessments were 

considered trying to investigate this chemical phenomenon. As previously mentioned, 

during the last years of technological development, various monomers have been 

added to acrylic emulsions to lower production costs and improve their chemical-

physical performance, creating new synthetic binders such as styrene-acrylic 

emulsions. In recent years, this synthetic polymer has found wide application in the 

coatings industry as well as in the artistic field, especially for spray paints and 

contemporary murals [14]. The stability of styrene-acrylic emulsions in artworks is 

still poorly understood [15,16]. However, due to the photochemical reactions 

involving styrene monomers, it would be more prone to yellowing and less chemically 

resistant. 

2.1.1 Polymerization and film formation 

At the industrial formulation level, these emulsions are made by means of the so-called 

emulsion polymerization. Although this reaction is extremely complicated and, in 

some ways still not fully understood, four main components are involved: 

- The monomers (generally acrylic acid, methacrylic acid, ethyl acrylate (EA), 

and n-butyl methacrylate (nBA));  

- Water (able to disperse the heat derived from the generated exothermic 

reaction);  

- The surfactant, and an initiator.  

- In addition, protective colloids can be added, such as polyacrylic acids or 

polyvinyl alcohol, for stabilizing the emulsion and avoiding the formation of 

agglomerates [4].  
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The first step of the emulsion polymerization is the mixture of water and surfactant, so 

that the surfactant micelles are present at a certain concentration, the so-called critical 

micelle concentration (CMC). In this way, the micelles present in the aqueous phase 

will be displayed with their hydrophobic part (apolar) inside and the hydrophilic one 

(polar) outside the micelle. The surfactants used can be divided between anionic and 

cationic. The first ones, such as alkyl sulphates and carboxylic acid phosphates, can be 

added in small quantities, however with the risk of causing foaming. On the other hand, 

the latter, generally phenols with alkyl chains or ethoxylated alkyl alcohols, exhibit 

less surface activity but may not form appropriate micelles. Depending on the type of 

product to be obtained, the most suitable surfactants will be selected and used in the 

polymerization process [17]. Subsequently, the monomers are added and mixed with 

the water-surfactant mixture. In this way, some monomers break down into droplets 

and some dissolve in the surfactant micelles. The third phase consists in the addition 

of the initiator, which is dissolved in the water. For acrylic emulsions, the commonly 

used initiators are persulphates of potassium, sodium, and ammonium. These sulphate 

anions initiate the polymerization in the aqueous phase by reacting with the monomers 

and forming new ion radicals. These propagating species allow the growth of the 

polymer chain by adding more monomer molecules to the radicals [18].  

 
Fig. 2: Chemical formation of acrylic particles by polymerization. 
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The polymer particles also grow inside the surfactant micelles until they reach the 

stabilization phase. In Fig. 2, a schematic representation of the polymerization 

emulsion in aqueous phase is shown. 

Once the paint has been applied to a surface, the drying process begins. It will be 

different for polymers in solution or in emulsion. In the latter case, the polymeric units 

will be of larger size and will have the form of polymeric spheres dispersed in aqueous 

solution. The film formation process is based on two steps [19]. The first is the 

evaporation of water, controlled by the diffusion of the vapor pressure of the water 

itself. Subsequently, the polymer molecules in the dispersed phase will gather each 

other, also incorporating the pigment particles and additives present. This phenomenon 

is called coalescence. Finally, the last remaining amount of water evaporates, forming 

the final dried polymer layer. Once the adhesion process of the polymer spheres is 

completed, it will be irreversible [3]. Fig. 3 shows the stages of film formation. 

 

Fig. 3: Chemical mechanisms for film formation in an emulsion system. 

However, some factors can influence the film formation stages. First of all, the 

complete evaporation of the water must take place, to avoid that some water molecules 

remain trapped in the dried film. The time required to complete this phase depends on 

several factors, especially from the so-called "open time" of the mixture. It indicates 

the time within which a layer of wet paint can be "overcoated", avoiding aesthetic 
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defects such as layering [20]. Monitoring the glass transition temperature (Tg) of the 

polymers used to create the film is also important. If higher than the drying 

temperature, the film will not be thick enough due to the non-plasticity of the 

emulsions, subsequently compromising the coalescence phase. If, on the other hand, 

the Tg value is low, the resulting film will be soft and flexible but with poor physical-

chemical characteristics unlike polymers with high Tg. For this reason, the so-called 

"coalescing agents" are added to industrial formulations, which lower the Tg of the 

binder without altering its technical properties. In fact, it allows the solvation of the 

polymer particles, favouring their aggregation [21]. 

2.2 Alkyd resins 

Alkyd resins are a binding medium widely used as a product in the coating industry 

and in the artistic field. They were introduced in the late '30s, even if their success was 

only in the late '50s, as artists began to replace it with the traditional binder used since 

ancient times, namely oil [1]. Alkyds are oil-modified polyester resins; the latter is 

fundamental in the chemical formulation of the alkyd product as it allows to obtain a 

flexible film. The term “alkyd” derives from the two main components of which it is 

composed: a polyhydric alcohol (or polyol) and a polybasic carboxylic acid. 

Industrially, the alkyd resin is prepared by heating the oil component with phthalic 

acid anhydride and glycerol to obtain a polyester containing fatty acids. In general, the 

polyester obtained is a hard, crosslinked thermosetting resin which, by adding a 

monobasic fatty acid, is able to reduce its degree of crosslinking [22]. Below and in 

Fig. 4, the different components of an alkyd resin are described:  

 
Fig. 4: Principal reaction for the formation of an alkyd polymer [23]. 
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- Polyol: Generally, the two most used are glycerol and pentaerythritol. The first was 

used before 1960, to obtain alkyds with short and medium oil chains, whereas 

pentaerythritol was applied for long oil alkyds. The latter dry more quickly and the 

film produced is more flexible and durable (greater water resistance). 

- Polybasic acid: The common polybasic acid is the phthalic anhydride of the dibasic 

acid of which all alkyd paints are generally composed. Alternative products are 

dibasic acids such as: isophthalic, terephthalic, and maleic acid [24]. 

- Drying oil: The oily component, i.e. monobasic fatty acids, allows alkyds to 

differentiate themselves from other polymeric products obtained from the 

condensation of polybasic acids with polyvalent alcohols. Depending on the different 

fatty acid used, the alkyd resin will have certain drying characteristics. As reported 

in the literature [25], the best drying properties are obtained by adding an unsaturated 

fatty acid. The three main ones are: linseed, soybean, and safflower oil. Linseed oil 

is the most common but tends to yellow easily. For this reason, it is mainly used in 

paint mixture with dark color pigments. 

An important classification of the alkyd resins is by the proportion of oil to resin, or 

“oil length”. Three are the main categories, i.e. short-oil resins (< 40% oil content); 

medium-oil resins (40 to 60% oil content); and long-oil resins (> 60-70% oil content), 

the latter the most stable. According to this percentage in the resins, it determines 

certain physical and solubility properties of the paints. Some of these are hardness, 

durability, flexibility, viscosity, chemical resistance, and stability. Because of its 

aesthetical appearance similar to the traditional drying oil but the shorter drying time, 

alkyd resins became very popular, widening the range of possibilities of artists, 

including Pablo Picasso and Jackson Pollock [4]. 
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2.2.1 Drying process and film formation 

The drying mechanism of the alkyd resin is similar to that of oil and can be divided 

into two different phases. The first process takes place through the physical drying of 

the resin where, after the evaporation of the solvent, a uniform film is formed. The 

second process occurs chemically and is called lipid autoxidation [22]. This 

phenomenon is more complex than the previous one and occurs by involving the free 

radical chain. It can be divided into three steps: initiation, propagation, and termination 

(Fig. 5). The first phase can take place by the action of some initiating species in the 

substrate, by thermal decomposition of the hydroperoxide, or by the presence of a 

metal dryer. Subsequently, the formation of hydroperoxide (propagation reaction) 

takes place by means of a faster reaction involving high partial pressures of oxygen. 

Finally, with the termination step, radical recombination leads to the formation of 

peroxy, ether, and C-C crosslinks, obtaining a final dried alkyd film. Lipid 

autoxidation involves the fatty acid group of the alkyd resin. In fact, the drying power 

varies according to the type of oil and the chemical reactivity of the double bonds of 

unsaturated acids. They favor the reaction with oxygen in the air to form a polymeric 

film [26]. Specifically, with the first step of autoxidation, a bis-allyl hydrogen atom 

from the unsaturated fatty acid is extracted (Fig. 6). It causes the formation of a radical 

species, which is stabilized by its delocalization due to the pentadienyl structure. The 

reaction of molecular oxygen with this pentadienyl species is very rapid, leading to the 

formation of a peroxidic radical with conjugated double bonds. The main reaction 

involved is the extraction of a hydrogen atom from another resin molecule to form a 

hydroperoxide and propagate the radical chain [27]. Subsequently, the hydroperoxide 

decomposes leading to the formation of non-volatile crosslinked species or species 

such as alcohols, ketones, aldehydes, and carboxylic acids [28]. 
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Fig. 5: Chemical drying process of alkyd resins [29]. 

However, alkyd paints dry faster than oils, and this is due to the presence of dryers, 

the degree of unsaturation of its fatty acid chains or the presence of phthalic groups 

which lead to less oxidation reactions. It is precisely through this innovative 

crosslinking process that alkyd resins represented a revolution in paint technology, 

both in the industrial and artistic field [30].  
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Fig. 6: Representation of fatty acid chain autoxidation of an alkyd resin. 

2.3 Sample preparation 

For this study, samples were prepared with different mixtures of pure acrylic emulsion 

(Plextol® D498, Kremer Pigmente, Germany), alkyd resin (Alkyd Medium 4, Lukas, 

Germany), and styrene-acrylic emulsion (Acronal S790, BASF, Germany) in 

combination with nine inorganic pigments. All pigments are products of Kremer 

(Kremer Pigmente, Germany). The chosen materials (Tab. 1) are not only used in the 

artistic field but also in industry and daily life. These inorganic pigments, for example, 

are employed for buildings, production of industrial objects and even cosmetics, while 

organic binders, modified in their chemical-physical properties during recent years, 

are increasingly employed in various sectors such as transportation, construction or art 

[31]. After having weighed the pure materials, they were put on a mortar and mixed 

with a muller for a few minutes. The pigment/binder (P/BM) ratio chosen is 1:3. The 

paints were spread on glass slides using the so-called Doctor Blade technique (Fig. 7) 

[32]. Once the correct paint consistency was achieved, a small amount was placed on 

a glass slide with a spatula. Between the slide in question, two other slides were placed 

under which an aluminum foil with a thickness of 150 µm was placed.  
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In this way, using another slide, the spreading paint will have an ideal wet film 

thickness of 150 µm.   

 

Fig. 7: Sample preparation by the so-called Doctor-Blade technique and 

representation of the final mock-ups. 

In total 288 samples were prepared, considering every combination between pigments 

and binders and the experiment number carried out. The samples were dried under 

room conditions (ca. 22 °C and 30% relative humidity) for three weeks before starting 

the artificial aging (Fig. 7). 
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Tab. 1: Inorganic and organic materials used for the sample preparation. 

Pigment  Chemical composition C.I. Name 

Titanium white TiO2 PW6 

Cadmium yellow CdS PY37 

Cobalt green Co2TiO4 PG50 

Hydrated chromium oxide green Cr2O3 · H2O PG18 

Cerulean blue CoSnO3 PB35 

Cobalt blue CoO · Al2O3 PB28 

Artificial ultramarine blue Na8-10Al6Si6O29S2-4 PB29 

Iron oxide red Fe2O3 PR101 

Manganese violet NH4MnP2O7 PV16 

   

Binder Chemical composition Commercial Name 

Acrylic emulsion p(nBA/MMA) Plextol® D498 

Alkyd resin  Polymer oil-modified 
polyester-resin based on 
orthophthalic acid and 

pentaerythritol 

Alkyd Medium 4 

Styrene-acrylic emulsion P(nBMA-2EHA-Styrene) 
terpolymer 

Acronal S790 
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3 
ACCELERATED AGING 

 
 

3.1 Atmospheric pollution 

When a material gets in contact with the surrounding environment, the interaction 

between its surface and the components present in the ambient atmosphere is 

inevitable. This interconnection causes the formation of degradation products and in 

many cases to the loss of appearance over time, especially in the case of art objects, 

and functionality for industrial materials. Additionally, in the ambient atmosphere, it 

is also necessary to consider the relative humidity (RH), the influence of the light 

radiation, the temperature, and oxidizing reactions due to pollutant gases. These 

factors, especially in the case of cultural heritage, cause significant degradation 

processes: i.e., different physical and chemical surface changes [33]. 

Prevention and restoration actions will have to evolve reducing the impact of damage 

due to air pollution, different biological and physical processes, and the combination 

with UV-radiation, which gives rise to new forms of damage. Many studies were 

developed for the characterization and prevention of art objects exposed in indoor 

environments [34], in which the parameters such as relative humidity, temperature, 

and pollutant agents are more easily controlled. The problem occurs when artworks 

such as sculptures, murals, coated, and painted objects are exhibited outdoor, and they 

are challenging to monitor and protect. 

 

 



18 
 

3.1.1 Polymer photodegradation 

Photo-oxidation occurs when a polymeric surface is periodically subjected to light 

irradiation and oxygen to the point of causing its degradation. The damages caused by 

photo-oxidative degradation are mainly alterations in the chemical and physical 

properties of the polymer. UV-light is generally classified into three specific regions 

according to the different wavelengths in which they operate (Fig. 8). They can be 

divided in: UV-A (400 to 315 nm, near UV), UV-B (315 to 280 nm, middle UV) which 

can cause chain splitting and/or crosslinking of the polymer chemical structure, and 

finally UV-C (280 to 100 nm, far UV), which is completely absorbed by the 

atmosphere [35].  

 

Fig. 8: UV-light range in the electromagnetic spectrum [36]. 

Photo-oxidation (Fig. 9) comprises several steps in which various photochemical 

reactions act on the surface of the exposed polymers [37]. The first stage is called 

initiation. When the UV-radiation hits the polymeric matrix, it absorbs part of the 

photons and some molecules inside the polymeric structure are activated, forming an 

alkyl radical polymer (P → P∙ + P∙). The absorbed energy can be released in different 

ways, such as by breaking chemical bonds (photolysis) or by transferring the energy 

to another atom or molecule [38].  Subsequently, with the chain propagation phase, 

the formation of peroxy radicals (POO∙) takes place through the reaction of the 

polymeric alkyl radicals (P∙) with oxygen (O2); finally, hydroperoxides (POOH) and a 

new polymeric alkyl radical (P∙) are formed. The third phase involves chain scission 
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reactions, or even chain branching, which leads to the formation of alkoxy polymeric 

radicals (PO∙) and hydroxyl radicals (OH). An effect of the alkoxy polymeric radicals 

(PO∙) is the possible formation of in-chain ketones by β-scission reactions; it leads to 

a decrease in the molecular weight, a loss of their chemical/physical properties, and an 

increase in the solubility of the polymer. The last phase is called the termination 

reaction which, through crosslinking reactions of free radicals, lead to non-radical 

products resulting in less solubility and flexibility. The resulting products of 

photochemical reactions are mainly chemical compounds such as aldehydes, ketones, 

and carboxylic acids at the end of a polymer chain [39].  

 

Fig. 9: Free-radical oxidation reactions. 

3.1.1.1 Photo-oxidation of acrylic and styrene-acrylic emulsions 

As previously mentioned, UV-radiation can compromise in long-term the 

chemical/physical stability of modern and contemporary artworks based on acrylic and 

styrene-acrylic emulsions, especially when they are exposed outdoors. This research 

topic has been extensively studied in the last 30 years [40–42], especially considering 

the photo-oxidation reactions in the wavelength range between 315 and 400 nm (UV-
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A), on poly (n-butyl acrylate/methyl methacrylate) and poly (ethyl acrylate/methyl 

methacrylate) emulsions. 

Chiantore et al. [43] classify two main photo-oxidative reactions that most damage 

acrylic polymers: crosslinking and β-scission reactions that compromise the film's 

mechanical properties. At the molecular level, tertiary hydrogens are the first elements 

that undergo photolysis or photochemical processes. In fact, acrylic polymers, having 

tertiary hydrogen attached in the alpha position to the ester group, are more reactive to 

photodegradation than methacrylic polymers. Whether photolysis or photochemical 

processes, macroradicals are generated and will be further subject to β-scission or 

crosslinking reactions. With β-scission reactions, volatile products and low molecular 

weight monomers are formed which, evaporating from the film, reduce the mass of 

binder in the material exposed to photo-oxidation [44]. Depending on the length of the 

polymer side chains, one of the two reactions will be favoured. In the case of short side 

chains (< 4C) a β-scission reaction will develop, while with a longer side group, the 

polymer will be subject to crosslinking by photo-oxidation of the side group itself. 

After the abstraction of tertiary hydrogen and the reaction of the alkyl radical with 

oxygen, ketones are formed. They subsequently undergo scission which leads to the 

formation of carboxylic acids. The ketones formed can also be unsaturated which, 

undergoing further oxidation, form hydroperoxides and alcoholic groups, or γ-lactones 

for intramolecular reactions. The final products deriving from the chain-scission 

reactions and macroradical disproportion are vinyl groups and terminal double bonds. 

These groups can be attacked by photochemical reactions and form conjugated double 

bond systems that cause further degradation [45]. The damages caused by photo-

oxidative degradation affect the mechanical, physical, and chemical properties of 

polymers leading to a more brittle, rigid and fragile film. Monitoring and studying 

these effects on acrylic and styrene-acrylic works of art are very important for 

conservators and restorers, who, on the basis of the results obtained, will have to 

develop an adequate conservation and preventive plan [9,11]. 
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3.1.1.2 Photo-oxidation of alkyd resins 

As extensively studied [30,46], alkyd resins undergo polymerization and 

photodegradation processes similar to those of drying oils, due to their fatty acid 

content. The auto-oxidation process already takes place during the drying phase of the 

resin and continues even after hardening. The C-O-O-C peroxide bond formed with 

the self-oxidation of unsaturated bonds during drying is particularly weak therefore, 

when subjected to the action of UV-radiation, it tends to form peroxide and 

hydroperoxide radicals [47]. They react with the alkyd chain leading to further 

crosslinking and/or β-scission reactions (which produce aldehydes, alcohols, and 

carboxylic acids) and possible tertiary hydrogen extraction. The first and main phase 

of the photodegradation of aromatic polyesters is called Norrish type I, which leads to 

the formation of free phthalic acid. Subsequently, secondary reactions will lead to the 

extraction of hydrogen and the formation of ketones, aldehydes, alkene, and carboxylic 

acids. They, once further excited to a single photochemical state, allow the 

rearrangement in the molecule. Subsequent hydrogen abstraction leads to Norrish type 

II reactions forming alcohols, cyclic structures, carboxylic acids, and accumulation of 

vinyl groups. The formation of conjugated double bonds and cyclic structures is the 

main cause of yellowing of the paint film [25,48–50]. In summary, the formation of 

short chains and volatile products, mainly due to the Norrish type I and chain-scission 

reactions, cause the shrinking of the film. Therefore, the photo-oxidative degradation 

of the alkyd resin is given by an excessive molecular crosslinking which makes the 

paint layer rigid and brittle, up to the loss of the mechanical properties of the film.  

3.1.1 Pollutant gas aging 

When a material gets in contact with the surrounding environment, the interaction 

between its surface and the components present in the ambient atmosphere is 

inevitable. This interconnection causes the formation of degradation products and in 

many cases to the loss of appearance over time, especially in the case of art objects, 
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and functionality for industrial materials. In the ambient atmosphere, additionally to 

the relative humidity (RH), the influence of the UV-light, and the temperature, it is 

necessary to consider also the oxidizing agents due to pollutant gases. These factors, 

especially in the case of cultural heritage, cause significant degradation processes: i.e., 

different physical and chemical surface reactions (Fig. 10). 

In many research projects, the UV-light initiated degradation processes are explained 

[51,52], but there are still ongoing studies concerning the influence that temperature, 

relative humidity (RH) and pollutant gases have on outdoor paint materials. The most 

relevant inorganic polluting gases present in urban atmospheres are SO2, H2S, NOx, 

and O3. They have different characteristics [53]: 

• SO2 is produced during the combustion of fossil fuels and the metal refining 

process, making it one of the most important polluting gases presents in the 

atmosphere [54]. The study of its interaction with paint mixtures will be 

interesting to understand the reactions occurred on old artworks exposed to 

outdoor conditions during the last century. 

• H2S is emitted from natural and anthropological sources, interacting with 

materials such as pigments and organic polymers, and leading to the formation 

of substitution reactions. It contributes to metal corrosion by being dissolved 

in the aqueous surface film forming HS- ions as an active corrosion agent. 

Pigments chosen are mainly inorganic, so the formation of degradation 

products is expected.  

• NOx is generally emitted from fossil fuel combustion processes and it 

contributes to the formation of other air pollutants, such as ozone, particulate 

matter, and acid rain. 

• O3 is a product of atmospheric photochemistry, is sensitive to UV-light, and is 

reacting with water molecules to form energetic oxygen atoms and hydroxyl 

radicals. 
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Fig. 10: Example of possible atmospheric degradation effects on paints. 

Although recently the concentration of these gases in the air has reduced (except for 

ozone), the study of their interaction with artistic materials remains important; both for 

the study of modern artworks (20th century) and for those latest [55]. As previously 

mentioned these polluting gases can interact with the atmospheric humidity present 

and, forming ionic compounds and free hydrogen ions, can interact more with the 

surface of the materials and form new corrosive species. Compared to the research 

carried out on the corrosion of other artistic materials, the interaction with inorganic 

pigments mixed with organic binders and the surrounding environment is still under 

investigation [56]. Generally, paints and coatings are used not only for aesthetic 

purposes but also to prevent deterioration of the underlying substrate when exposed to 

ambient atmosphere. However, for this objective, the paint or coating must maintain 

its mechanical and physical properties such as adhering adequately to the surface on 

which it has been applied. Although some of these materials maintain these 

characteristics over time, most of them suffer morphological and chemical damage due 

to the degradation process. Some reasons may be: incorrect formulation of the 

commercial product, paint materials not suitable for the environment in which it was 
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exhibited, problems in applying the product to the substrate, drying phase not 

completed, particularly hostile environmental conditions, especially for the artworks 

[57].  The latter in particular is aggravated by the cross effect given by the interaction 

between polluting gases and atmospheric humidity. Even when water occurs in the 

form of water vapor, it is capable of dissolving and dissociating most chemical 

compounds into their acidic or basic constituents. At the molecular level, when this 

dissociation occurs and the acid or base comes into contact with a material (such as 

paints in this case) a chemical attack can occur. The polluting gases, with different 

reactivity, react with the atmospheric water forming hygroscopic compounds.  

In the study carried out here, the polluting gases chosen (SO2, H2S, and NOx) are part 

of the so-called acid gases [58,59], which react with air humidity forming either 

precipitations or condensation giving acids, such as sulfuric and/or nitric acids. The 

chemical attack resulting from condensation on a paint is more aggressive than that 

deposited by precipitation (acid rain), because the humidity condensed on a surface in 

the form of tiny droplets tends to evaporate over time. Subsequently, the acid 

components inside begin to be concentrated and the corrosive action leads to attack 

the substrate on which the condensate resides are. In contrast, acid rain is a more 

diluted form of the gaseous acid components. However, even in this case, the chemical 

compounds deposited split the chemical bonds of the paint materials most susceptible 

to deterioration. The chemical groups particularly vulnerable to attack and split of 

acidic substances are the ether and ester bonds, where the splitting occurs by reaction 

of the hydrogen ion [60] (Fig. 11). 

 

Fig. 11: Chemical groups vulnerable to acidic gas action [61]. 
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3.2 UV-light and artificial weathering conditions 

In order to simulate the natural sunlight action on the paint surfaces, the light aging 

was carried out in a UVACUBE SOL2/400 FUV chamber (Dr. Hönle GmbH UV-

Technology, Germany). The emitting radiation was supplied by a Xenon Arc lamp 

using a H2 filter, with the possibility to provide radiations between 295 and ca. 3000 

nm, similar to outdoor solar conditions (Fig. 12). The irradiance of the Xenon lamp 

was monitored with a UV-Meter Basic sensor (Dr. Hönle, Germany) and reached an 

approximate value of 170 W/m2. Temperature and RH were separately measured in 

the chamber using the AQL S500 sensor (Aeroqual Limited, New Zealand). During 

accelerated aging, the chamber temperature was around 38°C and the RH varied 

between 10 and 20%. According to the data typical for Central Europe, it is possible 

to assume that the radiation value obtained is similar to natural aging caused by solar 

radiation [62].  

As previously explained, light aging is part of a research study carried out several years 

ago and the study presented here represents the final stage. Therefore, only selected 

paints were aged by UV-light, in this case the alkyd paints (Tab. 2). Accelerated light 

exposure of the samples was performed for a total of 1008 h. In one year, natural 

exposure to external sunlight is around 1000 h. Therefore, it is possible to approximate 

that the actual artificial aging of 1008 h is equivalent to about one year of natural light 

exposure [63]. The slide, on which the paint was spread, was divided into six regions 

(Fig. 12) to obtain different aging periods (from 168 to 1008 h) on each paint sample. 

Regions that were not exposed to artificial light were covered without contact with a 

filter made of a 100% silver-aluminum reflective material. The reflective cover was 

moved weekly to get the full set of 1008 hours aged samples. 
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Fig. 12: UV-light aging chamber used and representative set of samples aged. 

Tab. 2: List of the mock-ups aged with UV-light and aging conditions used. 

Samples UV-light exposure time 

Binder Pigment P/BM ratio 

 

Alkyd resin 

PB29  

1:2, 1:3, 1:6 

 

from 168 to 1008 h PG18 

PY37 

Total number of samples: 18, aged regions: 162 

On the other hand, for the aging tests using pollutant gases a greater number of mock-

ups were prepared as the study presented here focuses on this type of accelerated aging 

(Tab. 3). The gas mixing unit consists of various units such as corrosion resistant 

stainless-steel pipes, high precision pressure, gas mixing valves, gas flow meters 

(flowmeter with floating ball, BURDE&CO), and gas sensors. As shown in Fig. 13, 

the flow of dry synthetic air (Messer Griesheim Austria, O2 20.5%, rest N2) is divided 

into two separate streams. One is humidified in a bottle filled with double-distilled 

water (100% humidified air stream) and then combined with the untreated airflow to 

an air stream with different desired levels of relative humidity (RH %). To this 

humidified air stream, the desired concentration of acidifying/corrosive gases can be 
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batched via the flowmeters. All gases pass the pressure reducing valves before passing 

through the flowmeters. All gas streams are combined by gas mixing valves to enter 

the “weathering chamber”. The latter is made of a co-polyester material (Bel-Art™ SP 

Scienceware™), including gas inlets and outlets able to reach a total volume of 30 cm3. 

In the chamber, the gas mixture was continuously circulated with a gas flow rate of 

100 L/h. The relative humidity content (RH %) chosen is 50 and 80% for a total 

exposure time of 168 h. The gas concentration values were selected on the basis of the 

annual report published by the European Environment Agency for Air Quality 

Monitoring (Tab. 3) in order to reproduce a long-term aging of the gas [64]. The gas 

concentration was monitored daily during the accelerated aging using a specific gas 

sensor (Aeroqual Limited, New Zealand, model AQL S200). During the ageing 

experiments, the value could vary by ± 1–0.5 ppm. The samples were aged with 

gaseous pollutants which represent the main and most harmful corrosive gases at the 

atmospheric level, namely hydrogen sulphide (H2S), sulfur dioxide (SO2), nitrogen 

oxide (NOx), and ozone (O3). 

 

Fig. 13: Pollutant gas mixing and aging chamber used. 
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Tab. 3: List of the mock-ups aged with pollutant gases and aging conditions used. 

Samples Gas 
concentration 

(ppm) 

Relative 
humidity 
(RH %) 

Binder Pigment P/BM ratio 

 

 

 

Acrylic emulsion, 
Alkyd resin, 

Styrene-acrylic 
emulsion 

Pure  

 

 

 

1:3 

 

 

 

H2S: 0.25 

SO2: 15 

NOx: 15 

O3: 2500 

 

 

 

 

50 and 80 % 

PW6 

PY37 

PG50 

PG18 

PB35 

PB28 

PB29 

PR101 

PV16 

Total number of samples: 270  
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4 
ANALYTICAL METHODS  

AND EVALUATION 
 

 

The analytical techniques employed were selected to adequately investigate the three 

main objectives of this study, namely the identification of the main compounds in 

synthetic paint materials, the analysis of the influence of different inorganic pigments, 

and their chemical stability to UV-light and pollutant gases.  

For an appropriate evaluation of unaged and aged synthetic paint materials both 

analytical methods commonly employed in the field of cultural heritage and more 

advanced and innovative techniques were selected. Initially, the morphological 

changes on the sample surface due to the different impact of polluting atmospheric 

agents were studied by 3D Optical Microscopy. Depending on the results obtained, a 

more advanced microscopic technique was employed, namely Atomic Force 

Microscopy (AFM). For the chemical evaluation of the degradation phenomena, 

spectroscopic methods based on the interaction of electromagnetic radiation with the 

materials under examination were applied. Fourier Transform Infrared spectroscopy 

(FTIR-ATR) and Raman spectroscopy are two complementary techniques widely used 

for the analysis of artistic materials that give information both of the organic 

components (through the evaluation of the functional groups of the ligand molecules) 

and of those inorganic belonging to the pigments in the mixture. These analyzes were 

carried out to obtain qualitative and semi-quantitative information, focusing on the 

degradation reactions and evaluation of the surface mapping. Finally, the use of Laser-

Induced Breakdown spectroscopy (LIBS) made it possible to investigate the elemental 
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surface distribution of paints using low lateral resolutions making this technique very 

promising for the application of imaging on modern art materials. Finally, several 

multivariate and statistical methods were applied to the obtained results, allowing to 

verify the main spectral differences between the unaged and aged samples, and to 

understand the influence of UV-light, type of corrosive gas, relative humidity, and type 

of inorganic pigment on the deterioration process of binders (acrylic emulsion, alkyd 

resin, and styrene-acrylic emulsion). 

The basic theory of these analytical and multivariate methods and their applicability 

for degradation studies is discussed in the next chapters. 

4.1 Infrared spectroscopy 

In the field of cultural heritage, infrared spectroscopy (IR) is one of the most common 

and widely used spectroscopic techniques. It is able to determine different molecular 

structures by absorbing the IR radiation of the different functional groups and is often 

used for the identification of inorganic and organic compounds [65]. Generally, the 

infrared portion in the electromagnetic spectrum is divided into three regions; the near, 

middle, and far infrared. The near IR works with high energy ranges (about 14.000-

4.000 cm-1, i.e. a wavelength of 0.7-2.5 μm) and is able to excite harmonic or combined 

modes of molecular vibrations. The mid-infrared (about 4.000-400 cm-1, a wavelength 

of 2.5-25 μm) is used to study the fundamental vibrations of molecules and the 

associated rotational-vibrational structure. Finally, far infrared (about 400-10 cm-1, a 

wavelength of 25-1.000 μm) is used to detect low-frequency vibrations. To monitor 

intermolecular vibrations, the terahertz region (2-130 cm-1), bordering the microwave 

region, can be used [66]. A molecule is able to absorb infrared radiation in three 

different ways (Fig. 14), resulting in an increase in energy proportional to the absorbed 

light: 

• The translational energy reflects the energy required to move a molecule in 

space; 

• The rotational energy is responsible to rotation of the molecule around its 
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center of mass; generally, it occurs at lower energies (longer wavelengths); 

• The vibrational energy (near infrared) induces the vibrational movement of 

the single atoms of the molecule [67]. The latter involves electrons of 

molecules being raised to a higher electron energy, which is the electronic 

transition (ultraviolet region of the electromagnetic spectrum). 

 

Fig. 14: Absorption of IR radiation at high energy level and corresponding molecule 
movement with vibrational motion. 

The movement of a molecule formed by molecular bonds follows the orientation along 

the three Cartesian axes (x, y, z) and is determined by the number of atoms present in 

the molecule. It corresponds to 3N, defined as degrees of freedom, i.e. the maximum 

number of potential transitions. For a non-linear molecule these modes are 3N-6 (3N 

degrees of freedom minus 3 translation and 3 rotation), while for a linear molecule 

they are 3N-5 (3N degrees of freedom minus 3 translation and 2 rotation). The infrared 

radiation to take place in a vibrational transition when a change in the molecular 

electric dipole occur as a result of the change in position of the atoms. For example, 

homoatomic molecules (such as N2 or O2) are not active in the infrared, while 

molecules, such as CO2, exhibiting asymmetrical vibrations in their structure can 

resonate with the radiation and produce an instant dipole. Furthermore, the so-called 

overtone bands (higher harmonics) can also be observed due to the anharmonicity of 
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the chemical bond [68]. Theoretically, the absorption of IR radiation by a molecule 

can be compared to two atoms attached to each other by a mass-less spring. Thus, 

considering a simple diatomic molecule, only one vibration is possible. This 

phenomenon is explained by Hooke's law which relates the mass of atoms in a 

molecule, the bond energy, and the absorption frequency, as shown in the equation (1): 

 ν = 12𝜋𝐶  √𝜅𝜇 
 

(1) 

where κ is the Hooke's constant, which depends on the energy and length of the bond, 

and μ, (defined as reduced mass), which depends on the masses involved. From 

equation (1) it can be assumed that the resulting vibration is proportional to the 

frequency of the photon. Consequently, atoms of low atomic number (e.g. H, O, C) 

and strong bonds lead to higher absorbance frequencies.  

Another important feature of IR absorption is its intensity, described as (2): 

 𝐼𝐼𝑅 ∝ (𝑑𝜇𝑑𝑄)2
 

 

(2) 

where µ is the dipole moment, and Q the normal coordinates (which describe the 

position of the atoms from their equilibrium positions). The greater the difference in 

electronegativity, the stronger the absorption will be [69]. Intensity also refers to the 

number of specific vibrating groups in the molecule. There are mainly two types of 

vibrational motions: the stretching of the chemical bond and the bond angle 

deformation (also called bending). Stretching (partially represented in Fig. 14) is the 

periodic variation of the interatomic distance and differs between symmetrical (if the 

two atoms approach or move away simultaneously) or asymmetrical - in the opposite 

case. Bending can also be symmetrical or asymmetrical but involves either the plane 

on which it is present or outside of that plane. In the first case, it is called scissoring, 

while the asymmetrical one is called rocking; the symmetrical out-of-plane 

deformation is called twisting, while the asymmetrical out-of-plane deformation is 
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called wagging. Although IR spectroscopy is one of the most reliable methods for the 

identification of functional groups constituting organic and inorganic compounds, it is 

also widely applied in the field of quantitative analysis. The main theory of IR 

quantification is based on Lambert Beer's law; it describes the relationship between 

the absorbed light (on which the intensity of the IR signal depends) and the 

concentration of the species present in the sample. In fact, as shown in the equation 

(3): 

 log10 (𝐼0𝐼1) = A =  εlC 
 

(3) 

where I0 is the intensity of the incident light and I1 the intensity of the transmitted light. 

They result in A, i.e. the absorbance of the sample, which is equal to ε, the molar 

attenuation coefficient or absorbency of the attenuating species; l, the optical path 

length; and C, the concentration of the substance.  

4.1.1 Attenuated Total Reflection Infrared spectroscopy (ATR-FTIR) 

In the industrial field for the production of polymers, aqueous dispersions, resin 

coatings, but also for aging studies and surface degradation effects, the most used IR 

spectroscopic analysis method is ATR (Attenuated Total Reflection). This method has 

many advantages, such as providing surface information and being non-destructive to 

the sample [70]. The analyzes consist in placing the sample in close contact with the 

surface of a transparent material (to allow the passage of IR radiation) having a 

significantly higher refractive index (n) than the sample itself; it is called IRE (Internal 

Reflection Element) [71]. The materials commonly used for IRE are ZnSe (n = 2.4), 

Ge (n = 4), and diamond (n = 2.4). As IR radiation passes through this material, it 

undergoes complete internal reflection at the boundary with a low refractive index (n2) 

material. This occurs only when the incident angle is higher than the critical angle (θc) 

defined as:  
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 θ𝑐 =  sin−1 (𝑛2𝑛1)  

(4) 

This phenomenon is known as total reflection, which results in an evanescent wave 

that extends into the sample (Fig. 15). Part of the energy of the evanescent wave is 

absorbed by the sample and the reflected radiation (a part absorbed by the sample) is 

returned to the detector. The penetration depth (dp) of the evanescent wave depends 

on the wavelength used, the angle of incidence, and the refractive indices of the ATR 

crystal and the sample to be studied. It is defined as the distance from the point where 

the evanescent wave decays exponentially to 1/e (37%) of its surface amplitude and 

can be described according to the Harrick´s approximation (5), considering the 

refractive index of the IRE (n1) and of the sample (n2), and the angle of incidence at 

the surface (θ) [72].  

 𝑑𝑝 = 𝜆2𝜋𝑛1  √sin2 𝜃 − (𝑛2 𝑛1⁄ )2 
 

(5) 

The reflection number can be varied by varying the angle of incidence. The reflected 

radiation leaving the IRE material is then collected by the detector, generally a Fourier 

transform spectrometer.  

 

 

Fig. 15: Scheme of multiple internal reflections in a high refractive index crystal. 
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4.1.2 ATR-FTIR spectroscopy: Instrument and parameters 

For the ATR-FTIR investigations, a LUMOS Microscope (Bruker Optics®, Germany) 

with a germanium crystal was employed. The instrument is equipped with a 

photoconductive cooled MCT detector. On each sample, five measuring spots were 

acquired in the spectral range between 4000 and 480 cm-1 performing 64 scans at a 

resolution of 4 cm-1. The resulting spectra were collected and evaluated by the software 

OPUS® 8.0 (Bruker Optics®, Germany). The chemical depth information obtained by 

the ATR-FTIR measurements, considering the R.I. of the germanium crystal (n1 = 

4.01) and the angle of incidence of the IR beam (θ = 45°), in a spectral region between 

4000 and 480 cm-1, is around 0.65 μm. For the qualitative and semi-quantitative 

analysis, the spectra were averaged, baseline corrected, and vector normalized. 

Subsequently, the main absorbance bands of selected materials were integrated. As 

shown in a previous study [73], selecting specific bands for the semi-quantitative 

evaluation will allow more reliable data to be obtained for a better investigation of 

chemical changes after aging. For the chemical mapping, the total mapped area had a 

dimension of 1.0 x 1.5 mm2; six measuring spots along the x-axis (optical aperture 

approx. 0.2 mm) and six spots along the y-axis (optical aperture approx. 0.1 mm) were 

collected for a total of 36 spots. Each chemical mapping experiment was carried out 

in three different areas of the samples. 

4.2 Raman spectroscopy 

In the past, by this technique, the radiation was scattered with a different frequency 

from the incident light using a system of optical filters. Nowadays, the principle has 

evolved and when a material interacts with monochromatic light most of the incident 

radiation interacts with the sample molecules which in turn can be absorbed, dispersed, 

or transmitted [74]. The diffuse interaction between material and source is represented 

as a collision between a vibrating molecule and an incident proton. The effects of the 

latter after the interaction with the material under examination can be divided into: 
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- Elastic scattering of the proton, also called Rayleigh scattering, where the 

released energy of the molecule and the proton remains the same. 

- Inelastic scattering of the proton, also called the Raman effect, where the 

energy released by the proton changes upon interaction with the molecule. This 

energetic gap is represented by the difference between two energy levels of a 

molecular vibration [75]. 

When the electromagnetic radiation interacts with the electrons of the molecules, it 

induces an electric dipole responsible for the diffusion process of the incident 

radiation. Depending on the state of the molecules with which it interacts, the photon 

can be scattered with three different energies. Rayleigh scattering represents the most 

intense component of the scattered radiation in which there is no energy exchange with 

the system and the protons have the same energy as the incident radiation. Instead, 

Raman scattering involves inelastic scattering, characterized by a loss of energy. This 

process leads from the fundamental vibrational state (hv0) to the absorption of energy 

by the molecule and promotes the transition to a higher excited vibrational state. This 

step is known as Stokes scattering and has lower energies when compared to the 

excitation source (hv0-hvm). However, some molecules may already be present in an 

excited state, for this reason the energy transfer to the diffuse proton jumps to a virtual 

state (hv0) and then decays to the ground state (hvm) but with an energy higher than the 

incident radiation (hv0+hvm); this phenomenon is called anti-Stokes scattering [76]. 

The Stokes and anti-Stokes lines are symmetrical to the Rayleigh signal, but the Stoke 

lines are considered for diagnostic purposes as their signal is more intense than that of 

the anti-Stokes lines (Fig. 16). 
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Fig. 16: Representation of Rayleigh and Raman scattering process [77]. 

Unlike resonant Raman scattering, fluorescence results from the emission of a photon 

from the lowest vibrational level of an excited electronic state. This occurs after the 

direct absorption of the incident photon and the relaxation of the molecule from its 

excited vibrational level of the electronic state to the lower vibrational level of that 

electronic state. Fluorescence is highly dependent on the wavelength of the source and 

asymmetries in the shape of the scattering peaks can be detected in the Raman spectra. 

Since the fluorescence is typically much more intense, it can cover the presence of 

compounds present in low amounts in the Raman dispersion of a material [78]. 

The factors that influence the Raman scatter intensities and therefore the appearance 

of fluorescence is: intensity of the light source (directly proportional), frequency of the 

source, number of molecules in a vibrational state (directly proportional), and 

dispersion properties of the sample (specific sample). Therefore, to avoid the 

contribution of fluorescence, it is necessary to: 

- Select an excitation wavelength distant from any electronic transition, e.g. NIR 

laser; 

- Try to get useful information from the anti-Stokes shift; 

- Try testing the so-called photo-bleaching process. It consists in irradiating the 

sample with a Raman laser in order to decompose the fluorescent components 

until the material under examination is reached. However, considering that 
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even the sample itself can cause fluorescence, it is necessary to close the 

confocal hole of the Raman microscope to reduce the collection volume and so 

the fluorescence. 

When a material is analyzed by Raman spectroscopy, which is complementary to IR 

spectroscopy, the energy of the constituent molecules can be divided into "degrees of 

freedom". Therefore, considering that the number of atoms present corresponds to 3N, 

for a non-linear molecule the degrees of freedom will be calculated as 3N-6, while for 

a linear molecule 3N-5. These vibrations are called normal vibration modes of the 

molecule and each of them is characterized by its symmetry, intensity, and frequency 

[79]. Also in this case, the vibrational motions can be characterized as: stretching, 

bending vibrations, and out-of-plane deformation modes. However, a molecule with a 

three-dimensional structure will have a variable electron density pattern that covers 

the entire molecule. Therefore, if one of the two molecules vibrate, the electron cloud 

will be altered with the change in position of the positive nuclei and this can cause a 

dipolar moment charge or polarization. In these triatomic molecules, symmetrical 

elongation causes large polarization charges and therefore strong Raman scattering. 

Instead, the deformation mode causes a dipole change but little polarization charge 

and therefore a strong infrared absorption and a weak Raman scattering [74]. The 

change is described by the polarizability derivative (Eq. 6), which determines the 

section rules for a Raman-active vibration. 

 (𝜕𝑎𝜕𝑞) ≠ 0 ; 𝐼𝑅𝑎𝑚𝑎𝑛 ∝  (𝜕𝑎𝜕𝑞)2
 

 

(6) 

 

The scattering intensity is proportional to the square of the induced dipole moment and 

therefore to the square of the polarizability derivative. If a vibration does not change 

much the polarizability, the value of the derivative will be close to zero and the 

intensity of the Raman band will be low. For this reason, the vibrations of molecules 

with a high polar fraction, e.g. the O-H bond, are usually weak. 
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4.2.1 Raman spectroscopy: Instrument and parameters 

A confocal micro-Raman system Alpha RSA+ (WITec, Germany) was employed to 

measure the samples in combination with an Atomic Force Microscopy (AFM). 

Measurements were performed using 532 nm excitation radiation with a real output 

laser power of 42 mW, integration time 0.06 s, and time/line 9 s. The sample surfaces 

were observed with the Zeiss objective 20x, and the scanned areas (20 x 20 µm2) were 

analysed using a camera connected to the microscope. The acquisition of the spectra 

and their evaluation was performed with the WITec Project 5.1 software. The spectra 

obtained for the three scanned areas were averaged, baseline corrected, and vector 

normalized in order to obtain a more reliable chemical mapping of specific Raman 

bands. 

4.3 Atomic Force Microscopy (AFM) 

Atomic Force Microscope (AFM) is used for studies on atomic scale dimensions of 

surfaces of various compounds: thin or thick films of ceramic materials, amorphous 

materials, glass, synthetic or biological membranes, metals, polymers, 

semiconductors, etc. AFM was developed in 1986 by Gerd Binnig et al. [80] as a 

consequent variant of its precursor, the scanning (electron) tunneling microscope 

whose most significant disadvantages are the requirements of a conducting sample 

surface as well as relatively stable measurement conditions. While the latter maps the 

topography of the surface by scanning along with the lateral directions, AFM measures 

the deflection of a small cantilever with a small tip due to the inter-atomic forces 

between tip and surface atoms. In force microscopy, the probing tip, the so-called 

cantilever, is attached to a spring that in response to the force between tip and sample 

deflects the cantilever. The deflection of the cantilever is detected over the reflection 

of a laser beam from the backside of the cantilever into an array of photodiodes. It has 

a resolution of 0.01-1 nm along the x- and y-axes, and 0.01 nm along the z-axis. In this 
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way, it is possible to study the phenomena and processes of abrasion, adhesion, 

cleaning, corrosion concerning surfaces in detail [81].  

Generally, the piezo stage can move in the vertical (z) or horizontal (x and y) direction 

and when the cantilever tip (made of Si or Si3N4) interacts with the sample molecules 

it causes a reduction in its resonance frequency. This deflection is detected by a laser 

which is pointed at the back of the cantilever tip and the reflected laser beam is 

recorded by a four-quadrant photodiode. The movement of the sample, the variation 

in the deflection of the beam, its amplitude, and the frequency of oscillation are 

subsequently converted into an electrical signal. Using the collected signals, the 

computer is able to generate an image given by scanning the sample surface (Fig. 17) 

[82]. 

 
Fig. 17: Working principle of cantilever system. 

In addition to high-resolution topographic information, the physical properties of the 

material such as adhesion, roughness, and stiffness can be studied considering the tip-

sample interaction forces. In all scanning modes, the basic principle of topography 

imaging is the repulsive or attractive interaction between the sample surface atoms and 

the tip surface. When an atom of the cantilever interacts with a single atom from the 

surface of the sample, the variation of the repulsive interatomic forces allows to obtain 
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high resolution images and to obtain information on the physical-mechanical 

characteristics of the material depending on the distance between the sample surface, 

the attractive or repulsive cantilever forces (such as Coulomb forces between charges), 

dipole-dipole interactions, polarization forces, Van der Waals dispersion forces, and 

capillary forces that affect tip deflection. The change in the distance between the tip 

and the sample causes a change in the force interaction between the sample and the 

tip. The acting forces involved during the approach of the tip can be described with 

the Lennard Jones potential, as shown in Fig. 18. The attractive interaction (Van der 

Waals forces) dominates in the long range, while in the short range the Pauli-repulsion 

of the electron clouds of the atoms between the sample and the surface causes the 

flexible cantilever tip to move away [83]. 

Fig. 18: Forces involved during AFM analysis [84]. 

Depending on how the tip interacts with the sample surface, the AFM can be used in: 

(i) attractive or no-contact, i.e. where the tip does not actually touch the surface, (ii) 

repulsive or contact, and (iii) tapping mode, in the case in which the tip explores the 

sample in order to have a discontinuous contact determined by a regular succession of 

oscillatory movements (i.e., continuously passing from the contact condition to no 

contact). The non-contact AFM mode uses the interatomic attractive force between the 

tip and the sample to scan and reconstruct the surface under examination (with 

distances between tip and sample greater than 1 nm). However, the attractive forces 

alone are too weak to have a correct cantilever deflection and then a reliable sample 
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image. Therefore, it is necessary that, when the cantilever vibrates near its resonant 

frequency during the imaging process, a piezoelectric modulator is used which allows 

to facilitate the acquisition of the topographic characteristics correlating the changes 

in the phase and amplitude of the cantilever (Van der Waals forces). The most 

important factor in NC-mode is that the distance between the tip and the surface must 

be maintained during the measurement, enabling with a feedback loop controlled by 

the Z-servo. This mode allows to obtain information on the magnetic or chemical force 

[85]. 

Instead, in the contact mode, the tip of the cantilever and the surface of the sample are 

in constant physical contact (the ion repulsion forces prevail), as shown in Fig. 19. A 

feedback loop maintains the cantilever deflection at a present load force. The resulting 

force is transmitted directly through the tip and is measured. The feedback response is 

evaluated to generate the AFM image. This method also allows measuring lateral 

forces (friction) at the nanometer level. The disadvantage of the AFM contact mode, 

however, is that the sample surface could be easily damaged (especially with soft 

materials), the tip could be contaminated with the sample, and the original resolution 

could be lost. Therefore, the force must be applied gently. For this reason, this mode 

is preferred for materials with high stiffness mechanical properties which, by means 

of the short-range force, provide the highest resolution [86]. Finally, in the tapping 

mode, the cantilever is driven to its resonant frequency by the piezoelectric oscillator, 

where the interaction with the sample surface dampens the resonant frequency. In this 

case, the tip is not in constant contact with the sample surface but touches the surface 

lightly and repeatedly. The amplitude of its oscillation is damped and by means of the 

amplitude the surface topography is generated. Since the oscillating tip also 

experiences a phase shift relative to the driving oscillator, this information can also be 

used to provide suggestions when the surface composition changes. 
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Fig. 19: AFM operation modes [87]. 

The variation of the output and cantilever drive signal is used to generate phase images 

(topography, amplitude error, and phase contrast). The advantage of phase imaging is 

that the resulting images show very noticeable contrasts of the sample phases, and 

furthermore, unlike the contact mode, low shear forces of the tip sample are employed 

during the scanning process [88]. 
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4.3.1 AFM: Instrument and parameters 

The topographies related to the surface samples were obtained using an Atomic Force 

Microscope WITec Alpha RSA+ (WITec, Germany) in tapping mode. The cantilever 

tip is a WITec arrow reflex coated FM (AC), spring constant k at 2.8 N/m, with a 

resonance frequency of 75 kHz, and lateral resolution of down to 1 nm and depth 

resolution of < 0.3 nm. It allows a stereometric analysis obtaining the 3D surface 

texture of reference and aged samples. All scans were collected over a 50 x 50 µm2 

area (512 lines per image). The surface images of films were evaluated using the 

software WITec Project FIVE 5.1. The data discussed concern the topographies 

obtained and the respective roughness values (Sa) compared between the reference and 

aged samples. For an accurate and reproducible evaluation of the topographic results, 

three different surface areas of the samples were scanned and the roughness and 

particle size values were averaged. Statistical data deriving from the evaluation of 

AFM topographies (average particle size (µ), standard deviation (σ), and correlation 

coefficient (R)) were obtained using the software Project FIVE 5.1 (WITec, Germany). 

Specifically, the topographic scans were color line corrected by slope substraction and 

subsequently the statistical values were obtained.  

4.4 Laser-Induced Breakdown spectroscopy (LIBS) 

Laser-Induced Breakdown spectroscopy (LIBS) is an atomic emission spectroscopic 

technique that allows both qualitative and quantitative analyzes. This technique 

enables the study of the optical spectrum emitted by the plasma, which is generated by 

the interaction between a high-power laser radiation and a sample that can be solid, 

gaseous, or liquid [89]. From the interaction between the focused laser pulses and the 

sample, plasma composed of ionized matter is generated. It can consist of discrete 

lines, bands or an overlying continuum. These discrete lines that characterize the 

material have three main characteristics: wavelength, intensity, and shape. These 

factors depend on the very structure of the emitting atoms (whose different energy 
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levels determine the wavelength of the line). In addition to the qualitative identification 

of the elements in the sample, it is possible to make a quantitative evaluation of each 

element in the sample considering also the line intensities [90].  

The environment in which an atom is found strongly determines the emission of 

intensity and shape of the lines. For low plasma densities, the linear form dominates 

both for natural broadening (due to the Heisenberg´s principle) and Doppler 

broadening (due to thermal motion of the emitters). On the other hand, for high plasma 

densities, the electric fields generated by the fast moving of electrons and the slow one 

of ions shift atomic energy levels by affecting the atoms in the plasma. This 

phenomenon causes the broadening of the emission lines and changes their intensity 

and shape [91].  

There are three stages in the plasma life time (Fig. 20). The first is the (a) ignition 

process. This process causes bond breakage and plasma shielding during the laser 

pulse and varies depending on the type of laser, irradiance and pulse duration 

(femtoseconds or nanoseconds). Plasma shielding is highly dependent on 

environmental (surrounding gas or vacuum) and experimental conditions (laser 

irradiation and wavelength). It allows to reduce the ablation speed so that the radiation 

does not reach the surface of the sample. The next phase is called (b) cooling and 

expansion. During this phase, the plasma causes the atomic emission and allows the 

optimization during the LIBS spectral acquisition. After ignition, the plasma will 

continue to expand and cool and at the same time, the temperature and density of the 

electrons will change [92]. 

At the high temperatures during the plasma emission, the ablated material breaks down 

into excited ionic and atomic species. Only when a small timeframe of plasma expands 

at supersonic velocities and cools, it is possible to observe the characteristic atomic 

emission lines of the elements. The last phase of plasma life is generally not interesting 

for LIBS measurements. In fact, a small amount of ablated mass of material is ablated 

as particles in the form of condensed vapor that does not emit radiation [93]. 
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Fig. 20: Plasma lifetime schematics during LIBS process. 

4.4.1 LIBS: Instrument and parameters 

LIBS analysis was carried out using J200 Tandem LIBS instrumentation (Applied 

Spectra Inc., Fremont, CA) equipped with a 266-nm frequency quadrupled Nd:YAG 

laser. For collection and spectroscopic analysis of the radiation emitted by the laser-

induced plasma, an optical fibers system connected to a Czerny-Turner spectrometer 

with six-channel CCD detection was employed. For every laser shot, full spectra over 

the wavelength range from 185 to 1040 nm were recorded by Axiom 2.0 data 

acquisition software provided by the manufacturer. All samples were analyzed using 

16 parallel line scans with a distance of 100 μm between each line and a length of each 

line scan of 2 mm. The measurement was carried out in the center of the samples to 

avoid edge effects. Using a 100-μm laser beam diameter, at a stage scan speed of 1 

mm/s, and with a repetition rate of 10 Hz on each line, 320 laser shots were performed 

per sample. Concerning the acquisition of LIBS spectra for organic binders, they were 

recorded after proper optimization of the choice of the gas flow used in the 

measurement chamber. LIBS spectra were recorded in argon atmosphere (flow rate of 
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1 L min−1). Argon yields the best results as it usually gives higher emission signals for 

especially C, H, and, O, therefore reducing the noise and improving the classification. 

4.5 Multivariate analysis 

Chemometrics is a branch of chemistry that studies the application of mathematical or 

statistical methods to chemical data. Specifically, once the data has been collected with 

computerized systems, it allows the extraction of the information collected, using 

methods such as multivariate analysis and statistical analysis. Therefore, through these 

evaluations it is possible to design or select optimized measurement procedures and 

experiments and to extrapolate more relevant chemical information by analyzing the 

chemical data [94]. 

The chemometric methods applied to analytical techniques are important evaluation 

systems for the field of cultural heritage as they allow to better understand and study 

the mechanisms of degradation in order to better preserve the works of art or evaluate 

the restoration treatments. Conservators and conservation scientists collect large 

amounts of data during their monitoring so this statistical approach allows them to 

manage and extract information more accurately to preserve and analyze collections. 

The effective extraction of large data sets also allows to study the degradation 

behaviors due to different environmental conditions, interactions between materials, 

different chemical properties of materials using various microscopic or non-invasive 

as well as minimum invasive methods.  

In the following chapters, the theoretical basis of the multivariate methods chosen for 

the evaluation of the spectroscopic results under consideration are briefly discussed. 
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4.5.1 Principal Component Analysis (PCA) 

Considering the various case studies in the field of cultural heritage [95,96], the most 

common technique used for the chemical analytical representation of data is the 

Principal Component Analysis (PCA). In general, it is the most common technique 

used for exploratory analysis of complex datasets. This multivariate method allows 

retaining only the useful information from the investigated data by analyzing the most 

representative variability sources according to their variance. Indeed, the main aspect 

of PCA consists in obtaining a new set of variables, named Principal Components 

(PCs), calculated as linear combinations of the original variables, orthogonal to each 

other and accounting for the directions of maximum data variance [97]. In this way, 

multivariate datasets composed of hundreds of variables can be represented in an 

alternative space defined by few PCs, able to retain only the relevant information 

related to data structure and to discard noise. PCA decomposes the original data matrix 

into three matrices: the score matrix accounting for the variance associated with the 

samples, the loading matrix accounting for the variance associated with the variables 

and the residual matrix accounting for the variability sources not described by the PCs. 

Such decomposition allows analyzing common features among clusters of samples 

easily. Indeed, samples sharing similar spectral features tend to group in the score 

space, and the simultaneous evaluation of score and loading vectors allows to identify 

the spectral bands mainly responsible for the observed behaviours. 

4.5.2 Analysis-of-Variance-Simultaneous Component Analysis (ASCA) 

To evaluate the influence of pigment type, gas and RH% on binder deterioration, the 

ATR-FTIR spectra of the aged samples prepared with the three different binder types 

were separately analyzed using ASCA. It can be considered as an extension of the 

ANalysis Of VAriance (ANOVA) applied to multivariate datasets resulting from a 

designed experiment [98]. In the same way as ANOVA, the variation of the response 

data collected from an experimental design can be partitioned into the contributions 
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determined by the different experimental factors and their interactions. Therefore, in 

the present study, for each binder type, the variation observed in the ATR-FTIR pre-

processed spectra of the aged painting samples (X) can be obtained by adding the 

contribution of the matrices estimating the effect of the individual experimental factors 

(Xpigment, Xgas, XRH%), their two-way interactions (Xpigment×gas, Xpigment×RH%, Xgas×RH%) 

and the residual matrix (E), as shown in Equation 7: 

𝑋 = 𝑋𝑝𝑖𝑔𝑚𝑒𝑛𝑡 + 𝑋𝑔𝑎𝑠 + 𝑋𝑅𝐻% + 𝑋(𝑝𝑖𝑔𝑚𝑒𝑛𝑡×𝑔𝑎𝑠) + 𝑋(𝑝𝑖𝑔𝑚𝑒𝑛𝑡×RH%) + 𝑋(𝑔𝑎𝑠×RH%) + 𝐸 
 

(7) 

For each factor, the effect estimate matrix contains the averages of the sample 

responses belonging to the same level. For example, considering gas factor with two 

levels (i.e. SO2 and NOx,), the resulting effect matrix (Xgas) has as many rows as the 

number of samples, and each row corresponding to a sample aged with SO2 contains 

the mean spectrum of SO2 level, obtained by averaging all the spectra of the samples 

belonging to SO2 level. In the same way, all the rows of Xgas matrix corresponding to 

samples aged with NOx contain the average spectrum of NOx level (Fig. 21). The same 

procedure is used to calculate the effect estimate matrices of each factor and 

interaction, but the computation of the interaction matrices is performed after 

subtraction of the matrices corresponding to the main effects. According to the ASCA 

method, the effect matrices obtained by ANOVA decomposition are then analyzed 

using PCA, obtaining a PCA sub-model for each factor and interaction. In this manner, 

ASCA allows to estimate the magnitude of the influence of the considered 

experimental factors and to obtain a straightforward interpretation of the variations 

induced by the different levels of each design factor or interaction. Furthermore, in 

order to estimate the significance of each experimental factor and interaction, the 

corresponding p-values were calculated based on a permutation test considering 1000 

permutations [99]. 
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Fig. 21: Representation of variance decomposition obtained with ASCA. 

4.5.3 Random Decision Forest (RDF) 

Random Decision Forest (RDF) is an advanced algorithm used in the field of machine 

learning, proposed by Breiman [100]. It is a classifier consisting of a collection of 

decision trees; each tree-type classifier is trained on a random subset of the data 

(bootstrap) included in the training set. The multiple classification trees continuously 

produce training and test sets, maximizing the classes’ separation. The predictive 

power is based on the combination received by the majority vote of each classification 

tree. The RDF algorithm is a valid classifier because it shows good tolerance for 

solving problems such as noise and overfitting phenomena. In the following work, 

RDF was applied to LIBS results as it was already considered as a good technique to 

identify and classify artworks [101]. 

The foremost steps of RDF algorithm can be described as follows: 

- Training data: 27 paint mixtures made of all combinations of pigments and 

binders were employed as the training data set for the classification model. To 

correct the shot-to-shot variations, the instrumental drifts, and the defocusing 

effects caused by surface roughness, all spectra were normalized to the total 

emission intensity. This dataset was used to build the multivariate classification 

model. Fig. 22 illustrates the steps from LIBS spectra of the different 

pigment/binder combinations to the classification results. The results obtained 

are confusion matrices, i.e., representations of statistical classification 

accuracy. 
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- Cross-validation: To verify the obtained classification models, cross validation 

was calculated with a test size of 100 and 10 repetitions for both RDFs. It 

means that 10 different models are calculated leaving out 100 randomly 

selected spectra from the training data set. This exclusion method consists in 

excluding a certain number of spectra from the dataset, then building the new 

model, and finally checking the ability of the model to correctly classify the 

excluded spectra. The spectra not included in the model are evaluated by the 

corresponding model, and true positive (TP) and false positive (FP) rates are 

calculated. The results obtained are confusion matrices, i.e., representations of 

statistical classification accuracy. 

- Application: This approach allows testing the obtained classification with a 

new set of samples made of the same materials constituting the existing training 

data set. This application presents some advantages as a low risk of over-fitting 

and the possibility to check if the training set was correctly developed to 

describe all the variability of the samples. Through the Imagelab software (Bio-

Rad Laboratories, Austria), the One-vs-All (OVA) scheme was performed. The 

model used a decision boundary at 0.5. By applying this function, it is possible 

to obtain a class mapping on the surface analyzed [102]. 
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Fig. 22: Schematic procedure of building RDF. 
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5 
SCIENTIFIC PUBLICATIONS 

 
 

This PhD thesis consists of 6 peer-reviewed publications divided into two main topics. 

The first represents the final part of a research project carried out a few years ago 

which focuses on the study of the stability of alkyd paints subjected to accelerated UV-

light aging when mixed with different inorganic pigments at different concentrations 

(Paper I). This work mainly carried out chemical investigations of paint surfaces, 

focusing on the effects that UV-radiation can cause also in the depth-profile of paints 

and whether the degradation processes can be influenced by the different binders, 

pigments and pigment/binder ratios (P/BM) in the mixture. To investigate these 

phenomena, it was decided to employ several advanced analytical methods, combined 

with multivariate evaluations, first of all to characterize the composition of the paints 

(Paper II) and subsequently evaluate the main factors that lead to a greater 

deteriorating effect even in-depth (Paper III, IV).  

The second topic was on the studies of the degradation reactions caused by pollutant 

gases mixed with different amount of relative humidity (RH). This topic represents the 

fundamental part of this PhD project. The study is focused on understanding through 

microscopic, spectroscopic, and multivariate techniques which binder is more subject 

to degradation caused by pollutant gases, which types of pigment or gas×RH 

interaction enhance or reduce this process (Paper V), and if some restoration practices 

can prevent or restore the surface damages caused by pollutant gases (Paper VI). 
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5.1 Paper I 

As previously discussed, the first publication "Photodegradation Kinetics of Alkyd 

Paints: The Influence of Varying Amounts of Inorganic Pigments on the Stability of 

the Synthetic Binder" represents the final part of a research project at the Institute of 

Natural Sciences and Technologies in the Arts (INTK) of the Academy of Fine Arts 

Vienna. It focused on the chemical identification of modern acrylic [44,103,104] and 

alkyd paints [101,105,106] and their related photooxidation mechanisms when 

exposed to UV-light accelerated aging. The following study focused on the photo-

oxidation processes occurring mainly in alkyd paints and their stability when mixed 

with different inorganic pigments (artificial ultramarine blue – PB29, hydrated 

chromium oxide green – PG18, and cadmium sulfate yellow – PY37) and 

pigment/binder (P/BM) ratios (1:2, 1:3, and 1:6). The degradation effects were 

documented by optical 3D microscopy and studied by ATR-FTIR, SEM, and 

colorimetric analysis. 

These investigations revealed that the chemical degradation of the alkyd binder is 

observed already after 168 h, shown by an intensity decrease of the alkyd resin 

functional groups over time. This trend is most evident in the mixtures with the blue 

pigment PB29, followed by PG18 and PY37. As a consequence of the binder’s 

decomposition, the pigments spectral bands increase during light exposure in all paint 

samples and, in particular, the kinetic evaluation of ΔE* shows that the PB29 alkyd 

mixture (P/BM 1:2) undergoes the highest color change, followed by PY37 and PG18. 

Morphological changes of the paint surfaces are also visible by the employment of 3D 

microscopy and SEM. Upon aging, the samples’ surfaces appear more rigid and 

opaque, above all in paints with P/BM 1:2. Generally, when the binder content is high, 

the degradation behavior increases. These results were confirmed by applying 

Principal Component Analysis (PCA) to the microscopic images of the paint samples, 

considering the color and texture changes after aging. This approach can be further 

implemented for quantitative evaluation of aging time for diagnostic purposes. 
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In conclusion, the paint samples exposed to artificial light aging show degradation 

processes that vary according to the inorganic pigment and the P/BM ratio employed. 

The presence of certain pigments can enhance several photo-oxidative effects on the 

binder; indeed, PB29 causes higher degradation than PY37 and PG18. Additionally, 

degradation of the binder increases with pigment concentration. With this study, it has 

been demonstrated that the use of non-invasive analytical techniques, kinetic 

evaluation, and the combination of analytical data with chemometric methods have 

high potential in the identification of paint components of complex artworks and in 

obtaining chemical information to be complemented with historical-artistic 

knowledge. 
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5.2 Paper II 

After studying the degradation behavior of alkyd paints according to the different 

pigments and their concentration in the mixture, the PhD thesis focused on the 

knowledge of how UV-radiation affects the in-depth profile of modern paints (acrylic 

paints and styrene-acrylics were added as new binders). In the second work entitled 

"Multivariate analysis and laser-induced breakdown spectroscopy (LIBS): a new 

approach for the spatially resolved classification of modern art materials", Laser-

Induced Breakdown spectroscopy (LIBS) was employed to identify modern paints 

composed of inorganic pigments and organic binders and, in combination with 

multivariate analysis, distinguish these materials in mixture and employ the method 

developed for imaging applications on real samples.  

For a correct characterization of inorganic and organic materials, after the assignment 

of each emission signal to the relative element, LIBS spectra were evaluated by 

principal components analysis (PCA). Through appropriate methodological choices, 

this statistical method proved to be effective for the discrimination of the different 

binders and pigments. However, due to the low accuracy of PCA, for the distinction 

of these materials in mixture, a different method of multivariate classification was 

considered, i.e., the random decision forest (RDF). Applying this method, it was 

possible to distinguish each material in mixture choosing a suitable training set 

subsequently tested by cross-validation. The classification model was tested on an 

unknown mock-up, made by the same materials previously classified. By the built 

RDF model, the obtained results were represented as mapping images according to the 

identified chemical compounds. The application of the model to an unknown sample 

demonstrated the correct classification of paint mixtures.  
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All the results demonstrated the high potential of LIBS combined with multivariate 

methods. In fact, it was not only possible to characterize emission lines for each binder 

but also to differentiate them and subsequently classify unknown samples. This first 

approach of data evaluation could possibly extend the classification to other artistic 

materials (organic binders, inorganic/organic pigments). This information could find 

future applications in various contexts such as archaeology, biology, industrial 

chemistry, materials science, and for multiple purposes such as database creation, 

monitoring during conservation treatments, and the identification of artistic materials 

and their degradation products. 
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5.3 Paper III & IV 

After the optimization of the experimental and statistical methods for a correct 

identification of the inorganic and organic materials under examination, LIBS was 

employed to understand how much UV-radiation affects the in-depth layer of the 

paints and which are the elements that enhance the interaction between UV-light and 

paint. The works entitled "Infrared and Laser-Induced Breakdown Spectroscopy to 

Characterize UV-Light Degradation of Modern Art Materials" and "Combined 

LA‑ICP‑MS/LIBS: powerful analytical tools for the investigation of polymer alteration 

after treatment under corrosive conditions" compare the results obtained from the IR 

analysis of the surface paint layers and those of the in-depth layers obtained by LIBS.  

Generally, it is observed that the oxidative effect of UV-radiation is greater for alkyd 

paints than for acrylic ones due to the oily component in the binder which causes 

photochemical degradation, forming oxidation products. In fact, acrylic paints with 

pigment/binder (P/BM) 1:2 begin to degrade only after 336 h of aging, while for P/BM 

1:6 it was recorded after 672 h. For the alkyd binder, this effect was determined already 

after 168 h for each P/BM ratio. These results confirm the chemical instability of the 

alkyd resin exposed to UV-aging. Furthermore, this behavior increases in samples with 

a high amount of pigment (P/BM 1:2), especially with PB29.  

The results obtained from the in-depth LIBS analysis (15 consecutive layers, with an 

area of 1.9 x 1.0 mm with an average ablation rate of 1 μm per layer) were evaluated 

by PCA, comparing the data of the unaged and aged samples. Subsequently, their 

distributions were studied considering the outermost and the inner layers. The results 

are related to the chemical composition of the unaged and aged paint samples and show 

different trends. On the other hand, the data obtained from the in-depth layers of the 

aged samples show chemical profiles similar to those of the unaged surface layers.  
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In conclusion, by comparing the results obtaining from ATR-FTIR and LIBS, it is 

possible to identify the alkyd polymer as the binder more subject to photodegradation. 

When the pigment concentration is high (P/BM 1:2) this process is increased, and the 

type of pigment determines an increase or decrease of the deteriorating action of UV-

radiation. Moreover, due to the chemical-physical properties of the pigment, it will 

allow the UV-light to interact more deeply into the paint layer, resulting in the loss of 

the mechanical and aesthetic properties of the paint itself. 

These two works represent the latest studies developed during this PhD concerning the 

investigation of photooxidative processes of modern paints. 
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5.4 Paper V 

This study entitled "SO2- and NOx- initiated atmospheric degradation of polymeric 

films: Morphological and chemical changes, influence of relative humidity and 

inorganic pigments" is part of the second topic of the PhD thesis and discusses the first 

results obtained from the evaluation of the influence of pollutant gases on the stability 

of modern paints. The reactions and chemical changes of modern artistic materials (in 

this case, acrylic, alkyd, and styrene-acrylic binder mixed with various inorganic 

pigments) in contact with various polluting atmospheric agents were not studied 

extensively. In fact, they may vary according to various factors such as the 

environmental conditions, the product manufacturing process, or the presence of 

various additives or pigments. In this work, accelerated gas aging was performed on 

modern paint samples trying to simulate real outdoor environmental conditions. In 

particular, sulfur dioxide (SO2) and nitrogen oxide (NOx) mixed with different relative 

humidity contents (50% and 80% RH) were used for a total of 168 hours of exposure 

to the gas. 

The morphological observations under the 3D microscope carried out after aging show 

that the most significant degradation effects are visible for acrylic paints (surface 

migration of the surfactant) and that, from the evaluation of the depth and roughness 

profile values, the highest oxidative behavior occurs when the samples are exposed to 

NOx. From the qualitative and semi-quantitative ATR-FTIR analysis, the various 

binders and aging conditions have shown different results. Acrylic paints are more 

subject to NOx degradation. Furthermore, semi-quantitative evaluation and chemical 

mapping showed that paints with PW6, PB29 and PB28 (i.e. titanium white, artificial 

ultramarine blue, and cobalt blue) favor this deterioration behavior. Alkyd paints show 

similar degradation levels when exposed to polluting gases. The main degradation 

reaction is the hydrolysis of the phthalic component in the binder, even if it seems 

favoured by the interaction with NOx, while the SO2 tends to interact more with the 

drying oil. The pigments that favor these reactions are PW6 and PR101.  
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Finally, styrene-acrylic paints are more sensitive to the gas-relative humidity 

interaction, exhibiting two different degradation behaviors. The multivariate methods 

used (PCA and ASCA) confirmed both the previously obtained results and brought 

more useful information to understand the different chemical mechanisms between 

materials and pollutants. Using PCA, it was possible to understand that, in all paints, 

the functional groups C–H and C=O are the most subject to degradation. The influence 

of the various pigments on the overall degradation of the binders was confirmed by 

ASCA. The latter shows that the three binders are subject in different ways to 

degradation conditions. In fact, the RH has a greater influence on the degradation of 

acrylic paints than the different gases on alkyd paints, and the gas×RH% combination 

on styrene-acrylic paints. In general, from all the assessments carried out, NOx 

revealed the most significant oxidizing effect on paints. These results are relevant as 

outdoor artworks are increasingly affected by environmental degradation, due to 

continuous climate change. Furthermore, understanding the deterioration reactions 

caused by the interaction with polluting gases is essential to provide appropriate 

suggestions for their preservation. 
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5.5 Paper VI 

The final part of the PhD thesis focuses on the morphological and chemical-physical 

changes observed on pure acrylic films after exposure to various pollutant gases. The 

previous discussed papers investigated the different correlations that polluting gases 

showed interacting with various modern paints depending on the RH value chosen, 

type of binder, pigment and their combination. However, in this work entitled “The 

Effect of Pollutant Gases on Surfactant Migration in Acrylic Emulsion Films: A 

Comparative Study and Preliminary Evaluation of Surface Cleaning”, acrylic 

emulsions have been taken into consideration. Exposed to high humidity and 

atmospheric polluting gases, their structural and chemical conformation is strongly 

compromised due to the migration of surfactants. The latter behavior was studied 

extensively over the years and various cleaning treatments were tested for their 

effectiveness. However, their choice remains difficult as they easily alter the acrylic 

component, especially when in contact with aqueous solutions. Therefore, a 

comparative analytical study was conducted in order to characterize morphologically 

(by 3D and Atomic Force Microscopy) and chemically (by Raman and Infrared 

spectroscopy) the reactions and degradation products. Two water-based cleaning 

treatments were then tested and a preliminary evaluation of their cleaning effectiveness 

was carried out. 

The characterization of the polymeric system was complex, as some molecular 

structures are very similar to other polymers and some commercial products have 

different additives. In this specific study, polyethylene oxide (PEO) was identified as 

the main surfactant in acrylic emulsions. Having hygroscopic properties, once exposed 

to certain aging conditions, it migrates to the surface in the form of particles which, 

from observations under the 3D microscope, cause the opacification of the surface 

acrylic component. Furthermore, depending on the type of pollutant, changes are 

observed in surface distribution, particle size, and roughness. From the evaluation and 

comparison of the microscopic (3D and AFM) and chemical (Raman and FTIR 
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spectroscopy) results, the gaseous pollutant causing the greatest damage to acrylic 

emulsions, in terms of structural impact, increase in roughness values, extension, and 

dispersion of surfactant particles is NOx, followed by O3 > SO2 > H2S and RH 80%. 

This phenomenon is probably linked to the solubility of gases in humidified 

environments and the surfactant-gas chemical affinity. 

Subsequently, the study focused on the preliminary evaluation of the effectiveness of 

two cleaning treatments for the removal of surfactants, namely by means of cotton 

swab rolled and hydrogel system. From AFM topographies and chemical mappings, 

surfactant removal is most effective with the cotton swab rolled. However, it 

compromises the structural stability of the acrylic component by causing surface 

swelling. The hydrogel, on the other hand, does not allow a regular cleaning effect, 

although it allows the gradual release of water for a more controlled cleaning and limits 

swelling. Moreover, gel residues are observed after application. The cleaning effects 

are also influenced by the interaction between acrylic film and pollutants; in fact, the 

cotton swab rolled test is more effective on samples aged by SO2 and NOx, while the 

hydrogel on those aged by RH80% and H2S. Both tests seem effective on O3 aged 

samples. The results obtained so far show how various physical-chemical interactions 

are observed, depending on the formulations of acrylic emulsions and the influence of 

gaseous pollutants. 
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6 
CONCLUSION AND OUTLOOK 

 
 

This PhD thesis focuses on the study of the stability of modern and contemporary 

paints when exposed to different atmospheric conditions. 

Specifically, the first part concerns the degradation behavior of alkyd paints subjected 

to accelerated aging by UV-light (Paper I). In this work, the paint samples showed 

different degradation processes depending on the type of inorganic pigment in the 

mixture and the P/BM ratio used. The presence of pigments can in fact enhance various 

photo-oxidative effects on the binder and furthermore, the degradation of the binder 

increases as the concentration of the pigment increases. With this study, it was shown 

that the use of non-invasive analytical techniques, the kinetic evaluation of their 

results, and the use of chemometric methods have a high potential in the study of paint 

components. The obtained results led to further questions concerning the degradation 

reactions in the inner layers of the paints, if some factors (type of pigment, binder, 

weight ratio) favor or reduce these degrading behaviors, and how these effects can be 

prevented or slowed down.  

This latter research topic was investigated in subsequent studies (Paper II, III, IV) in 

which the results of advanced (LIBS) and basic (FTIR) techniques were compared and 

later combined with multivariate evaluation methods to understand which binders are 

more subject to photodegradation and which pigments or P/BM ratios favour these 

reactions in the inner layers of the paints. The results demonstrate that the alkyd binder 

shows the most significant degradation effect (due to the oil component) that increases 

if the amount of pigment is higher than the binder (P/BM 1:2, mainly for PB29).  
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This evaluation represents an innovation from the analytical and scientific point of 

view, as after this first application it allows to obtain excellent results applied to artistic 

heritage (above all combining statistical methods). 

The second part of the thesis focuses on the study of the degradation reactions caused 

by pollutant gases and relative humidity (RH). The first study carried out (Paper V) 

compared acrylic, alkyd and styrene-acrylic samples aged with sulfur dioxide (SO2) 

and nitrogen oxide (NOx) mixed with different relative humidity contents (50 and 80 

RH%). Through the use of analytical and multivariate techniques, it was possible to 

observe that the binders deteriorating behavior varies according to the type of gas and 

the RH. In general, NOx has the most significant oxidizing effect on paints. 

Specifically, RH has more influence on acrylic paints, different gases on alkyd paints, 

and the gas×RH combination on styrene-acrylic paints. These results are relevant as 

outdoor artworks are increasingly affected by environmental degradation. Considering 

the results previously explained, the prevention methods should be selected according 

to the type of binder and the environmental conditions of the artworks (internal or 

external). In order to obtain a broader knowledge, future experiments will be 

considered, such as the effect of ozone and particulate matter, the synergistic effect of 

different pollutants, parallel aging tests (accelerated and natural), and investigation of 

real aged artworks.  

If some mechanisms of degradation were clarified with the previous study, others still 

remained not well known. For example, it was observed that the acrylic paints showed 

a different level of surface migration of the surfactant according to the different 

polluting gases. In this final study carried out (Paper VI), accelerated aging with 

polluting gases (O3, SO2, H2S, NOx) and relative humidity (80%) of the acrylic 

emulsion was performed. The innovative aspect is the morphological (3D optical and 

atomic force microscopy) and chemical-physical (Raman and FTIR spectroscopy) 

evaluation of the degradation products as a function of the different pollutant gas used. 

Furthermore, a preliminary evaluation of two cleaning methods (swab rolled test and 

hydrogel system) were tested to study its effectiveness. From the assessments carried 

out, the gaseous pollutant NOx favours the migration of the surfactant and damages 
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the acrylic component the most. As for the results of the cleaning tests, the AFM 

topographies and chemical mappings confirm a great cleaning effectiveness with swab 

rolled test which however compromises the structural stability of the acrylic 

component. On the other hand, the hydrogel allows the gradual release of water but 

does not allow a regular cleaning effect, leaving residues.  

These results could be expanded with further investigations, such as considering real 

artworks, testing commercial acrylic paints, using different cleaning solvents, setting 

up new experiments by varying aging conditions, and employing further analytical-

diagnostic analyzes (i.e. mechanical, thermal, technical separation methods). 

Moreover, a future perspective of this study can be the synergistic effect of pollutants 

and their combination with different relative humidity content, gas concentration, and 

exposure time. This PhD thesis provides clarifications on some conservative aspects 

highlighted in the museum environment, related to the degradation processes deriving 

from environmental variables, and to the effectiveness of cleaning treatments on aged 

acrylic objects. Furthermore, the diagnostic analysis presented can be used to support 

the prevention of the degradation of artistic paint materials, develop more sophisticated 

environmental sensors for monitoring these pollutants (especially in internal museum 

environments), and, finally, implement knowledge related to the conservation and 

restoration practices of modern and contemporary artworks. 
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As the effects of climate change pose an increasing risk of damaging outdoor modern and
contemporary artworks’ aesthetic appearance by affecting their mechanical properties
and chemical-physical stability, understanding the degradation processes attacking these
objects is becoming more and more essential to their conservation. For this purpose, the
kinetics of photo-oxidation processes occurring in alkyd paints and their stability in
mixtures with different inorganic pigments were investigated. The aim was to
characterize the different degradation reactions over time and study the
photodegradation kinetics according to different pigments and pigment/binder ratios.
This paper describes the degradation behavior of artificial ultramarine blue, hydrated
chromium oxide green, and cadmium sulfate yellow pigments mixed with alkyd resin and
aged under simulated sunlight exposure for a total of 1,008 h. The analytical techniques
used offer complementary information on the characterization of the samples and their
aging. Specifically, 3D Optical Microscopy allowed studying morphological and color
changes. These results were supported by Scanning Electron Microscopy and Colorimetry
analyses, also focused on studying the physical and granulometric characteristics of the
pigments in relation to the binder degradation. Finally, qualitative and quantitative analysis
was performed by Attenuated Total Reflection Infrared Spectroscopy. To support the
obtained results, Multivariate Analysis of microscopic images was carried out with the aim
of studying the degradation effects linked to color and texture changes. The obtained
results demonstrate that the degradation processes of alkyd resin are influenced by the
presence of the different inorganic pigments used and their concentration in the mixtures.
This study should contribute as support to the field of conservation-restoration to find
suitable protection strategies for paint surfaces against degradation agents.

Keywords: alkyd resin, photodegradation, inorganic pigments, multivariate analysis, infrared spectroscopy,
scanning electron microscopy, colorimetry
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INTRODUCTION

With the development of synthetic organic chemistry at the
beginning of the 20th century, contemporary artists started to
use a significant number of new polymeric materials as paint
binders for creating artworks. Consequently, gathering
knowledge related to proper preservation techniques for these
artworks has become increasingly important on the international
level (Chiantore and Rava, 2005). Several polymeric structural
changes lead to mechanical properties and chemical stability
modifications which eventually result in and degradation of
the binder (Rosu and Visakh, 2016). Early studies (Rabek,
1995; Learner, 2008) focused on the characterization of these
polymers; later on, attention has been given to the study of
chemical and physical factors influencing the light stability of
the new binders, especially for artworks exposed to solar radiation
(outdoor environment). Additionally, the presence of oxygen was
also found to play a major role in polymer stability as it promotes
photo-oxidation reactions, such as cross-linking, chain scission,
and further oxidation reactions.

Among these polymers, alkyd resins have been widely used in
artworks and are the focus of this study. Their first use was
documented around the 1940s, and soon they were established as
one of the most used materials in modern and contemporary art.
They were employed mainly by painters such as Picasso and
Pollock, who preferred them to traditional drying oils. During the
seventies, they became the prevalent chemical binder in paint
artworks (Lake et al., 2004). Chemically, alkyd polymers are
composed of oil-modified polyester resins formed from the
combination of a polyhydric alcohol (generally glycerol), a
polybasic carboxylic acid, and siccative oils or free fatty acids.
The oil chain length and weight percent of fatty acids in the alkyd
resin molecular structure influence the curing and
photodegradation processes (Mallégol et al., 2000a).
Photodegradation of alkyd polymers occurs by auto-oxidation
of unsaturated bonds of the fatty acid portion forming a cross-
linked network.

As a consequence, the newly-formed peroxy and hydroperoxy
radicals may react with the alkyd chain leading to further cross-
linking and β-scission reactions. Moreover, during auto-oxidation
of the oil portion, chemical species such as hydrocarbons,
aldehydes, and ketones allow Norrish type I reactions
(cleavage or homolysis into free radical intermediates) and
chain-scission to take part in the oil degradation. In particular,
Norrish type I is the main photodegradation initiation reaction of
aromatic polyesters, leading to the formation of free phthalic acid
(Lazzari and Chiantore, 1999). Furthermore, hydrogen
abstraction (Norrish type II reaction) can take place and
products such as ketones, aldehydes, alkene, and carboxylic
acids can be formed in the photochemical single state
excitation. The abstraction of hydrogen produces alcohols,
cyclic structures, carboxylic acids, and vinyl groups. Overall,
alkyd resin photo-oxidation results in production of low
molecular weight fractions, which either evaporate more easily
or remain in the polymeric structure (Lazzari and Chiantore,
1999; Duce et al., 2014). While the several reactions involved in

the long-term photo-oxidation have already been extensively
studied in previous projects (Pintus et al., 2015; Anghelone
et al., 2016), investigating the effect of pigment interaction to
the photo stability of alkyd polymers is also fundamental
(Mallégol et al., 2000b). In particular, different studies (Rasti
and Scott, 1980; Anghelone et al., 2017) show that inorganic
pigments can act as retardants or promoters of light-induced
aging reactions. To this respect, pigments can be divided into two
categories: 1) photo-absorbers, which reduce the impact of light
transmitted into the paint layer, and 2) photo-promotors, which
increase the photo-oxidation effect with formation of free
radicals. Moreover, characteristics of the pigments such as
concentration, refractive index (R.I.), and particle size also
play a role in the photodegradation process as they can affect
the penetration of radiation into the paint layer (Zubielewicz
et al., 2011). This study is focused on three inorganic pigments,
namely artificial ultramarine blue, hydrated chromium oxide
green, and cadmium yellow. These pigments have been used
since 1800 as well as in recent contemporary artworks and are still
included in formulations of paint tubes. Because of their
widespread use among artists, studying their effects on the
overall stability of art objects is of high importance
(Bevilacqua et al., 2010), not only to prevent aesthetical
damage of artworks but also to lower the risk of their physical
degradation.

In this work, the surface chemical changes of alkyd paints
exposed to short-time artificial sunlight aging were studied. Paint
samples were exposed for 168, 336, 504, 672, 840, and 1,008 h
(0–6 weeks) to artificial aging, using spectral and intensity
parameters comparable to outdoor solar radiation. Several
paint samples were prepared by mixing each inorganic
pigment (artificial ultramarine blue, hydrated chromium oxide
green, and cadmium yellow) with the synthetic binder. Three
different pigment/binder (P/BM) ratios were selected (1:2, 1:3,
and 1:6) in order to evaluate how the concentration of pigment
influences the binder’s degradation. The selection of analytical
techniques was based on their reciprocal complementarity, which
allows supporting the various obtained results and providing new
information on the binder’s degradation mechanisms.
Specifically, 3D Optical Microscopy, Scanning Electron
Microscopy (SEM), and Colorimetry allowed studying the
morphological and color changes of the paints.

The binder degradation reactions were investigated by
Attenuated Total Reflection Infrared Spectroscopy (ATR-
FTIR). Firstly, identification of the functional groups found
before and after aging was carried out. Subsequently,
quantitative analysis was performed to investigate the binder’s
photodegradation kinetics, taking into consideration the different
pigments and P/BM ratios selected. Finally, microscopic images
of the paint samples were analyzed using a multivariate approach
based on the extraction and analysis of features related to color
and texture properties, using Principal Component Analysis
(PCA). PCA is a data exploration technique aimed at
extracting useful information from a dataset and displaying
data structure in a simple and easy-to-interpret manner.
Basically, the original dataset is projected into a lower-
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dimensional space defined by few Principal Components, which
are calculated based on data variance. By analysing PCA
outcomes it is possible to identify clusters of objects sharing
similar properties or relationships among variables (Musumarra
and Fichera, 1998). In this study, PCA was applied to the dataset
of image features in order to gain an objective and comprehensive
overview of the modifications induced by artificial aging on the
morphology of the paint layers.

MATERIALS AND METHODS

Sample Preparation
Different samples were prepared by mixing pure Alkyd Medium 4
(Lukas®, Germany) with inorganic pigments (Kremer Pigmente,
Germany), i.e., artificial ultramarine blue (PB29), hydrated
chromium oxide green (PG18), and cadmium yellow (PY37). A
detailed description of the paint samples is shown in Table 1. In
total, nine samples were prepared. Different P/BM ratios in weight
were prepared, depending on the paint’s consistency. After a
consultation with a paint manufacturer, the P/BM ratios chosen
were confirmed as similar to the commercial formulations. The
fresh paints were cast on glass slides with a film thickness of
150 μm. The samples were dried at room conditions (ca. 22°C and
30% relative humidity [RH]) for three weeks before starting the
artificial aging in the UV chamber. The samples were analyzed
every week (max. 1,008 h exposure).

Artificial Aging
The light aging, which simulates natural sunlight, was carried out in a
UVACUBESOL2/400FUVchamber, produced byDr.HönleGmbH
UV-Technology, Germany. The emitting radiation was supplied by a
XenonArc lampwith the possibility to provide radiations between 295
and ∼3,000 nm, similar to outdoor solar conditions. Temperature and
RH were separately measured in the chamber using the AQL S500
sensor (Aeroqual Limited, New Zealand).

During artificial aging, the chamber temperature was around
38°C, and the RH varied between 10 and 20%. The radiation
intensity was measured by using a UV-Meter Basic (Dr. Hönle,
Germany). The Xenon lamp reached an approximate value of
170 W/m2. According to the recent data provided by Central
Europe, it is possible to assume that the radiation value obtained
is similar to natural aging caused by solar radiation (Šúri et al.,
2007). The artificial light exposure of alkyd paints was carried out
for 1,008 h in total. Considering that there are around 1,000 h of
sunshine per year (global approximation), it is possible to

approximate the artificial sun aging of 1,008 h to around one
year of natural outdoor sunlight exposure (Šúri et al., 2004). The
glass slide was divided into six regions (Figure 1) to obtain
different aging periods (168–1,008 h) on each paint sample. The
regions which were not exposed to artificial light were contact-
free covered with a silver-aluminum 100% reflective surface. The
reflective cover was moved weekly to obtain the complete 1,008 h
aged sample set.

Optical 3-Dimensional Microscope
To monitor the different morphological changes due to artificial
light aging, the surface of each colored layer was scanned by the
Keyence VHX-6000 microscope (Keyence, Belgium). Three-
dimensional optical micrographs and topological images were
recorded using a VH-Z100 objective with a zoom lens of
1,000×. For each aging week (from 0 to 1,008 h), surface
pictures were acquired. The objective chosen reaches a focus in
the range of 100–1,000 μm. The microscope is provided with a LED
light source (5,700 K). For the 3D pictures, a magnification of
1,000× was selected, measuring a total area of around 15,376 μm2.
To obtain the 3D depth profile of the surface, the total depth
obtained is 10 μm taking every 2 μm a picture (pitch scans). In total,
63 images were acquired using the optical 3D microscope,
corresponding to nine samples (three pigments types × 3 P/BM
ratios) aged for seven different times from 0 to 1,008 h.

Multivariate Analysis of Microscopic
Images
The data obtained by the microscopic images of the paint samples
were subjected to multivariate analysis in order to evaluate the
degradation effects caused by artificial UV aging. The main focus
is put on the feature of the paint samples and to study the
influence of pigment type and concentration on such degradation
effects. For this aim, a preliminary data dimensionality reduction
step was applied to convert each image of the dataset into a
feature vector codifying for the useful information related to color
and aspect of the analyzed samples. Generally, a data
dimensionality reduction procedure is a mandatory step when
several images have to be simultaneously analyzed and compared
to each other, to gain a general overview of the whole image
dataset structure (Calvini et al., 2016). Different methods have
been proposed to extract relevant features from images. The most
common approach is based on evaluating the pixel distribution of
defined color parameters of each image and using the
corresponding frequency distribution curves or statistical

TABLE 1 | List of materials analyzed.

Binder Chemical composition Commercial name

Alkyd resin Polymer oil-modified polyester-resin based on
orthophthalic acid and pentaerythritol

Alkyd medium 4 (Lukas®, Germany)

Pigment Color index P/BM ratio in weight Chemical composition

Artificial ultramarine blue PB29 1:2, 1:3, 1:6 Na6–10Al6Si6O24·S2–4

Hydrated chromium oxide green PG18 1:2, 1:3, 1:6 Cr2O3·2H2O
Cadmium yellow PY37 1:2, 1:3, 1:6 CdS
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parameters calculated from the frequency distribution curves
(e.g., mean or standard deviation value) as relevant features
(Pereira and Bueno, 2007; Kucheryavski, 2011; Calvini et al.,
2020).

Furthermore, in order to fully exploit spatial-related
information contained in the images also texture features can
be calculated. A widely used image texture analysis approach is
the application of Gray Level Co-occurrence Matrices (GLCMs)
(Haralick et al., 1973), which records the frequency of occurrence
of each possible grey-level pairing of neighboring pixels with a
specified spatial arrangement. Given a grey-scale image, four
possible orientations of neighboring pixels can be considered
to calculate the GLCM: horizontal, right diagonal, vertical, and
left diagonal, corresponding to an angle of 0°, 45°, 90°, and 135°,
respectively. Then, from each GLCM, it is possible to calculate
texture parameters based on first, second, and higher-order
statistics and further analyze the obtained texture features
using chemometric methods (Malegori et al., 2016; Marschner
et al., 2017).

In the present study, a total of 36 features were extracted from
each paint sample image. These features include mean, median,
and standard deviation and range of red (R), green (G), and blue
(B) channels, and of two additional color-related parameters
derived from the R, G, and B values: lightness (L), calculated
as the sum R, G, and B values, and saturation (S), obtained by
converting the RGB color space into the hue-saturation-value

(HSV) color space. These features summarise the color-related
properties of the images. Furthermore, texture parameters
derived from GLCMs of lightness grey-scale images were
extracted. Firstly, each RGB microscopic image was converted
into the corresponding grey-scale image of lightness obtained by
summing the R, G, and B values of each pixel. Then, GLCMs of
each lightness grey-scale image were calculated considering all the
possible directions of neighboring pixels (0°, 45°, 90°, and 135°).
The calculation of the GLCMs was performed considering a
distance of 10 pixels and a resolution of 64 grey-scale levels.

Therefore, four GLCMs were obtained from each original
microscopic image. Finally, from each GLCM, the following
texture parameters were calculated (Fongaro and Kvaal, 2013):

- Contrast (Con), which measures the intensity variations
between one pixel and the neighboring pixel; in a constant
image, the value of contrast is equal to zero.

- Correlation (Corr), which measures the relation between one
pixel and its neighbors, and this correlation can be direct
(positive) or indirect (negative).

- Energy (En), which is calculated as the sum of the square of the
GLCM elements; it can range between 0 and 1, and for a
constant image, its value is equal to 1.

- Homogeneity (Hom), which measures how close the elements of
the GLCM are to the diagonal; it can vary between 0 and 1, and
its value is equal to 1 for a diagonal GLCM.

FIGURE 1 | Three paint samples with P/BM ratio 1:3; from left Alkyd Medium 4 + PB29, Alkyd Medium 4 + PG18, Alkyd Medium 4 + PY37. They were exposed to
artificial sunlight for 168, 336, 504, 672, 840, and 1,008 h.
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The complete list of the 36 color and texture features extracted
from each microscopic image is reported in Supplementary Table
S1. The feature vectors extracted from all the dataset images were
collected into a data matrix with 63 rows, corresponding to the
number of acquired images, and 36 columns, corresponding to the
number of extracted features. Finally, the matrix of image features
was analyzed using PCA using autoscale as a data preprocessing
method. The extraction of color and texture features from the
images was performed using routines written ad hoc in MATLAB
language (v. 9.8, The MathWorks, Inc., United States) and based on
MATLAB Image Processing Toolbox (v. 11.1). At the same time,
PCA models were calculated using the PLS_Toolbox software (v.
8.8.1, Eigenvector Research, Inc., United States) running under the
MATLAB environment.

Colorimetric Measurements
To obtain colorimetric values between unaged and aged samples,
an SPM50 Gretag-Macbeth (XRite, Switzerland) was used.
Measurements were carried out by a D65 light source with the
10° Standard Observer, 45°/0° geometry. The spot size measured is
around 1 mm. The system was calibrated with an internal white
reference. Five spots were measured per exposure and averaged
using Microsoft Excel software (Microsoft®, United States). To
determine the color changes between unaged and aged samples,
CIELAB coordinates (L*, a*, b*) and ΔE* values were evaluated,
according to the Commission Internationale de l’Èclairage 1976
(CIE 1976) (Johnston-Feller, 2001).

Scanning Electron Microscopy
Scanning Electron Microscope (SEM) was employed for
investigating the microstructure of paint mixtures, the changes
in pigment distribution, and their morphology after aging.
Samples were analyzed using a Quanta TM250 FEG Field-
Emission Scanning Electron Microscope (Thermo Fisher
Scientific, United States), and images were collected under a
low vacuum at 20 kV acceleration voltage. Some of the
collected images were post-processed using CorelDraw 2018
software, and the pigment particle size was measured using
ImageJ v1.52i software.

Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy
For the FTIR investigations, a LUMOS FTIR Microscope (Bruker
Optics, Germany) in ATR mode with a germanium crystal was
employed. The instrument is equipped with a photoconductive
cooled MCT detector. Spectra were acquired in a spectral range
between 4,000 and 480 cm−1, performing 64 scans at a resolution
of 4 cm−1. The resulting spectra were collected and evaluated with
the software OPUS® (Bruker Optics, Germany). Five
measurement spots were chosen on each unaged and aged
paint sample. The spectra were averaged, baseline corrected,
and vector normalized. The chemical depth information
obtained by the ATR-FTIR measurements, considering the R.I.
of the germanium crystal (n1 � 4.01) and the angle of incidence of
the IR beam (θ � 45°), in a spectral region between 4,000 and
480 cm−1, is around 0.65 μm.

RESULTS AND DISCUSSION

Optical 3-Dimensional Microscopy
Observations
Figure 2 shows how the morphology of the paint layers of the
PB29 alkyd samples changes during the light aging process. The
surfaces of the unaged samples show an increasingly glossy
appearance with increasing polymer content. The morphology
of the pores is also different across P/BM ratios. In fact, as the
binder content increases, the pore size tends to widen (especially
in the P/BM 1:6 sample). After a total of 1,008 h of light aging,
different morphological changes are detectable. In the mixture
with P/BM 1:6, it is possible to observe that by increasing the UV
exposure time, the pores begin to increase in number and to
enlarge until the pigment is more visible on the surface. When the
binder content is lower (P/BM 1:2), this phenomenon is already
observed after 504 h of UV exposure. After 1,008 h of aging, the
pigment grains are more visible on the surface and of sharper
morphology; moreover, some discoloration can be observed. This
aging effect is more noticeable when the P/BM is high (1:2). In
Principal Component Analysis of Features Extracted From
Microscopic Images and Colorimetric Measurements, the color
changes will be discussed more in detail through multivariate
analysis of the microscopic images and colorimetry.

A similar behavior is also observed in the PG18 alkyd samples
(Supplementary Figure S1). In the 1:6 mixture, after 1,008 h of
aging, the surface is less glossy and more porous. As for the blue
sample, also in the green 1:2 mixture, the opacity increases over
time, probably as a result of the binder’s degradation and pigment
accumulation on the surface. However, unlike PB29, the PG18
pigment tends to darken, and this effect is particularly visible in
the mixture with a high amount of pigment (P/BM 1:2). This
morphological and colorimetric behavior is also observable for
the PY37 alkyd sample (Supplementary Figure S2). However,
differently from the two previous paints, the glossy effect is not
evident, the pores are much smaller and after aging, they are no
longer well-defined. This effect may be due to the granulometry of
the yellow pigment, explained in Colorimetric Measurements
(SEM results).

Principal Component Analysis of Features
Extracted From Microscopic Images
Principal Component Analysis Considering All
Samples
For the first evaluation of data structure, PCA of the image
features matrix was calculated considering all the samples
together, and the corresponding results are reported in
Supplementary Figure S3. PC1 separates PY37 samples from
the other two pigments based on color and texture features like
homogeneity, energy, and contrast, which have high PC1 loading
coefficients in terms of absolute values. In particular, the images
of PY37 have higher Hom and En values, showing a more
homogeneous paint layer and the presence of the binder is less
evident.

Furthermore, the PC1 and PC3 score plot show that sample
PY37 presents a lower variation due to aging, while PB29 paint
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undergoes higher degradation effects. Similar results are
presented in the discussion of the colorimetric measurements
(Colorimetric Measurements). It has to be noticed that each
pigment has a peculiar degradation pattern, and it is difficult
to find trends common to all the three pigment types. Besides, it is
also possible to observe that there are differences based on the
P/BM ratio for each pigment type. Therefore, for a better
evaluation of color and texture variations of each pigment due
to aging, separate PCA models were calculated for each
pigment type.

Principal Component Analysis of PB29 Samples
The PCA model of the samples prepared with PB29 pigment was
calculated considering 3 PCs (93.57% of the total variance). The
corresponding PC1 and PC2 score and loading plots are
reported in Figures 3A,B, respectively. The PC1 and PC2
score plot shows that the sample prepared with a P/BM ratio
equal to 1:6 presents a lower variation over time due to aging
compared to the samples with higher pigment concentrations.
In particular, the images of the sample prepared with a P/BM
ratio equal to 1:2 have a higher variation in the PC1 and PC2
score plot based on aging time, suggesting that this sample
undergoes higher degradation effects. Considering the PC1 and
PC2 loading plot, it is possible to observe that the images of the

samples with P/BM ratio equal to 1:6 are characterized by low
Hom and En values, while they have high standard deviation
values of R, G, S, and L color parameters. These findings are
confirmed by observing the microscopic images of PB29 alkyd
samples (Figure 2), which show that the surface layer of PB29
sample prepared with a P/BM ratio of 1:6 is very heterogeneous
due to the high concentration of the binder. Furthermore, PC1
describes the aging pattern common to the samples with P/BM
ratio equal to 1:2 and 1:3. For these two concentrations, the
images of the unaged samples have negative PC1 values, while
increasing the aging time, the images of the samples move
toward positive PC1 values. Considering the PC1 loading
vector, the image features with positive PC1 values are mean
and median values of G, B, S, and L, and homogeneity texture
feature. Therefore, with light aging, the PB29 paints with lower
binder concentration tend to lighten, and the paint layer seems
more homogeneous as the presence of the binder is less evident.

Principal Component Analysis of PG18 Samples
The PCA model of the samples with PG18 was calculated
considering 2 PCs (91.80% of the total variance), and Figures
3C,D report the corresponding PC1 and PC2 score and loading
plots. In this case as well, the sample with a P/BM equal to 1:6
ratio differs from the samples with higher pigment concentration.

FIGURE 2 | Morphological overview by 3D image (1,000×) of PB29 alkyd samples. From left to right, the samples are displayed according to their different P/BM
ratios, whereas the images from top to bottom depict the unaged, 504, and 1,008 h aging.
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Indeed, the variation over time of the 1:6 P/BM ratio sample is
mainly described by PC2, while the variation over time of 1:2 and
1:3 P/BM ratio samples is described by PC1. These aging patterns
are orthogonal, suggesting that light aging has different effects on
the paint layers according to binder concentration. Considering
PC1 loadings, it is possible to observe that the images of aged
samples with a P/BM ratio of 1:2 and 1:3 exhibit increasing mean
and median values of G, B, L, and S parameters while the range
and standard deviation of the same color-related parameters tend
to decrease. Considering the texture-related parameters, the
images of the aged samples have higher Hom and En values
and lower Con values. Therefore, during aging, the paint layer of
the samples prepared with a lower binder concentration tends to
have a more saturated color, and the presence of the binder

becomes less visible. As previously mentioned, the aging behavior
of the sample with 1:6 P/BM ratio are mainly described by PC2.
Comparing PC2 scores and loadings, it is possible to observe that
the images of aged samples show increasing range and standard
deviation values of R, G, L, and S parameters and also increasing
Con values. The mean and median values of R, B, and L tend to
decrease.

Principal Component Analysis of PY37 Samples
The PCA model of the samples with PY37 was calculated
considering 4 PCs (94.74% of the total variance), and the
corresponding PC1 and PC3 score and loading plots are
reported in Figures 3E,F, respectively. PC1 and PC3 score
plot shows that samples prepared with the different P/BM

FIGURE 3 | Score and loading plots of the PCA models calculated on the image features matrix (Supplementary Table S1) obtained from the microscopic images
of samples of alkyd resin mixed with PB29 (A,B), PG18 (C,D), and PY37 (E,F). The samples in the score plot are colored according to the P/BM ratio, while the labels
indicate the aging time from 0 to 1,008 h.
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ratios have a similar variation pattern during aging, conversely to
what was observed for the paint layers of PB29 and PG18. Indeed,
for PY37, the aged samples tend to move toward negative PC1
score values compared to the corresponding unaged samples.
Considering PC1 loadings, it is possible to observe that the images
of the aged sample have higher Hom and En values, higher mean
and median values of R and S parameters, and lower mean and
median values of L. Therefore, PY37 paint layers tend to darken
with aging but, at the same time, they present a more saturated
color. This behavior is common for all the considered pigment
concentrations. Furthermore, PC3 mainly describes the
difference between samples with a 1:6 P/BM ratio and samples
with the other two pigment concentrations.

Colorimetric Measurements
In Supplementary Table S2, the colorimetric results of unaged
and 1,008 h UV-aged alkyd paint samples are shown. The results
include the colorimetric changes in the values of the lightness/
darkness (L*), red/green (a*), yellow/blue (b*), and the total color
change from 0 to 1,008 h exposure (ΔE*). The ΔE* values obtained
from each colored paint and P/BM ratio were evaluated and
compared. It can be observed in Figure 4 that the most significant
color change is recorded for the PB29 paint with P/BM ratio 1:2.
This behavior tends to decrease with the increase of the binder
amount. A similar trend is detected for PG18 paints but less
significant than for the blue paint. Moreover, a relatively
significant difference in the shift of the L*, a*, and b*
coordinates between the unaged and aged paint samples is
observed, confirming the important role that pigments play on
the degradation of this binder when exposed to the light. These
findings confirm the results obtained from PCA performed on the
color and texture features extracted from the microscopic images

(Principal Component Analysis of Features Extracted From
Microscopic Images).

Comparing all the colorimetric values of the three inorganic
pigments, the PB29 alkyd paint samples have the most significant
shift of a* and b* between unaged and aged samples, showing a
strong reduction in red and blue, respectively. The decreasing of
a* and b* values and the overall increase of the L* parameter
might be due to changes in the surface roughness of the paints
(Simonot and Elias, 2003). In fact, after aging, the macroscopic
properties of the film change, becoming stiffer and more brittle,
probably due to the cross-linking of the residual olefinic
unsaturation (Hintze-Brüning, 1993). This phenomenon was
also previously confirmed by 3D, SEM microscope, and
multivariate results. As reported in the literature (Del Federico
et al., 2006; Janssens et al., 2016; René de la Rie et al., 2017),
artificial ultramarine blue (PB29) has a significant loss of its blue
color when mixed with alkyd resin after light irradiation. This
effect is probably due to the chromophoric S-anions release after
the opening of the sodalite cages of pigment, leading to the
discoloration of the pigment itself. However, in the evaluation of
the colorimetric variation percentage of the L* value, the PG18
paint also shows relevant results. In fact, the L*, a*, and b* values
of the 1:2 and 1:3 mixtures tend to decrease, indicating a less
bright paint layer and a color change toward blue. These results
are confirmed by the multivariate analysis of the features
extracted from microscopic images, indicating higher
saturation values with increasing exposure and increasing
pigment amount. This trend is not observable for the 1:6
mixture, as the L* and a* values tend to increase. This
behavior could be due to the higher organic component in the
paint and its interaction with this particular inorganic pigment.
Further studies will be necessary in order to understand these

FIGURE 4 | Photodegradation kinetics evaluated by ΔE* changes of alkyd paints over UV exposure.
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effects. As observed in Figure 4, the trend of ΔE* for PY37 paints,
according to the different P/BM ratio, is different from the two
previous paints. Generally, the L* and a* values do not show
significant changes, whereas b* shows the greatest change,
especially for the 1:6 mixture. As demonstrated by the ATR-
FTIR analysis and the chemometric evaluation, PY37 appears to
be the pigment that least affects the degradation of the binder.
Therefore this different behavior may be due to the colorimetric
change of the organic component, more easily detectable in the
PY37 paint than the previous two pigments. Further studies will
be needed to better understand these effects. Cadmium yellow
(PY37) and hydrated chromium oxide green (PG18) are generally
considered as lightfast pigments, therefore the origins of their
different color changes are not completely clear (Sward, 1972).
During aging, some chemical properties of the paints are

deteriorated as the paint film is gradually attacked by
oxidizing agents, leading to the breakdown of the polymer
molecules into smaller fragments. This phenomenon increases
if the pigment concentration is high. During light exposure, the
pigment particles placed on the surface will be more subject to
photodegradation, leading to the fading or darkening of the color
(Turner, 1979). In some cases, the loss of chemical-mechanical
properties of the binder mixed with pigment (as for PB29) leads
to the highest fragility of the paint on the surface, which becomes
almost powdery (chalking).

Scanning Electron Microscopy Results
With SEM analyses it was possible to evaluate the morphological
surface changes after artificial light aging considering the
different granulometry of the pigments and their amount in

FIGURE 5 | SEM images of alkyd resin mixed with PB29 (A,B), PG18 (C,D), and PY37 (E,F), before aging (left) and after 1,008 h aging (right).
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the paint mixtures. Observations of the unaged samples (P/BM 1:
2) showed the different morphological features of the pigments.
The particle size range of PB29 is around 1–3 μm in diameter, and
their shape and average distribution appear irregular and
inhomogeneous (Figure 5A). A similar observation is shown
for PG18, where, however, the grains have a size range from few
nm to 1–2 µm (Figure 5C). Finally, PY37 is the pigment with the
smallest particle size (few nm) and its grains appear to be
distributed in agglomerates, making the surface more
homogeneous than the other two pigments (Figure 5E).

The particle size distribution and R.I. play an important role in
the light beam-material interaction and, therefore, on the
degradation of the paints. If a paint film contains a pigment
with a high R.I., a high fraction of the incident light tends to be
bent or refracted at the surface and therefore less likely to interact
with and deteriorate the paint materials (Gueli et al., 2016).
Observing the R.I. values of the analyzed pigments (Feller,
1986; Roy, 1993; Vahur et al., 2010), PY37 has the highest R.I.
(approx. between 2.35 and 2.48), followed by PG18 (1.62–2.12)
and by PB29 (1.5). Therefore, light radiation will have a higher
impact on the blue paints, followed by green and yellow paint
samples. Moreover, the light scattering imparted by diffraction is
further affected by the particle size. The smaller the particle size
and the higher R.I. are, the more the light beam has a tendency to
be scattered (Baker and Lavelle, 1984; Yousif and Haddad, 2013).
As previously reported, the granulometric evaluation of the
inorganic pigments carried out by SEM measurements
confirmed these considerations (Holland and Gagne, 1970;
Kremer Pigmente).

However, it is also necessary to consider the influence of the
R.I. of the binding medium, the dispersion level of the pigment
(i.e., the degree of aggregation of the pigment particles), the
proportion of pigment in the vehicle, called pigment volume
concentration (PVC), and the thickness of the paint layer
(Merwin, 1917). Furthermore, the R.I. is not a constant value,
but changes over time according to other factors including the
P/BM ratio and the type of pigment employed. In this study, the
granulometry of the pigments played a major role in the binder’s
degradation. In the unaged samples, the alkyd resin is
homogeneously dispersed in the film. After aging (Figures
5B,D,F), the chemical transformations cause variations in the
surface morphology: the binder is no longer visible and the
pigment particles are better defined. This behavior is most
evident in PB29 and PG18 samples after 504 h of aging. In
PY37 paints, the morphology does not change significantly
after exposure to aging.

Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy Results
For the determination of the photodegradation effects on alkyd
paints, the main ATR-FTIR absorption bands of the binder and
inorganic pigments were identified according to Supplementary
Table S3 (Vahur et al., 2009; Coccato et al., 2016). Their
characterization was based on the analysis of the unaged
samples (P/BM 1:2 mixtures presented as reference example),
shown in Figure 6Aa (for PB29), Figure 6Ba (for PG18), and

Figure 6Ca (for PY37). The unaged spectra of the other mixtures
(P/BM 1:3 and 1:6) are not depicted as they show the same
absorbance bands but with different intensities, proportional to
the binder content. Concerning the alkyd resin, significant
contributions of the oil and phthalic components are identified
in the polymer. The main absorption bands that identify these
two components are related to the C�O stretching vibration at
1,724 cm−1, and the CH2 and CH3 stretching and bending
(asymmetric and symmetric) at 2,926, 2,854, 1,465, 1,451, and
1,388 cm−1. Additional phthalic bands can be identified mainly by
absorption signals corresponding to C�C stretching aromatic
ring at 1,600 and 1,588 cm−1, the C-O-C symmetric stretching at
1,260 and 1,114 cm−1, and the aromatic out-of-plane bending at
741 and 709 cm−1 (Ellis et al., 1900; Hayes et al., 2014). By
comparing the results of the unaged and 1,008 h light aged
samples, significant chemical changes on the surface are
detected. The results are evaluated according to the type of
pigment used, the P/BM ratios, and the contribution of the
inorganic components to the degradation process.

Among the PB29 samples aged for 1,008 h, the intensity of the
OH stretching band at 3,244 cm−1 is the highest in the sample
with a high amount of binder (Figure 6Ad). Moreover, the (C-H)
CH2 asymmetric and symmetric stretching at 2,926 and
2,854 cm−1 disappears. These effects are due to hydrogen
abstraction and oxidation of double bonds, respectively (Perrin
et al., 2000). A decreasing trend with aging is observed for the
carbonyl band at 1,724 cm−1. This band can still be detected after
1,008 h of exposure only in the paint sample with a high amount
of binder (P/BM 1:6). Furthermore, in the same sample, the
carbonyl band gets broader due to the aging of the oil component
in the alkyd binder, which is caused by hydroperoxides and
peroxides reactions taking place during photochemical
degradation and resulting in oxidation products such as
aldehydes, ketones, and carboxylic acids (at 1,735, 1,720, and
1,710 cm−1) (Socrates, 2001). The bands at 1,068 and 984 cm−1,
related to the Al,Si-O4 asymmetric stretching, increase with aging
time and the pigment amount in the paint mixture (Bruni et al.,
1999). As shown in Figure 6Ab, additional pigment bands at 691
and 656 cm−1, related to the Al,Si-O4 symmetric stretching, are
detected. After the maximum exposure time (1,008 h), the
intensity of the small band at 470 cm−1 has increased. The
signal is identified as the O-Si-O bending vibration (Taylor,
1990). The apparent increase in the characteristic PB29
absorption bands is mainly due to the volatilization of the
binder on the superficial level of the paint (Mecklenburg et al.,
2013; Keune et al., 2016). This chemical-physical phenomenon is
very prominent in the alkyd paints due to the oil component,
which is very reactive toward the oxidative elements present in
the surrounding environment (such as oxygen, sunlight, and O3),
leading to Norrish photo-cleavage reactions and formation of
free-radicals, able to make the polymeric films unstable (Berg
et al., 1999).

In Figure 6B, the ATR-FTIR spectra of alkyd binder in
mixture with PG18 in different P/BM ratios (1:2, 1:3, and 1:6)
aged for 1,008 h are shown in comparison to the unaged P/BM 1:2
mixture. Overall, all the main absorption bands of the alkyd
binder are present (Supplementary Table S3), however, after
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FIGURE 6 | ATR-FTIR spectra of alkyd binder in mixture with inorganic pigments: (A) PB29, (B) PG18, and (C) PY37. The graphs of paint mixtures are, (a) unaged
P/BM 1:2, and after 1,008 h of UV exposure according to different P/BM ratio: (b) 1:2, (c) 1:3, and (d) 1:6.
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light aging, the spectra show a decreasing trend in the intensity of
the binder absorption bands, less evident than paints with PB29.
In fact, even if the (C-H)CH2 stretching bands at 2,926 and
2,854 cm−1 tend to disappear, the intensity of the C�O band at
1,724 cm−1 decreases, the band widens but does not disappear, as
seen previously for PB29 mixtures with P/BM 1:2 and 1:3. The
decreasing and widening trend of the C�O band may be due to
the β-scission and possibly Norrish I reactions of the ester groups
in the polyester and oil fractions, leading to the formation of low
molecular weight compounds which subsequently volatilize. The
formation of the shoulder at about 1,640 cm−1 is due to the

formation of C�C functional groups resulting from the
photodegradation reaction Norrish type II and bond cleavage
of the carbonyl compounds subjected to photolysis (Mallégol
et al., 2000b; Cakić et al., 2012). Among the PG18 paint samples,
the most intense degradation effect is observed in the mixtures
with a high amount of pigment (Figure 6Bb). Similarly to the
PB29 results, the intensities of the PG18 bands at 552 and
493 cm−1 (of the oxide part) increase over time due to the
degradation and partial evaporation of the binder degradative
by-products. Comparing the spectrum of the unaged sample with
the aged ones, the intensity of the OH stretching band at

FIGURE 7 | Photodegradation kinetics observed from ATR-FTIR spectra of alkyd paints with (A) PB29, (B) PG18, and (C) PY37, at various P/BM ratios.
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3,066 cm−1 increases with the pigment concentration, as opposed
to the results obtained in the PB29 mixtures. This is because the
same absorption band is also ascribable to the hydrated
component of the pigment which, as previously described,
increases with aging time. Another absorbance band ascribable
to the pigment is registered at 1,283 cm−1. In combination with
the band at 1,252 cm−1, its presence can be abscribed to a minor
content of chromium borate, a compound used during industrial
manufacture of hydrated chromium oxide green pigments
(Fitzhugh, 1997; Zambuehl et al., 2009).

In the case of PY37 alkyd paints, the ATR-FTIR spectra
present some frequent spectral changes compared with the
results obtained for PB29 and PG18 mixtures. The OH
stretching band at 3,230 cm−1 tends to increase with aging
time, similarly to the PB29 samples, and binder concentration.
However, observing the spectrum in Figure 6Cd (P/BM 1:6), it is
noted that the carbonyl group signal at 1,724 cm−1 decreases, as
observed in PG18 mixtures. Furthermore, this band tends to
widen in PY37 samples to a higher extent than in the other two (in
PB29 mixture even disappears), suggesting that the PY37 tends to
limit the UV radiation-paint layer interaction and therefore the
degradation of the binder.

Photodegradation Kinetics
To better understand the influence that each inorganic pigment
has on the degradation of the alkyd binder, the kinetic behavior of
a specific IR-band of the binder was evaluated. It was studied by
integrating the carbonyl group C�O band (at 1,724 cm−1,
integration range from 1,800 to 1,640 cm−1) over time. This
specific band was selected for several reasons: 1) it shows
strong intensity; 2) it is not overlapping with other bands, and
3) it is the most representative band of the binder. In Figure 7, the
degradation behavior of the different paint mixtures (P/BM 1:2, 1:
3, and 1:6) are presented. Generally, the binder’s degradation,
shown by a decrease of the C�O area values, is observed after
168 h of aging for all three pigment mixtures at P/BM ratios 1:2. In
contrast, for those with P/BM ratios 1:6, binder’s degradation can
be observed approximately after 336 h. However, the kinetic trend
changes according to the type of pigment in the mixture. With
PB29, the organic binder’s degradation is higher than with PG18
and much higher than with PY37. The pigment’s contribution to
the binder’s degradation is important as it can enhance (with PB29
and PG18) or limit (with PY37) the detrimental effects of light
irradiation on the degradation process of the binder. At P/BM 1:2,
the intensity decrease of the binder’s band at 1,724 cm−1 is much
faster in the blue paint than in the yellow. On the other hand, by
increasing the binder amount (P/BM 1:6), its degradation is
reduced in all paint mixtures. For a complete kinetic
evaluation, the integration of the characteristic bands of
inorganic pigments could have potentially confirmed the
presented trend. However, this additional evaluation was
difficult to carry out as the spectral signal of PY37 cannot be
detected in the Mid-IR range due to the detector cut-off. In further
studies, the use of other techniques (such as gravimetric analysis)
may support the evaluation of the pigments contribution to the
different kinetic degradation trends of alkyd paints.

For a more detailed evaluation of the binder degradation rate,
according to the pigment and the P/BM ratio used, the different
numerical values obtained by integrating the C�O carbonyl band
were compared (Supplementary Table S4). The area values of each
sample for every week (168 h) of aging were determined (Wiesinger
et al., 2018). Subsequently, they were obtained by calculating the
difference between the area value of the unaged sample and after
1,008 h of exposure, expressed as Δ(C�Ounaged/aged). The evaluation
showed that there is a direct correlation between light exposure time
and degradation. In fact, with high values of Δ(C�Ounaged/aged), the
process of photo-oxidation on the surface is more damaging, with
the consequent decrease of the C�O band over time. Moreover, the
P/BM ratio also plays a role in the degradation effect. In fact, by
observing the Δ(C�Ounaged/aged) values, it is possible to notice that in
the samples with a high amount of binder (P/BM 1:6) the photo-
oxidative process is reduced. In contrast, in the samples with a high
amount of pigment (P/BM 1:2), these values increase, suggesting a
more oxidative effect. This trend also changes according to the
pigments used. Comparing the three different paints, this difference
is more significant in PB29 paints than in PY37. With the increase
of the amount of pigment (1:2), these values tend to decrease for
mixtures with PB29 and PG18, while for PY37 the trend is similar to
those of mixtures with higher concentration of binder. This
numerical difference indicates that with the same amount of
pigment, the PB29 further facilitates the interaction of light
irradiation with the surface of the paint, causing a more rapid
decomposition of the alkyd binder.

CONCLUSION

The chemical surface changes on alkyd paints mixed with
inorganic pigments and exposed to short-time artificial light
aging were documented by optical 3D microscopy and studied
by ATR-FTIR, SEM, and colorimetric analysis. To monitor the
degradation behavior of each paint sample, three P/BM ratios
were selected: 1:2, 1:3, and 1:6. The paint samples were exposed
for 1,008 h in total under conditions comparable to outdoor solar
conditions. The main degradation reactions that occur in alkyd
paints during light aging are:

• Chemical degradation of the alkyd binder is observed after
168 h, shown by an intensity decrease of the functional groups’
IR bands (Supplementary Table S3) of the alkyd resin over
time. This trend is most evident in the mixtures with the blue
pigment PB29, followed by PG18, whereas in those with the
yellow pigment PY37, the binder is more stable.

• As a consequence of the binder’s decomposition, the pigments’
IR absorbance bands show an increase during light exposure in
all paint samples.

• The kinetic evaluation of ΔE* shows that the PB29 alkyd
mixture (P/BM 1:2) undergoes the highest color change,
followed by PY37 and PG18.

• Morphological changes of the paint surfaces are visible by 3D
microscopy and SEM. Upon aging, the samples’ surfaces appear
more rigid and opaque, as well as less bright and stiffer in paints
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with P/BM 1:2. Generally, when the pigment content is low, the
degradation behavior is reduced due to light irradiation.

• Finally, PCA was applied to study the microscopic images of the
paint samples, considering the color and texture changes after
aging. This application was useful for studying degradation
effects, focusing on the objective information related to the
modifications induced by artificial UV aging based on the
impact of pigments and P/BM ratio. This approach can be
further implemented for quantitative evaluation of aging time
for diagnostic purposes.

In conclusion, the paint samples exposed to artificial light aging
show degradation processes that vary according to the binder, the
inorganic pigment, and the P/BM ratio employed. The presence of
pigments can enhance several photo-oxidative effects on the
binder; indeed, PB29 causes higher degradation than PY37 and
PG18. Additionally, degradation of the binder increases with
pigment concentration. With this study, it has been
demonstrated that the use of non-invasive analytical techniques,
kinetic evaluation of their results, and the combination of analytical
data with chemometric methods have high potential in the
identification of paint components of complex artworks and in
obtaining in-depth chemical information to be complemented with
historical-artistic knowledge (Rosi et al., 2020).
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Abstract
The ever-increasing speed of exchange of ideas, information, and culture allows contemporary art to be in constant growth,
especially concerning the choice of artistic materials. Their characterization is not only crucial for the study of artistic techniques
but also for research into the stability of the material and, consequently, the best preservation practices. For this aim, an analytical
method should have the advantages of not requiring sample preparation, performing superficial micro-analysis, and obtaining
detailed spectral information. For this study, laser-induced breakdown spectroscopy (LIBS) was employed. It was used for the
identification of modern paints composed of inorganic pigments and organic binders, such as acrylics, alkyds, and styrene-
acrylics. Principal component analysis (PCA) was used to classify the different pure materials, above all, the polymeric binders.
To distinguish the paint mixtures, whose LIBS spectral results were more complex due to the pigment/binder interaction, a
statistical method recently employed in the cultural heritage field was chosen, namely, random decision forest (RDF). This
methodology allows a reduction of the variance of the data, testing of different training data sets by cross-validation, an increase
of the predictive power. Furthermore, for the first time, the distribution of different inorganic pigments and organic binder
materials in an unknown sample was mapped and correctly classified using the developed RDF. This study represents the first
approach for the classification of modern and contemporary materials using LIBS combined with two different multivariate
analyses. Subsequent optimization of measurement parameters and data processing will be considered in order to extend its
employment to other artistic materials and conservation treatments.

Keywords Organic binders . Inorganic pigments . Laser-induced breakdown spectroscopy . Principal component analysis .

Random decision forest

Introduction

In the last 10 years, the applications of laser-induced break-
down spectroscopy (LIBS) have proved to be very promising
for the analysis and characterization of many artworks [1].

Understanding the chemical composition of the materials
employed is fundamental for art conservators and archaeolo-
gists to obtain information on the origin, the manufacturing
techniques, and the history of the objects. Therefore, the
choice of proper and efficient analytical methods has become
decisive to obtain the most accurate results with the purpose to
support the choice of appropriate preservation and restoration
concept [2]. To achieve this information, LIBS proved to be a
useful alternative to other techniques. In previous studies, the
possibility to discriminate different elemental composition of
materials by the characteristic atomic emission signals record-
ed was used to evaluate the distribution of pollutants on stone
surfaces [3], the importance of assessing some metal’s content
in alloys [4], biological samples [5], and the monitoring of
cleaning level during restoration [6]. Nowadays, the materials
and manifestations of contemporary art are continually grow-
ing and changing; for this reason, their identification is

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00216-020-02574-z) contains supplementary
material, which is available to authorized users.

* Laura Pagnin
l.pagnin@akbild.ac.at

1 Institute of Natural Sciences and Technology in the Arts (INTK),
Academy of Fine Arts Vienna, Schillerplatz 3, 1010 Vienna, Austria

2 Institute of Chemical Technologies and Analytics, Vienna University
of Technology, Getreidemarkt 9/164, 1060 Vienna, Austria

Analytical and Bioanalytical Chemistry
https://doi.org/10.1007/s00216-020-02574-z

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-020-02574-z&domain=pdf
https://doi.org/10.1007/s00216-020-02574-z
mailto:l.pagnin@akbild.ac.at


essential. LIBS analysis on pigments was often carried out to
help art historians to understand techniques used by the artists
in ancient paintings, to provide dating information concerning
the manufacturing history of the pigment, and, consequently,
to assess the preservation method of a specific work of art [7,
8]. Furthermore, the possibility of evaluating the data through
multivariate analysis combined with elementary surface map-
ping allows optimizing the analysis. Rarely, this analytical
technique was considered for the evaluation of conservation
methods for modern and contemporary artworks.

The main materials used are inorganic pigments, for their
high chemical stability (compared with organic ones), the easy
availability, and the relatively low price.

Furthermore, they are mixed with many organic binders,
such as acrylics, alkyds, oils, vinyls, or other complex synthet-
ic resins such as nitrocellulose, polyurethane, rubbers, or ep-
oxy resins [9, 10]. In recent times, specific sectors, such as
plastic industries, waste disposal, cosmetics, transports, and
textiles, require extensive knowledge of these always more
innovative materials. For this purpose, the employment of
LIBS was revealed efficient for plastic identification [11].
Considering the good results obtained in the previously men-
tioned studies, the application of this technique for the char-
acterization of contemporary art materials was carried out.

Principles and advantages of LIBS in cultural
heritage

Laser-induced breakdown spectroscopy is an atomic emission
spectroscopic technique, which first analytic use for elemental
analysis of surfaces was published in 1962 by Brech and
Cross [12]. Therefore, after its development and improve-
ment, it was employed in a wide variety of qualitative, semi-
quantitative, and quantitative analytical applications [13]. In
principle, by the plasma, characteristic radiations of the excit-
ed atoms in the plume are emitted. For this reason, LIBS can
detect all elements, limited only by the power of the laser and
the wavelength range of the spectrograph. However, the for-
mation of plasma depends on certain factors, such as the
threshold for the optical breakdown, the environment, and
the investigated material [14].

According to the fact that ablation and excitation depend
heavily on the investigated material, this technique is often
coupled with statistical software able to perform multivariate
analysis such as cluster and principal component analysis
(PCA). By combining LIBS with multivariate statistical data
evaluation approaches, often better results compared with uni-
variate evaluation are achieved [15]. This efficient analytical
instrumentation led to significant improvements in the field of
cultural heritage analysis, also through the numerous advan-
tages of this technique: it allows a very short time of analysis,
sample preparation is not required, and it uses a small area of

interaction of the laser pulse with the sample surface [16, 17].
Considering that LIBS is a micro-destructive technique and
sampling is necessary, for the analysis of some real artworks,
its employment could be limited. However, the possibility to
extend the spatial resolution in the micrometer range and per-
form depth analysis makes it useful for the research of various
materials, as polymeric multi-layer systems [18].

In recent years, LIBS imaging applications have shown
increasing interest. The possibility of investigating the ele-
mentary surface distribution, using lateral resolutions in the
low micrometer range, analyzing with rapid measurement
times, has made LIBS a very promising technique for the
application of imaging on modern art materials. In particular,
in this study, imaging was applied not only to inorganic ma-
terials but also it was extended to polymeric binders both pure
and in paint mixtures [19]. Therefore, the potential of LIBS,
confirmed by several studies in the last few years, is continu-
ously growing and can also be employed in the field of con-
temporary art conservation.

Materials and methods

Sample preparation

Different samples were prepared by mixing pure Plextol®
D498 (Kremer Pigmente, Germany), Alkyd Medium 4
(Lukas®, Germany), and Acronal S790 (BASF, Germany)
in combination with 9 inorganic pigments (Kremer
Pigmente, Germany). A detailed description of the paint ma-
terials used can be found in Table 1. The pigment/binder
(P/BM) ratio chosen is 1:3. The paint mixtures were cast on
glass slides with a wet film thickness of approx. 150 μm. In
total, 27 paint samples were prepared, combining each binder
with each inorganic pigment.

The samples were dried at ambient conditions (approx.
22 °C and 50% relative humidity) for 1 week. Pure paint
materials were also analyzed. The three pure binders were cast
on a glass slide and dried as described above. For pure pig-
ment analysis, pellets were prepared by mixing the inorganic
pigment (P) with cellulose (C) powder (P/C ratio 1:1) and
subsequent pressing with a pressure of approx. 10 bar for
1 min. This preparation is necessary to prevent that colored
powder residues, after interaction with the laser, are dispersed
in the LIBS chamber (Fig. 1). In total, 12 pure samples (3
binders and 9 pigments) were prepared.

Sample analysis using laser-induced
breakdown spectroscopy

LIBS analysis was carried out using J200 Tandem LIBS
instrumentation (Applied Spectra Inc., Fremont, CA)
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equipped with a 266-nm frequency quadrupled Nd:YAG
laser. For collection and spectroscopic analysis of the ra-
diation emitted by the laser-induced plasma, an optical
fiber system connected to a Czerny-Turner spectrometer
with six-channel CCD detection was employed. For every
laser shot, full spectra over the wavelength range from
185 to 1040 nm were recorded by Axiom 2.0 data acqui-
sition software provided by the manufacturer. All samples
were analyzed using 16 parallel line scans with a distance
of 100 μm between each line; the length of each line scan
is 2 mm; and the measurement was carried out in the
center of the samples to avoid edge effects of the sample.

Using a 100-μm laser beam diameter, at a stage scan
speed of 1 mm/s, and with a repetition rate of 10 Hz on
each line, 320 laser shots were performed per sample.
Concerning the acquisition of LIBS spectra for organic
binders, they were recorded after proper optimization of
the choice of the gas flow used in the measurement
chamber. LIBS spectra were recorded in argon atmo-
sphere (flow rate of 1 L min−1). Argon yields the best
results as it usually gives higher emission signals for
especially C, H, and, O, therefore reducing the noise
and improving the classification.

Data treatment

For the statistical analysis, the spectra obtained by LIBS mea-
surements were evaluated using Imagelab 2.97 (Epina GmbH,
Austria).

Principal component analysisThe use of statistical techniques is
increasingly growing and, especially in the field of cultural her-
itage, the choice of the most representative method is essential.
Considering the various case studies [20, 21], the most common
technique used for the chemical analytical representation of data
is the principal component analysis (PCA). It is a technique for
simplifying the data used in the context of multivariate statistics
by which the set of original variables is transformed into another
group of variables called principal components (PC). The reduc-
tion of complexity occurs only by analyzing the most represen-
tative main data sets for their variance [22]. The number of prin-
cipal components chosen for the evaluation tries to obtain the
simplest and most explanatory model. In the present assessment,
the multivariate analysis was performed on spectra in the range
of 185 and 1040 nm. Additional data employed for the analysis
of principal components are reported in Table 2.

For a correct PCA evaluation, a certain number of emission
lines were selected for pigment and binder spectra. The selec-
tion of the most representative lines for both materials is im-
portant to obtain an accurate discrimination. Emission signals
were selected manually with a special focus on avoiding any
spectral interference. In Table 3, the selected 26 emission lines
for pigments and 5 emission lines for binders are listed (not
interfered by cellulose matrix). Once the emission lines were
integrated separately for both pure materials, the PCA was
performed. The pre-processing carried out for the PCA is the
baseline correction of the integrated emission signals. It was

Table 1 List of polymeric binders and inorganic pigments analyzed

Pigment name Chemical composition Color index (C.I.) number

Titanium white TiO2 PW6

Cadmium yellow CdS PY37

Cobalt green Co2TiO4 PG50

Hydrated chromium oxide green Cr2O3 · 2H2O PG18

Cobalt blue CoO · Al2O3 PB28

Cerulean blue CoSnO3 PB35

Artificial ultramarine blue Na8-10Al6Si6O29S2–4 PB29

Iron oxide red Fe2O3 PR101

Manganese violet NH4MnP2O7 PV16

Binder name Chemical composition Commercial name

Acrylic resin p(nBA/MMA) Plextol® D498

Alkyd resin Polymer oil-modified polyester resin based
on orthophthalic acid and pentaerythritol

Alkyd Medium 4

Styrene-acrylic emulsion Styrene acrylate copolymer Acronal® S790

Fig. 1 Set of 9 pure pigment powder pellets analyzed by LIBS
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performed using the mean value of 5 neighboring pixels of the
detector when integrating each emission signal. Moreover,
centering and autoscaling (standardization) were performed
before calculating the PC model.

Random decision forest Random decision forest (RDF) is an
advanced algorithm used in the field of machine learning, pro-
posed by Breiman [23]. It is a classifier consisting of a collection
of decision trees; each tree-type classifier is trained on a random
subset of the data (bootstrap) included in the training set [24].

The multiple classification trees continuously produce train-
ing and test sets, maximizing the classes’ separation. The predic-
tive power is based on the combination received by the majority
vote of each classification tree [25]. The RDF algorithm is a valid
classifier because it shows good tolerance for solving problems
such as noise and overfitting phenomena; for this reason, LIBS
combined with RDFwas already considered a good technique to
identify and classify artworks [26].

The foremost steps of RDF algorithm can be described as
follows:

– Training data: 27 paint mixtures made of all combinations
of pigments and binders (Table 1) were employed as the
training data set for the classification model. To correct
the shot-to-shot variations, the instrumental drifts, and the
defocusing effects caused by surface roughness, all spec-
tra were normalized to the total emission intensity. This
dataset was used to build the multivariate classification
model. Figure 2 illustrates the steps from LIBS spectra of
the different pigment/binder combinations to the

classification results. The results obtained are confusion
matrices, i.e., representations of statistical classification
accuracy.

– Cross-validation: To verify the obtained classification
models, cross-validation was calculated with a test size
of 100 and 10 repetitions for both RDFs. It means that 10
different models are calculated leaving out 100 randomly
selected spectra from the training data set. This exclusion
method consists in excluding a certain number of spectra
from the dataset, then building the newmodel, and finally
checking the ability of the model to correctly classify the
excluded spectra [27]. The spectra not included in the
model are evaluated by the corresponding model, and
true-positive (TP) and false-positive (FP) rates are calcu-
lated [28]. The results obtained are confusion matrices,
i.e., representations of statistical classification accuracy.

– Application: This approach allows testing the obtained clas-
sification with a new set of samples made of the same ma-
terials constituting the existing training data set. This appli-
cation presents some advantages as a low risk of overfitting
and the possibility to check if the training set was correctly
developed to describe all the variability of the samples.
Through the Imagelab software, the one-vs-all (OVA)
scheme was performed. The model used a decision bound-
ary at 0.5. By applying this function, it is possible to obtain a
class mapping on the surface analyzed [29].

Results and discussion

Selection of emission lines for pure binders
and pigments

LIBS measurements were performed on each pure material
(Table 1) in order to characterize their elemental composition

Table 3 Emission lines selected
for principal component analysis Pigment elements Wavelength (nm) Binder elements Wavelength (nm)

Ti 394.4; 498.2; 499.1, 499.9 C 192.9; 247.8

Al 390.6; 396.1 C2 swan 516.5

Na 589; 589.6 H 656.4

Si 288.1 O 777.5

Cd 228.8; 361.1; 508.6

S 921.4

Co 238.9; 352.9

Fe 238.2; 241; 317.5; 407.1

Cr 326.2; 427.4; 520.6

O 777.5

Mn 253.5; 478.3; 482.3

Table 2 Data information used for principal component analysis

Pigments Binders

Number of samples 9 3

Recorded spectra per sample 335 180

Emission signals selected as variables 26 5
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and obtain reference spectra for statistical evaluation of the
paint mixtures. Observing each LIBS spectrum, the character-
ization of the different elements, constituting the pure mate-
rials, is assigned [30–33].

Figure 3 shows for comparison the LIBS spectra of the
acrylic, alkyd, and styrene-acrylic binder in the range of
450–660 nm (the range 800–1000 nm of the spectra is not
shown because only the argon lines were visible, at 763.5
and 772.5 nm). By comparing the spectra, it is possible to
observe that organic materials can be characterized by the
principal emission lines of C2, H, and O.

The Swan band emission (C2 molecules) is shown in the
range 465–590 nm, and it is the main result produced at high
laser irradiance due to excitation resulting from electron-ion
and ion-ion recombination. The Swan bands arise from

transitions between the different electronic states of the C2

molecules when intense laser pulses are focused on carbon-
containing solids or gases [34, 35].

Thus, for the identification of organic binders, the
following emission lines are observed: C2 molecules at
467.8, 468.5, 469.7, 471.5, 473.7, 512.9, 516.5, 550.2,
554.1, 558.5, and 563.5 nm; oxygen at 777.5 nm; and
hydrogen at 656.4 nm [28]. At 485.9 nm, a broad emis-
sion band is present; by the application of the Balmer
series [36], able to accurately separate spectral peaks in
LIBS spectra, the emission band was identified as the
beta line of hydrogen (Hβ) [37].

The main analytical emission lines of pigments under in-
vestigation are shown in the Electronic Supplementary
Material (ESM) Table S1.

Fig. 2 Schematic procedure of building RDF
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PCA evaluation of pure materials

The score plot in Fig. 4a shows the results obtained for the
multivariate analysis of pure binders. Three clusters of data are
represented according to the first two principal components
PC1 and PC2 that express the 62.9% and 19.8% of the ex-
plained variance, respectively (Table 4), for a total spectral
variance of 82.7%. The three resulting clusters are well-
differentiated within the graph, and the distribution of the
points is not particularly extensive. Although the three organic
binders generally contain the same elements (C, O, and H),
their spectral intensities obtained by LIBS measurements al-
low to distinguish them separately into three distinct clusters.

For a better understanding of which variables had the most
significant contribution to clustering the samples in the score
plot, the projection of the variables (loading plot) was added to
the evaluation. When a variable has a high projection value on
the PC axis, it is considered significant for the distinction of
clusters [38]. In the case of organic binders (Fig. 4c), mainly
the PC1 was possible to cluster the samples; in fact, the oxy-
gen peak (777.5 nm) had an important negative contribution,
whereas the carbon (193.0 and 247.9 nm), C2 swan
(516.5 nm), and hydrogen signals (656.4 nm) show an impor-
tant positive contribution.

Concerning the evaluation of inorganic pigments (Fig.
4b), the score plot is represented according to the PC2 and

PC3 and can distinguish each pigment individually. Both
principal components explain a total variance of 27.7%.
In this case, the best clustering was achieved by using
lower percentages of explained variances than those used
for the binders. The choice of this representation and its
validity is confirmed by the study carried out by Jeffers
[39]. He states that the relationships between the depen-
dent variable and all components should be considered. In
fact, it is always possible that one of the components
(even with low variance) may be better correlated to the
dependent variable; the present case study exactly ex-
plains this concept. Furthermore, the explained multivari-
ate information is considered acceptable and accurate for
the discrimination of pure pigments, even not expressing a
high percentage value of explained variance. It is due to
the choice of manually selecting the main emission lines
for each pigment (to minimize also cluster overlap).

In this way, each signal was considered as an important
component for the PCA (Table 3), although in some cases,
the explained variance had a low value. According to the
literature [40], it is not always necessary to employ the first
variables, solely based on their size of variance, to consider it a
valid principal component regression. Also, in this case, the
projection of the variables was evaluated (Fig. 4d) and, com-
paring it with the pigment score plot obtained (Fig. 4b), each
pigment was clustered by the main atomic elements

Fig. 3 LIBS spectra of pure (a) styrene-acrylic binder, (b) acrylic, and (c) alkyd

Pagnin L. et al.

Author's personal copy



constituting each pigment by the negative and positive contri-
bution of PC2 and PC3, respectively.

Therefore, the chosen procedure and the results obtained con-
firm that the developed statistical model is useful and effective for
the statistical identification of pure inorganic and organicmaterials.

As demonstrated in this section, the developed PCA pro-
cedure is able to distinguish each pure material (binders and
pigments) in independent clusters and separate them accord-
ing to their explained information. However, when investigat-
ing mixtures of different pigments and binders, PCA is not

able to differentiate between those different samples anymore.
The presence of different pigments may change the plasma
properties and therefore influence the observed emission in-
tensities of the binder. Additionally, emission signals of pig-
ments might interfere with binder signals, which increase the
difficulty of the classification task. Although PCA is a pow-
erful tool to differentiate pure pigments and pure binders,
a different classification model has to be employed for the
classification of pigment/binder mixtures prevailing in re-
al paint samples.

Fig. 4 Score plot of a organic binders and b inorganic pigments, and corresponding loading plot on c PC1 and PC2 for binders and d PC2 and PC3 for
pigments

Table 4 The main components
(PCs) resulted from the statistical
evaluation and the explained var-
iance values (%). Italicized PCs,
used for the PCA of pure binders
and pigments, are highlighted

PC binders Explained variance (%) PC pigments Explained variance (%)

1 62.9 1 29.78

2 19.8 2 15.65

3 10.23 3 12.09

4 4.92 4 11.36

5 2.15 5 10.67

6 7.11

7 5.64

8 3.12

9 1.14
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RDF evaluation of paint mixtures

To overcome the difficulties of classification of different
pigment/binder mixtures by using PCA, a different classifica-
tion approach namely random decision forest (RDF) was
developed.

In a first step, an algorithm was applied to automatically
find and integrate all emission signals in representative LIBS
spectra of each pigment/binder combination (Fig. 5).

This resulted in a total number of 1069 integrated
emission signals, which were further used as variables
to build the RDF. To allow a better classification of
paint mixtures, two separate RDFs were calculated:
one for the classification of the different pigments and
one for the different binders. All recorded LIBS data
(total number of 1350 spectra) were used as training
data set for the RDF. In a second step, RDFs were
calculated using 75 trees with a resampling rate of
0.5. Due to the large number of used variables, compu-
tation times were rather long. Therefore, the variable
importance was calculated and all variables with a value
lower than a certain threshold (0.2) were dismissed
resulting in a total number of 265 variables for the
pigment classification and 29 variables for the binder
classification. By this threshold value, a certain toler-
ance range is fixed according to the proximity of the
predicted value to the target one corresponding to a
given class.

In this way, the sample under study is attributed to a spe-
cific class [41]. The obtained confusion matrices are shown in

Fig. 6 which indicates a satisfying classification result. To
verify the obtained classification models, cross-validation
was calculated with a test size of 100 and 10 repetitions for
both RDFs. This means that 10 different models are calculated
leaving out 100 randomly selected spectra from the training
data set. The spectra not included in the model are evaluated
by the corresponding model and true-positive (TP) and false-
positive (FP) rates are calculated. The values considered for
the verification of the discriminatory power of the RDF are the
sensitivity, expressed as the average of TP and FP rates, and
the standard deviation (STD TP and STD FP rates), shown in
Table 5. As the resulting values are high TP rates and low FP
rates, the cross-validation model is able to accurately classify
each mixture. However, the better results were registered for
the classification of the different pigments than binders. As the
different inorganic pigments present various and different el-
emental emission lines between each other, they can be more
easily classified. The organic binders consist of the same ele-
ments, namely, carbon, hydrogen, oxygen, and nitrogen.

Therefore, there are no prominent features in the LIBS
spectra allowing for easy classification of the different
binders. Slight variations in the emission intensities of the
elements, already mentioned in the PCA results, are used for
the distinction and the classification. Another critical issue is
the influence that the inorganic pigments on the final emission
signals of the binder materials; for this reason, the correct
binders’ classification is more challenging compared with
the pigment ones. Nevertheless, the results obtained for the
RDF classification of different pigments and binders investi-
gated are to be considered good and reliable.

Fig. 5 Example of LIBS
spectrum integrated for the RDF
evaluation. In detail, a
combination of alkyd resin with
artificial ultramarine blue pigment
(PB29). Black labels indicate the
main emission lines of the
pigment, whereas the red ones of
the alkyd binder
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RDF application on unknown paint sample

The final approach is validating the current classification with
a new paint sample set, representative of the main materials
recently used in modern art, made of the same materials con-
stituting the existing training data set. For this purpose, a
striped texture mock-up was prepared with different
pigment/binder combinations, which were considered as un-
known samples. The application test aimed to identify, using

the obtained RDFs, the distribution of each inorganic pigment
and organic binder constituting the mock-up. In Fig. 7a and c,
a microscope image of the investigated surface is shown. The
marked red area was analyzed by LIBS using parallel line
scans with the settings previously listed resulting in the abla-
tion of about 1 μm of sample material. The obtained image
consists of a total number of 12,800 pixels covering a total
area of 16 mm× 8 mm. In contrast to conventional bulk mea-
surements, where usually multiple measurements could be

Fig. 6 Confusion matrices of a
the three different investigated
binders and b the nine
investigated pigments. The scale
to the left indicates the ratio of
trees that agree on the positive
classification. The default
decision boundary at 0.5 is
highlighted in red. The green dots
represent the true/positives,
whereas the gray dots the true/
negatives. The cases where the
known and the predicted labels
differ are marked using a red “x.”
The numbers in each confusion
matrix specify the absolute
number of cases for each quadrant

Table 5 Results of the cross-
validation for both RDFs calcu-
lated for the pigment and the
binder classification

Pigment Average TP rate STD TP rate Average FP rate STD FP rate

PB28 1 0 0 0

PB29 0.9987 0.0030 0 0

PB35 1 0 0 0

PG18 1 0 0 0

PG50 1 0 0 0

PR101 1 0 0 0

PV16 1 0 0 0

PW6 0.9987 0.0030 0.0005 0.0005

Py37 1 0 0 0

Binder Average TP rate STD TP rate Average FP rate STD FP rate

Styrene-acrylic 0.9118 0.0013 0.0220 0.0036

Alkyd 0.9532 0.0033 0.0318 0.0023

Acrylic 0.9781 0.0030 0.0179 0.0007
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used for classification, for spatially resolved analysis, only
one LIBS spectrum is available per pixel. The collected data
were classified using the pigment and binder RDF models pre-
viously developed. The application results of the different pig-
ments and binders are shown in Fig. 7b and d, respectively. All
various pigments and binders were classified correctly, except
some pixels displayed in white, and the lateral distribution of
each pigment and binder is in very good agreement with the
distribution seen in the microscope image of the sample.

Conclusion

In this paper, LIBS was used to identify and characterize dif-
ferent organic binders and inorganic pigments. After the as-
signment of each emission signal to the relative element, in
order to distinguish each material from each other, LIBS spec-
tra were evaluated by principal components analysis (PCA).
Through appropriate methodological choices, such as the
manual selection of the main variables, this statistical method
proved to be effective for the discrimination of the different
binders and pigments. However, due to the low accuracy of
PCA, for the distinction of these materials in mixture, a dif-
ferent method of multivariate classification was considered,
i.e., the random decision forest (RDF). Initially, the set-up of
this method was challenging due to the high number of auto-
matic variables selected for the creation of the training set.
However, by neglecting variables that did not contribute to
the classification results using a threshold for the variable
importance, and testing its accuracy, it was possible to choose
a suitable training set subsequently tested by cross-validation.
From the verification of the sensitivity and standard deviation

values, the built RDF classification method was revealed to be
good and reliable. However, it should be considered that the
accuracy of cross-validation is generally more optimistic than
true test accuracy; therefore, to improve the prediction on the
test set, a minimal data pre-processing on categorical variables
is necessary. Finally, the classification model was tested on an
unknown mock-up, made by the same previously classified
materials. A section of the paint surface was analyzed by
LIBS, the obtained spectra classified by the built RDF model,
and finally the obtained results were represented as mapping
images according to the identified chemical compounds.

The application of the model to an unknown sample dem-
onstrated the correct classification of paint mixtures. Compared
with existing literature, the proposed procedure presents signif-
icant improvements. Instead of bulk classification already pub-
lished, we present laterally resolved classification of modern art
materials. The possibility of creating elemental mappings is
important not only for the subsequent applications of this sta-
tistical method but also for the multiple purposes that it can
reach in the field of cultural heritage. All the results presented
demonstrate the high potential of this analytical technique and
the possibility to employ extended data processing by different
multivariate statistics. The most remarkable result concerns the
identification and classification of organic materials. As a mat-
ter of fact, it was not only possible to characterize emission lines
for each binder but also to differentiate them and subsequently
classify unknown samples. This first approach of data evalua-
tion could possibly extend the classification to other organic
binders used in the artistic field.

Furthermore, an implementation of this application can be
the characterization of organic pigments mixed with polymer-
ic binders. In this case, identification problems could arise due

Fig. 7 Microscope image of the
test sample divided by a different
inorganic pigments and c organic
binders employed. RDF
classification mapping of b
pigments and d binders identified
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to similar chemical compositions. However, considering that
LIBS is also able to provide molecular information, such as
CN violet and C2 Swan bands, this investigation could repre-
sent a future approach to research for the identification of
organic art materials. Consideration of simultaneous Raman
analysis, as already published for bulk samples, could further
improve the quality of the classification model. However, it is
necessary to consider that LIBS is a micro-destructive tech-
nique. Therefore, especially for unique artworks of high his-
toric value, its use could be problematic. The application of
the classification method (RDF) tested in this study could be
significant for the resolution and simplification of data obtain-
ed by other analytical techniques. This information could find
future applications in various contexts such as archaeology,
biology, industrial chemistry, materials science, and for mul-
tiple purposes such as database creation, monitoring during
conservation treatments, and the identification of artistic ma-
terials and their degradation products.
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Introduction 

Since the last century, research concerning modern and contemporary artworks is steadily growing, 

above all the knowledge of materials, such as synthetic polymeric binders and inorganic pigments.  

The characterization of their degradation processes is of considerable scientific interest and great 

importance for the preservation of such cultural artworks [1].  

In fact, the increasing environmental pollution led to further studies of the stability and chemical 

reactions taking place on these paint mixtures exposed to the outdoor condition. The main cause is the 

photodegradation provoked by the interaction between UV-light and the surface paint layer. Generally, 

the main degradation effects on the superficial paint layer are of mechanical (chalking and cracking), 

physical (fading), and chemical (breaking of the bonds constituting the organic material) origin and 

therefore, the stability and durability of artistic objects are compromised over time. In previous studies 

[2, 3], the applicability of different analytical techniques for the study of degradation processes and the 

chemical stability of acrylic and alkyd binders was described. 

In the present paper, the focus was on the chemical surface changes on modern paints exposed to 

short-time UV-light artificial aging and the influence of various pigments. In fact, different inorganic 

pigments, such as artificial ultramarine blue (PB29), hydrated chromium oxide green (PG18), and 

cadmium yellow (PY37) mixed with synthetic binders (acrylic emulsion or alkyd resin) were exposed 

for 1, 2, 3, 4, 5, and 6 weeks (0-1008 h) to artificial UV-light, using spectral and intensity parameters 

comparable to outdoor solar radiation. Three different pigment/binder (P/BM) ratios were chosen: 1:2, 

1:3, and 1:6. Subsequently, the unaged and aged paint samples were analyzed using Attenuated Total 

Reflection Infrared Spectroscopy (ATR-FTIR) and colorimetric measurements. The main aim was to 

understand which functional groups are more subject to deterioration UV exposure by band 
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integration, expand the knowledge on the different influence of inorganic pigments in these oxidative 

reactions, and evaluate the role of selected inorganic pigments at different concentrations (P/BM ratio) 

in the photodegradation of binders by kinetic study. 

Moreover, Laser-Induced Breakdown Spectroscopy (LIBS) was applied for analytical characterization 

of the aged samples. This technique offers the possibility to obtain elemental information and enables 

the measurement of depth profiles. Besides, analysis of broadband LIBS spectra could be used for the 

classification of different polymer types. Thus, specific regions in the LIBS spectrum were used to 

characterize changes in the paint mixtures. Depth analysis of degradation changes in the polymer 

network was analyzed and evaluated by multivariate statistics. 

 Experimental methods 

- Artificial aging. A UVACUBE SOL 2/400F UV chamber (GmbH UV-Technology, Germany) 

was used for the UV aging. The UV source provided radiation in a wavelength range between 

295 and approx. 3000 nm with an approximate intensity value of 170 W/m2, similar to outdoor 

conditions. The temperature was around 38 °C, and the relative humidity varied between 10 

and 20 % (RH). The artificial UV exposure of acrylic and alkyd paints was carried out for a 

maximum of 1008 h. 

- ATR-FTIR Spectroscopy. A LUMOS FTIR Microscope (Bruker Optics, Germany) in ATR 

mode with a germanium crystal was employed. The spectral range acquired was between 4000 

and 480 cm-1, performing 64 scans at 4 cm-1 resolution. Five measurement spots were chosen 

on each sample, acquired on unaged and aged paint samples. The spectra were averaged and 

baseline corrected. The chemical depth information obtained by the ATR-FTIR measurements 

was around 0.65 μm. 

- Colorimetric analysis. An SPM50 Gretag-Macbeth (XRite, Switzerland) was available and 

reflection spectra in the visible range (380-730 nm) were observed. By using a D65 illuminant 

with the 10° Standard Observer, 45°/0° geometry. Five spots were measured with a measuring 

spot size of around 1 mm. The color changes between unaged and aged samples were 

evaluated according to the CIELAB coordinates values (L*, a*, b*, and ΔE*). 

- Laser-Inducted Breakdown Spectroscopy. A J200 Tandem LA/LIBS instrumentation (Applied 

Spectra Inc., Fremont, CA), equipped with a 266 nm frequency quadrupled Nd:YAG laser was 

used for LIBS experiments. For each laser shot, full spectra over the wavelength range from 

190 to 1040 nm were recorded. The parameters used are laser output energy of 12.5 mJ, with a 

gate delay of 0.2 μsec, and a spot size of 100 μm.  

Results and Discussion 

In Figure 1, the comparison between the ATR-FTIR spectra of alkyd paint (P/BM 1:2) mixed with 

pigment PB29 and aged after 0, 504, and 1008 h is shown. Significant chemical changes on the surface 

are observed. Over time, all the functional groups of the binder decrease such as the (C-H)CH2 
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asymmetric and symmetric stretching at 2926 and 2854 cm-1 and the C=O band at 1724 cm-1, due to 

the photochemical degradation of the oil component in the binder, forming oxidation products.  

On the other hand, the spectral signal of PB29 in the mixture (at 1068 and 977 cm-1), related to the 

Al,Si-O4 asymmetric stretching, increases over aging time and its amount in the paint (P/BM).  

This chemical-physical phenomenon is more prominent in the alkyd paints than in the acrylic ones due 

to the oil component. The photodegradation kinetics using the intensity of the C=O band of acrylic and 

alkyd paints could be studied by ATR-FTIR [4]. The degradation of acrylic paints with P/BM 1:2 was 

observed already after 336 h of aging, whereas for P/BM 1:6 it was registered after 672 h. For alkyd 

binder, this effect was determined already after 168 h for every P/BM ratio. These results confirm the 

chemical instability of alkyd resin exposed to UV aging. However, this phenomenon not only depends 

on the different binder used but also on the pigment and the P/BM ratio [5]. The binder degradation 

increases in the samples with a high amount of pigment (P/BM 1:2), above all with pigment PB29 in 

both mixtures. 

 

 
Figure 1 Image of alkyd + PB29 paint (P/BM 1:2) UV aged for a total of 1008 h with the respective ATR-FTIR 
spectra at a) 0 h, b) 504 h,  and c) 1008 h of UV exposure. 
 

In addition to ATR-FTIR, colorimetric measurements were performed. During the UV exposure, the 

L* values for alkyd paints mixed with PB29 and PY37 increase, whereas for PG18, they decrease. 

Generally, the color change increases with the content of the pigment in the mixture. For acrylic 

paints, the L* values show no significant change.  

LIBS measurements were initially performed to determine the elemental composition of the inorganic 

and organic materials in the samples. Measuring the unaged PB29 + alkyd binder sample, the 

distinction between pigment and binder by their different atomic emission lines was carried out.  
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In order to investigate the chemical variations occurred on UV aged paint surfaces, statistical analysis 

was performed applying Principal Component Analysis (PCA), taking into account the different LIBS 

emission lines previously selected. This analysis was performed by comparing the results obtained at 

the superficial surfaces, before and after UV-aging, and the results obtained from depth analysis.  

The depth profile was recorded by measuring 15 consecutive layers, each covering an area of 1.9 x 1.0 

mm. Every single layer was ablated with 190 laser shots, resulting in a mean ablation rate of 1 µm per 

layer. Observing and comparing the score plots obtained from the 1008 h aged and unaged samples 

and from the superficial layer (#1) and the deepest one (#15), a significant difference is noticed (Fig. 

2).  

 
Figure 2: Comparison between different score plots of selected layers: a) surface level (layer #1) evaluation of 

unaged sample (black) and UV aged sample (red); b) depth level (layer #15) evaluation of unaged sample (black) 
and UV aged sample (red).  

 

The distribution of data in the analysis of the principal components (PC) shows that at the surface 

level, by comparing the unaged and aged sample, the chemical composition of the two paint samples is 

completely different. Probably, it is due to the degradation of the main functional groups of the binder. 

The chemical composition of the bulk (depth profile analysis 15) does not present significant changes 

(Fig. 2b). In conclusion, by photodegradation kinetics evaluation observed by ATR-FTIR and 

colorimetric analysis, alkyd binder presents the most significant degradation effect. It increases if the 

pigment amount is higher than the binder (P/BM 1:2), and predominantly for PB29. LIBS is a useful 

technique to investigate modern art materials and, by PCA, it is possible to discriminate inorganic and 

organic materials in the mixture and the different levels of superficial degradation. 
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Combined LA-ICP-MS/LIBS: 
powerful analytical tools 
for the investigation of polymer 
alteration after treatment 
under corrosive conditions
Lukas Brunnbauer1*, Maximilian Mayr1, Silvia Larisegger2, Michael Nelhiebel2, 
Laura Pagnin3, Rita Wiesinger3, Manfred Schreiner1,3 & Andreas Limbeck1*

Polymers are used in a variety of different areas, including applications in food packaging, automotive 
and the semiconductor industry. Information about degradation of these materials during application, 
but also uptake of pollutants from the surrounding environment is therefore of great interest. 
Conventional techniques used for polymer characterization such as FT-IR or Raman spectroscopy, but 
also thermo-analytical techniques offer insights into degradation processes but lack the possibility 
to detect uptake of inorganic species. Moreover, these techniques do not allow the measurement 
of depth profiles, thus information about degradation or pollutant uptake with sample depth is not 
accessible. In this work, we propose LA-ICP-MS and LIBS as powerful analytical tools for polymer 
characterization, overcoming the limitations of conventional analytical techniques used for polymer 
analysis. Applicability of the developed procedures is demonstrated by the analysis of artificially 
weathered polyimides and modern art materials, indicating that the degradation of the polymer but 
also the uptake of corrosive gases is not limited to the sample surface. Finally, a tandem LA-ICP-MS/
LIBS approach is employed, which combines the advantages of both laser-based procedures, enabling 
the simultaneous analysis of polymer degradation and cadmium uptake of polystyrene after exposure 
to UV radiation and treatment with artificial sea water.

Synthetic polymers and plastics are among the most commonly used materials in our modern world1. They are 
mainly employed as packaging materials for consumer goods such as food and cosmetics and also bottles and 
boxes, but also frequently applied for construction materials2. Polymers are also used as passivation or encapsula-
tion materials in the semiconductor industry3,4 or, in combination with pigments, as paints in the fields of art and 
cultural heritage5,6. In general, the applied synthetic polymers are composed of an organic-carbon-chain polymer 
and different additives that give the materials the intended chemical and physical properties. Commonly applied 
additives include plasticizers, antioxidants, antistatic agents, lubricants, flame retardants or inorganic pigments.

During application, polymers are often exposed to harmful environmental conditions, causing changes in 
their chemical composition. In this context, the negative influences of sunlight but also contact with ambient 
gases and environmental liquids have to be mentioned. Whereas UV light and oxidative gases are known to 
promote degradation7–9, corrosive gases or metals dissolved in rain, snow and river or sea-water are susceptible 
for uptake into the polymer network, resulting in increased concentrations of inorganic constituents in aged 
materials. All of these possible interactions contribute to unwanted changes in the polymer composition, which 
finally lead to altered material properties (e.g. bleaching of colors, reduced thermal stability, increased brittle-
ness, etc.). A comprehensive characterization of aged polymers is therefore necessary not only to control if the 
polymers still fulfill the requirements for further application (e.g. in the semiconductor industry10–14), but also 
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to achieve desired material properties (e.g. resistance to weathering is important in the field of cultural heritage 
research15–17).

At the end of their life-cycle, polymers often end up in the environment, for example in the form of micro-
plastics which pose a significant threat to various ecosystems18. Accordingly, the composition and metal contents 
of the degraded polymers should be monitored, to better estimate the adverse health effects of microplastics in 
the environment19–21.

Due to their wide range of properties and applications, the composition of synthetic polymers is rather 
versatile. Polymer analysis is therefore a great challenge to analytical chemistry. The most commonly used 
analytical techniques for characterization and analysis of polymers are FT-IR and Raman spectroscopy. Besides 
being able to identify and classify different polymers, these techniques are also employed to investigate polymer 
degradation22–25. Furthermore, Py-GC–MS26 and MALDI-ToF–MS27 are also commonly applied for polymer 
analysis, providing information about the molecular composition of the investigated polymer sample. Ther-
mogravimetric analysis (TGA) and differential thermal analysis (DTA) are frequently used techniques giving 
bulk information about thermo-oxidative polymer degradation22,28,29. However, information about the metal 
contents prevailing in the polymer samples is not accessible with these techniques. For this purpose, polymers 
are first converted into a solution and subsequently analyzed using liquid analysis techniques such as inductively 
coupled plasma-optical emission spectroscopy (ICP-OES) or inductively coupled plasma-mass spectrometry 
(ICP-MS)30,31. However, the applied digestion methods are always accompanied by the risk of contamination or 
elemental loss and the complete procedure of analysis is often time-consuming. Nowadays, elemental analysis 
of polymers is carried out using solid sampling techniques such as electrothermal vaporization [3233] or laser 
ablation34,35 in combination with ICP-OES or ICP-MS detection to overcome the limitations of wet chemical anal-
ysis. With these techniques, accurate and highly sensitive trace elemental measurements are possible. However, 
they do not offer information about polymer degradation. Summing up, with the analytical procedures reported 
so far it is not possible to study polymer degradation and inorganic species with one single measurement.

In this work, we present an analytical technique that permits the simultaneous detection of polymer degrada-
tion as well as changes in the elemental composition. The developed procedure is based on the concurrent sample 
analysis using laser induced breakdown spectroscopy (LIBS) and laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS). In this so-called tandem LA-ICP-MS/LIBS approach a focused laser beam is 
fired on the sample surface. With LIBS, the radiation emitted by the formed plasma plume is detected. Thereby 
information about the major components of polymers, namely carbon, oxygen, hydrogen and nitrogen but also 
molecular sample information in the form of the C2 swan band and the CN violet band is collected36. Together 
with different statistical methods, the acquired LIBS data can be used for compound identification. Broadband 
LIBS spectra have, for example, already been used for the classification of different polymer types37,38. The aerosol 
generated in the ablation process is measured with LA-ICP-MS and provides data about the inorganic sample 
constituents39. Attributes making LA-ICP-MS attractive for the analysis of trace elements in solid samples are 
the high sensitivity, reaching LODs in the range of μg·g−1 to ng·g−1, the large dynamic working range and the 
capability for multi-elemental analysis40,41. The combination of these laser based analytical techniques allows 
overcoming the above stated limitations of state-of-the-art polymer characterization techniques. Furthermore, 
the proposed procedure does not only allow the analysis of surface near sample regions, the ability to measure 
depth profiles provides also information about the distribution within the sample. The advantages of this tandem 
LA-ICP-MS/LIBS setup are demonstrated by the analysis of polymer samples from the fields of the semiconduc-
tor industry, cultural heritage science and environmental research. Derived findings are discussed in detail in 
the context of this work.

Experimental
Instrumentation and sample analysis.  LA-ICP-MS measurements were carried out using an ESI 
NWR213 (Fremont, CA) laser ablation system operating at a wavelength of 213 nm coupled to an iCAP Qc 
ICP-MS system (ThermoFisher Scientific, Bremen, Germany) using PTFE tubing. The samples were ablated 
under a constant stream of helium (0.65 L/min). Argon was used as a make-up gas (1 L/min) before introduc-
ing the aerosol to the ICP-MS. Tuning of the instrument was carried out daily for maximum 115In signal using a 
NIST612 glass standard (National Institute of Standards and Technology, Gaithersburg, MD). Data was collected 
using Qtegra 2.10 provided by the manufacturer of the instrument.

LIBS experiments were carried out using a commercially available LIBS J200 system (Applied Spectra, Inc., 
Fremont, CA). A frequency quadrupled Nd:YAG laser operating at a wavelength of 266 nm with a 5 ns pulse 
duration was used for ablation and excitation. Emitted radiation after each laser pulse was collected using two 
different collection optics connected to optical fibers: one collection optic optimized for UV-light (188–300 nm) 
and a second collection optic for the remaining part of the spectrum (300–1.048 nm). The collected light was 
analyzed using a Czerny-Turner spectrometer with 6 channels covering a total wavelength range from 188 to 
1.048 nm. LIBS data was recorded using Axiom 2.0 software provided by the manufacturer of the instrument.

Tandem LA-ICP-MS/LIBS measurements were carried out by directly coupling the ablation chamber of the 
LIBS J200 system to the ICP-MS using PTFE tubing with a 3 mm inner diameter and a length of 1.2 m. He (0.6 
L/min) was used as a carrier gas which was mixed with Ar (0.6 L/min) using a t-piece placed directly after the 
ablation chamber. This setup allows the simultaneous acquisition of LIBS, as well as ICP-MS data, increasing the 
total information obtained from each measurement.

For analysis using LA-ICP-MS, LIBS or Tandem LA-ICP-MS/LIBS the polymer samples of interest were fixed 
on high purity silicon wafers (Infineon Austria AG, Villach, Austria). The applied measurement parameters are 
described in detail in the respective results sections.
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Crater depths obtained in depth profile measurements as well as coating thicknesses were determined using 
a profilometer (DektakXT, Bruker, Massachusetts, USA).

Reagents.  30% (v/v) H2O2 (p.a.) supplied by Merck (Darmstadt, Germany) was used for aging experiments 
of polystyrene samples. Artificial seawater (prepared as described by Kester et al.43) spiked with 10 ppb of Cd 
(ICP-multi elemental solution VIII in diluted HNO3 obtained from Sigma–Aldrich, Buchs, Switzerland) was 
used for exposure of polystyrene samples. Metal-free water (resistivity 18.2 MΩ cm−1) dispensed from a Barn-
stead EASYPURE II water system (ThermoFisher Scientific, Marietta) was used for sample rinsing and dilutions. 
H2S (100 ppm), SO2 (100 ppm) and synthetic air (5.0) used for weathering experiments was supplied by Messer, 
Austria. O3 was produced using an ozonisator (Airmaster OMX 500, Topchem GmbH, Germany) with O2 (5.0) 
supplied by Messer, Austria.

Weathering equipment.  Accelerated stress tests were performed to cause degradation of the polymers as 
well as uptake of sulfur within the investigated samples. Therefore, samples were exposed to synthetic air in com-
bination with corrosive gases (SO2, H2S and O3) or UV light in two separate chambers. For weathering experi-
ments with corrosive gases, a chamber (Bel-Art, SP Scienceware) with gas in‐ and outlets with a total volume 
of 30 cm3 was used. To generate the desired concentration of corrosive gases, synthetic air is humidified using 
double-distilled water and mixed with the different gases. The chamber is continuously flushed with the gas 
mixture with a gas flowrate of 100 L/h. A detailed description of the weathering chamber is given by Wiesinger 
et al.42. For simulating artificial sunlight, an UVACUBE chamber (Dr Hönle GmbH, Germany) equipped with a 
xenon arc lamp with 170 W/m2 was used.

Note that the detailed weathering procedure for each example of application (i.e. polyimide samples, paint 
samples and polystyrene samples) is described in the respective result and discussion sections.

Sample preparation.  To demonstrate the broad application range of laser ablation techniques, three differ-
ent polymer samples are investigated within this work.

Paint samples relevant in the field of cultural heritage science were prepared by casting a gravimetric 1:3 
mixture of an inorganic pigment (manganese violet (NH4MnP2O7, Kremer Pigmente, Germany) and an organic 
polymeric binder (Alkyd, Lukas Farben, Germany) on a glass slide. A total wet thickness of 150 µm was achieved. 
After preparation, the samples were dried for one week under ambient conditions, resulting in a final thickness 
of 100 µm. Note that these samples are referred to as paint samples from now on.

Standard polyimide samples (6 µm thickness) were provided by Infineon Technologies (Infineon Austria AG, 
Villach, Austria). Samples were cut into 10 × 10 mm2 pieces. Note that these samples are referred to as polyimide 
samples from now on.

Polystyrene (PS) films with a thickness of 20 µm were obtained from Goodfellow Inc. (Hamburg, Germany). 
Samples were manually cut into 10 × 10 mm2 pieces using ceramic scissors. Note that these samples are referred 
to as polystyrene samples from now on.

Results and discussion
For a complete characterization of aged polymers, information about the progress of polymer degradation but 
also about the absorption of pollutants from the environment is required. As reported in several studies, LIBS is a 
promising tool for the detection of degradation44,45, whereas for the second task LA-ICP-MS has been applied34,35. 
However, in all of these works only bulk analyses have been performed. Within this study, polymer degradation 
and uptake of inorganic species will be analyzed as a function of the sample depth for the first time. In a first 
step the ability of LIBS and LA-ICP-MS to measure depth profiles has been exploited. Finally, the two analytical 
techniques were combined in a tandem LA-ICP-MS/LIBS approach.

Depth profiling of polymer degradation and oxidation using LIBS.  In this section, a LIBS method 
is developed that allows detection of polymer degradation as well as oxidation of the sample. The developed 
method is applied to perform depth profile investigations of aged paint samples.

As LIBS has already been used for (spatially resolved) polymer classification36,46,47, it is a promising tool for 
the dectection of polymer degradation. LIBS inherently enables analysis of oxygen and should therefore also 
be able to detect oxidation of polymers. Additionally, other polymer specific LIBS signals may change due to 
degradation and aging of the sample, enabling measurement of polymer degradation.

Figure 1 shows a representative LIBS spectrum of the investigated unaged paint sample consisting of an 
inorganic pigment (manganese violet) and a polymeric binder (alkyd). Emission signals of both materials are 
found and marked in the representative LIBS spectrum.

In a preliminary set of experiments laser energy and gate delay were optimized for a high signal-to-noise ratio 
in the regions of interest of the LIBS spectrum. Emission signals of polymers observed in LIBS spectra usually 
consist of the atomic emission lines of the main components carbon, hydrogen, oxygen and nitrogen, where short 
gate delays yield higher signal-to-noise ratios. In addition, molecular emission signals (e.g. C2 swan band) are 
observed, which are reported to appear sooner in the plasma and consequently require a short gate delay too48. 
Table 1 shows the optimized LIBS parameters.

LIBS measurements were carried out using patterns of 10 parallel line scans with a distance of 100 µm between 
each line and a total length of 2 mm each, resulting in 21 shots per line and 210 recorded spectra per pattern. For 
data evaluation, obtained LIBS spectra of each layer of each sample were averaged and the standard deviation was 
calculated. LIBS signals of interest were integrated and background correction was performed using the mean 
value of 5 neighboring pixels of the detector when integrating each emission signal.
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Weathering parameters were especially focused on conditions conventionally used in the field of heritage 
science49–51. Paint samples with a thickness of 100 µm were weathered under two different conditions: To deter-
mine the degradation of polymers, one set of paint samples was exposed to UV radiation for 1 up to 6 weeks. To 
investigate the oxidation of polymers a second set of paint samples was weathered with a gas mixture containing 
10 ppm O3 (20 mg/m3) and 10 ppm SO2 (26 mg/m3) and 80% relative humidity in synthetic air for 72 h.

Paint samples exposed to UV radiation for 1 up to 6 weeks were used to evaluate the applicability of LIBS 
to detect polymer degradation. The surface of these samples was analyzed using FT-IR spectroscopy (LUMOS, 
MCT detector, BRUKER Optik GmbH, Germany) and in accordance to literature51–53 the main characteristic 
polymer absorbance bands (C–H stretch at 2930 cm-1, C=O stretch at 1730 cm-1, and C-O stretch at 1100 cm-1) 
were used to evaluate polymer degradation over aging time. Figure 2 shows the sum of the characteristic polymer 
FT-IR signal over the aging time of 6 weeks. A significant decrease of the FT-IR signal is observed for increased 
aging time. The same samples were also analyzed using the developed LIBS procedure. For data interpretation 
the C2 swan band intensity, derived via accumulation of the 210 recorded spectra per sample pattern, is plotted 
against the aging time (Fig. 2). As the trend of obtained LIBS results is in good agreement with the trend of FT-IR 
measurements, it is confirmed that LIBS can be used to detect polymer degradation.

In a next step, depth profiles of paint samples exposed to a mixture of 50 ppm O3 (38 mg/m3) and SO2 
(131 mg/m3) for 72 h are analyzed using LIBS. For depth profile measurements the applied multiple line patterns 
were repeated 12 times at the same position, resulting in a total depth of 95 µm and a thickness of approximately 
6.7 µm per layer. Using the C2 swan band, it is now possible to investigate the propagation of the degradation 
into the sample. Depth profile measurements comparing the aged sample to an unaged sample are shown in 

Figure 1.   Representative LIBS spectrum of the investigated paint samples. Aside from polymer specific 
emission signals, signals from the inorganic pigment (manganese violet) are observed.

Table 1.   LIBS measurement parameters for paint samples.

Laser system (Applied Spectra J200)
Laser fluence (J/cm2) 29.03
Laser spotsize (µm) 100
Laser repetition rate (Hz) 10
Laser beam geometry Circular
Stage scan-speed (mm/s) 1
Atmosphere Argon
Laser wavelength (nm) 266
Spectrometer system (Czerny-Turner)
Detection channels 6
Gate delay (µs) 0.3
Gate width (ms) 1.05
Covered wavelength range (nm) 188–1048
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Fig. 3a. Similar as observed for the sample aged with UV light, sample treatment with ozone results in decreased 
signal intensities for the C2 swan band in the degraded sample region. Depth profiles reveal that degradation 
of the sample did not only occur on the sample surface, even for the second layer-corresponding to a depth of 
approximately 15 µm—significant differences compared to the reference samples was observed. In layer 3 the 
average intensity of the C2 swan band seems still to be lower for the weathered sample, but this difference disap-
peared with increasing sample depths. However, weathering in the presence of ozone results not only in sample 
degradation, there is also the possibility of substantial sample oxidation. Thus, exposure to oxidizing gases 
should result in increased oxygen contents for the weathered samples. This is also confirmed using LIBS depth 
profiling. In Fig. 3b the findings for the oxygen emission intensities of aged and unaged reference samples are 
presented. Compared to the unaged sample a significant increase in the oxygen content was detected in the first 
two layers (approximately 15 µm) of the aged sample. This outcome is in good agreement with the findings of the 
C2 swan band, indicating that the applied corrosive gases penetrated the first 20 µm of the investigated modern 
art material. Therefore, LIBS offers not only the possibility to analyse polymer degradation in depth but can also 
be employed to detect an increase of oxygen caused by oxidation within the sample. These results confirm that 
LIBS offers many benefits when it comes to analysis of polymer degradation.

Depth profiling of uptake of sulfur species in polymers using LA‑ICP‑MS.  LA-ICP-MS is an ana-
lytical technique commonly reported in the literature for elemental depth profiling experiments54,55 but has, to 

Figure 2.   Trend of polymer degradation on the sample surface of paint samples aged for 1 up to 6 weeks 
detected with FT-IR (sum of C-H stretch at 2930 cm-1, C=O stretch at 1730 cm−1, and C–O stretch at 1100 cm−1) 
and detected using the C2 swan band from LIBS measurements.

Figure 3.   Depth profile measurement comparing a sample exposed to a mixture of 50 ppm O3 and 50 ppm SO2 
for 72 h to an unaged sample: (a) Changes in the C2 swan band are used to detect polymer degradation and (b) 
O emission signal indicates oxidation of the investigated paint sample. Average signals and standard deviations 
are calculated from 210 LIBS spectra recorded per layer.
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our knowledge, never been employed to investigate the uptake of corrosive species in polymers. In this section, 
we present LA-ICP-MS as a powerful analytical tool to investigate sulfur uptake within polyimides after weath-
ering experiments. Investigations were focused on the impact of sulfur-dioxide and hydrogen-sulfide as these 
gases are more prominent in corrosion studies in semiconductor devices56–58. In a first set of experiments poly-
imide samples were exposed to 50 ppm H2S (70 mg/m3) with 80% relative humidity in synthetic air for 192 h. 
The second weathering experiment was conducted using 50 ppm SO2 (131 mg/m3) with 80% relative humidity 
in synthetic air for 192 h.

The uptake of these corrosive gases was measured using LA-ICP-MS. Measurement parameters were opti-
mized carefully in preliminary experiments for maximum depth resolution while maintaining a high sensitivity 
for sulfur (Table 2). As the main isotopes of sulfur and silicon 32S and 28Si are interfered by 16O16O and 14N14N 
respectively, elements which are both present in the investigated sample, the less abundant isotopes 34S and 29Si 
were selected for ICP-MS anaylsis.

Depth profiles of the weathered polyimide samples were carried out by measuring subsequent line scans 
with a total length of 6 mm repeatedly on the same position for 14 times. Considering a mean ablation rate of 
around 420 nm per measured line this results in full penetration of the 6 µm tick polyimide film after the last 
line (indicated by an increase of 29Si+ signal). Obtained transient signals were averaged and used for further 
data evaluation. Averaged 34S+ signals were normalized to 13C+ to compensate for instrumental drifts during the 
measurement. Even though this approach is discussed controversially for quantitative measurements in the field 
of elemental bio-imaging59, we believe that it can be used for the correction of instrumental drifts in this work. 
Especially when considering that the investigated polymer represents a rather homogeneous composition com-
pared to biological tissue samples consisting of various carbonaceous species. Average signals and standard devia-
tions are calculated from three consecutive measurements on the same sample. Depth profiles of sulfur uptake 
of the investigated polyimide samples exposed to H2S, SO2 and an unaged reference sample are shown in Fig. 4.

Between the polyimide sample exposed to H2S and the unaged reference sample, no significant differences 
in the 34S+/13C+ signal ratios were found, whereas weathering the sample with SO2 results in a significant uptake 
of sulfur. Moreover, it was shown that the uptake is enhanced for surface near regions, and decreases with sam-
ple depth. Nevertheless, the substantial sulfur signal measured in the polyimide film near the silicon indicates 
a complete penetration of the polymer by the gas and thus insufficient protection of the underlying material. 
Obtained results demonstrate the high potential of LA-ICP-MS for the investigation of uptake of inorganic spe-
cies in polymers.

Tandem LA‑ICP‑MS/LIBS analysis: combining depth profiling of oxidation and trace metal 
uptake.  Results presented in the previous sections demonstrate that LA-ICP-MS/LIBS offer many advan-
tages in terms of polymer analysis compared to conventional analytical techniques, in particular because the 
spatially resolved analysis of polymer degradation and uptake of contaminants is possible. As both techniques 
enable investigations with unique features (e.g. high sensitivity for inorganic species, capability to detect degra-
dation and increase of oxygen), combining both techniques in a tandem LA-ICP-MS/LIBS setup should enable 
a more complete characterization of polymeric samples.

Development of a tandem LA-ICP-MS/LIBS approach, where polymer specific LIBS signals as well as signals 
from inorganic species are acquired simultaneously, is presented in the following section. Therefore, polystyrene 
films which served as a synthetic substitute for microplastics were aged using UV radiation and H2O2. After-
wards the films were exposed to cadmium dissolved in artificial sea water. A tandem LA-ICP-MS/LIBS system 
was employed to simultaneously investigate the polymer oxidation caused by UV and H2O2 aging as well as the 
uptake of cadmium.

For tandem LA-ICP-MS/LIBS measurements, laser parameters have to be optimized taking into account 
the higher laser fluence typically used for LIBS measurements. Therefore, the laser energy was optimized in 

Table 2.   LA-ICP-MS measurement parameters for polyimide samples.

LA system (NWR 213)
Laser fluence (J/cm2) 1.08
Laser spotsize (µm) 200
Laser repetition rate (Hz) 20
Laser beam geometry Circular
Stage scan-speed (mm/s) 1
Atmosphere He
Laser wavelength (nm) 213
ICP-MS (Thermo iCAP Q)
Aux. gas flow (L/min) 0.8
Cool gas flow (L/min) 13
Dwell time per isotope (ms) 10
RF power (W) 1550
Cones Ni
Measured isotopes 13C+, 29Si+, 34S+
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preliminary experiments to obtain good depth resolution while maintaining adequate LIBS signal intensity. 
Tandem LA-ICP-MS/LIBS measurement parameters are shown in Table 3. Depth profiles were recorded by sub-
sequent ablation of line scans with a total length of 2 mm. Penetration of the 20 µm thick samples was achieved 
after 6 ablated line scans resulting in a depth resolution of 3.3 µm.

One side of the polystyrene films was aged for 4 weeks by the combined exposure to UV radiation and 30% 
(v/v) H2O2 H2O2 was repeatedly reapplied to the sample surface to avoid complete evaporation of the liquid. 
Subsequently, aged samples and unaged blank samples were submerged and exposed from both sides to artificial 
seawater spiked with 10 ppb of Cd After an exposure time of 24 h, samples were separated from the solution 
and rinsed with metal-free water to remove remaining droplets of artificial sea water. After a drying step with 
synthetic air the samples were measured using the developed Tandem LA-ICP-MS/LIBS procedure.

Depth profiles from simultaneous analysis of Cd using ICP-MS and oxygen using LIBS are shown in Fig. 5. 
Compared to the unaged sample ICP-MS depth profiles reveal an increase of Cd at the aged side of the polysty-
rene film as well as a Cd diffusion gradient into the bulk of the aged polystyrene film. The unaged sample, which 
was not exposed to H2O2/UV radiation, shows only a small uptake of Cd. The unaged side of the aged sample 
shows the same uptake of Cd as the unaged sample. LIBS results reveal oxidation not only at the surface of the 

Figure 4.   LA-ICP-MS depth profiles of the investigated polyimide sample showing different sulfur uptake 
depending on the gas used for weathering. Average signals and standard deviations are calculated from three 
consecutive measurements on the same sample.

Table 3.   Tandem LA-ICP-MS/LIBS measurement parameters for polystyrene.

LIBS system (J200)
Laser fluence (J/cm2) 8.91
Laser spotsize (µm) 100
Laser repetition rate (Hz) 10
Laser beam geometry circular
Stage scan-speed (mm/s) 1
Atmosphere He
Laser wavelength (nm) 266
Detection channels 6
Gate delay (µs) 0.3
Gate width (ms) 1.05
Covered wavelength range (nm) 188–1048
ICP-MS (Thermo iCAP Q)
Aux. gas flow (L/min) 0.8
Cool gas flow (L/min) 13
Dwell time per isotope (ms) 10
RF power (W) 1550
Cones Ni
Measured isotopes 13C+, 114Cd+
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aged side of the aged sample but also 5 µm into depth. The opposite side does not show a significant increase 
of oxygen signal.

Summing up, the proposed tandem approach delivers the desired benefits in the characterization of degraded 
polymers. Nevertheless, it should be mentioned that laser systems that are usually employed for LIBS analysis 
are typically operated with higher laser fluence and longer wavelength (266 nm in this work). Compared to LA-
ICP-MS, where a laser system operating at a wavelength of 213 nm was used this leads to more material being 
ablated with each laser shot, resulting in a decrease of the obtained depth resolution.

Conclusion
In this work, laser based analytical techniques, namely LA-ICP-MS and LIBS were employed to investigate their 
applicability to study the behavior of various polymeric samples exposed to corrosive and degrading conditions. 
In contrast to techniques traditionally used for polymer characterization, LA-ICP-MS and LIBS offer trace ele-
ment analysis as well as depth profiling. Additionally, LIBS inherently enables the detection of oxygen which 
can be used to detect oxidation of polymeric samples and also offers polymer specific signals which can be used 
to detect polymer degradation. These advantages were applied to 3 different examples covering a wide range of 
polymer applications demonstrating the beneficial information these laser-based techniques have to offer. Depth 
profiling of sulfur uptake in high-performance polyimides was investigated using LA-ICP-MS. Degradation of 
polymeric pigment binder mixtures from the field of cultural heritage science was analyzed using LIBS.

Besides conventional LA-ICP-MS and LIBS depth profiling, a tandem approach is also evaluated where signals 
of both techniques are acquired simultaneously. The obtained results from the tandem LA-ICP-MS/LIBS analysis 
show that the employment of such a measurement setup is beneficial to study the behavior of polymers under 
corrosive and degrading conditions. The measured uptake of the toxic trace metal Cd could be directly correlated 
with the information obtained for degradation and oxidation of the polymer sample.

Although the qualitative findings obtained in this feasibility study offer new and valuable information, future 
work will be focused on the collection of quantitative data to further improve existing knowledge about polymer 
degradation. Moreover, ongoing research will be devoted to enhancing the depth resolution of LIBS and tandem 
LA-ICP-MS/LIBS measurements, which is a precondition for the investigation of thin polymer films.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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A B S T R A C T   

The influence of polluting gases on the stability of polymeric films has not been studied extensively. In fact, the 
chemical interactions of such materials in contact with the ambient atmosphere depend on different factors such 
as the environmental conditions, the manufacturing process of the product, the presence of additives or various 
pigments. In this study, accelerated artificial gas ageing was carried out. The experiments were performed in a 
gas chamber exposing the samples to sulphur dioxide (SO2) and nitrogen oxide (NOx) with a concentration of 15 
ppm. The relative humidity (RH) content chosen was 50% and 80% for a total of 168 h of gas exposure. The paint 
samples under investigation were composed of three different binding media (acrylic, alkyd, and styrene-acrylic) 
with various inorganic pigments. The morphological changes on the sample surface due to the different impact of 
the pollutant gases were investigated using a 3D microscope. Moreover, qualitative and semi-quantitative ana
lyses were performed by Fourier-Transform Infrared (ATR-FTIR) spectroscopy, focusing on the degradation re
actions and surface mapping evaluation. In order to fully exploit the chemical information on these materials 
contained in the ATR-FTIR spectra, multivariate analysis was carried out. In particular, Principal Component 
Analysis (PCA) enabled verifying the main spectral differences between the unaged and aged samples. Moreover, 
Analysis-of-Variance-Simultaneous Component Analysis (ASCA) was carried out to understand the influence of 
gas type, relative humidity, and inorganic pigment type on the deterioration process of the binders.   

1. Introduction 

The knowledge of degradation processes of modern materials, linked 
to the chemical changes due to the pollutants in the ambient atmo
sphere, is still of current interest. The outdoor art materials are the most 
at risk, as the monitoring of environmental parameters, such as hu
midity, pollutants, or temperature, are not easily controlled and vary 
according to the different seasonal climatic changes [1]. The atmo
spheric degradation affects the stability of these materials, and it occurs 
mainly due to the interaction of the atmospheric constituents including 
humidity. In fact, water settles in a thin layer on these materials and, 
acting as a solvent, attracts the pollutants present in the air both gaseous 
and particulate matter [2]. The main gaseous air pollutants include 
sulphur dioxide (SO2), nitrogen oxides (NOx), ozone (O3), and particu
late matter (PM). The latter two were not considered in this study, 

however, they also significantly affect artworks. Ozone, being present at 
high levels in urban areas, is one of the most oxidising pollutants found 
in nature. Its effect on artwork, combined with sunlight, oxygen, and 
other pollutants, was tested on different art materials such as water
colours [3], metals, stones, and polymeric binders [4], showing different 
interactions and physical–chemical reactions depending on the material. 
A similar deteriorating influence was also evaluated for atmospheric 
particulate matter [5]. However, being composed of a mixture of solid 
and liquid particles suspended in the air, and having particles that vary 
in size and composition, its deteriorating effect changes depending on 
the art material [6]. 

SO2 and NOx, as reported in the literature [7], have different char
acteristics: SO2 is released from the combustion of fossil fuels and the 
metal refining process, resulting in one of the most important polluting 
gases present in the atmosphere, whereas, NOx is produced from both 
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natural and anthropogenic sources, but also the combustion processes. 
Generally, in the air, it contributes to the formation of other air pol
lutants and, combined with SO2, forms the so-called acid rain. Although 
the concentration of these gases in the air has slowly been decreasing 
over the last decades, their oxidizing effects affected the early 20th 
century and older artworks. Studies on different artworks such as stone 
materials [8] and metals [9] exposed to outdoor environmental agents 
confirm the presence of sulphates and nitrates on the surfaces. They 
caused multiple degradation effects as morphological deformations and 
dry corrosive deposits that, once in contact with water (as rain or high 
humidity) can dissolve penetrating into the material and causing 
aesthetic and mechanical damages. While many studies focus on the 
influence of those gases on traditional art materials [10], the knowledge 
of the interaction of modern synthetic polymers with those gases is still 
rudimentary. Some artificial gas ageing studies were already carried out 
by testing materials similar to those under investigation, but including a 
stone or metal ground [11–14]. However, the experimental setup pre
sented in this study combined with innovative chemometric methods 
represents an interesting analytical approach for the evaluation of the 
chemical behaviour that each polymeric binder develops when exposed 
to different gaseous pollutants. Moreover, their investigation can be of 
support for the storage and display practices of artworks in museum 
environments. Their concentration levels require continuous monitoring 
to allow an adequate prevention action of more sensitive artistic objects 
[15]. 

In this study, the impact of SO2 and NOx on the degradation 
behaviour of modern synthetic polymers was investigated. Alkyd resins, 
acrylics, and styrene-acrylic emulsions, represent the principal organic 
binding media used in modern and contemporary art, mainly used in the 
20th century but also recently applied in the field of conservation- 
restoration. Alkyd resins became the modern substitutes of traditional 
oil painting due to their low-costs, fast-drying, the possibility to employ 
it with a great variety of pigments, and its excellent optical properties 
[16]. However, acrylic emulsions became the most common and ver
satile polymer. Initially, it was used in industry as a plastic material for 
structural applications. Subsequently, it was possible to develop a more 
flexible and transparent polymer due to the possibility to add two or 
more acrylic monomers within the same polymer chain. Its stability, 
excellent mechanical properties, and rapid drying have made it attrac
tive for artists too. The application and use of these two binders 
expanded into various other sectors such as coatings for furniture and 
architectural, product finishes, or for special coatings in the automotive 
sector. Furthermore, their chemical-physical properties make them 
suitable for the protection of various materials such as metals, wood, or 
other plastics from corrosive agents [17]. 

During the last years of technological development, monomers were 
added to the acrylic emulsions in order to lower the production costs and 
to improve its chemical-physical performances, creating new synthetic 
binders such as styrene-acrylic emulsions. In recent years, this synthetic 
polymer was widely applied in the coating industry as well as in the 
artistic field, especially for spray paints and contemporary murals [18]. 
To study the different influence that gas pollutants have on the degra
dation of polymers, an accelerated gas ageing study was performed, 
using synthetic air containing sulphur dioxide (SO2) and nitrogen oxide 
(NOx) combined with different relative humidity (RH%) contents for a 
total exposure period of 168 h. The samples under investigation were 
paint mixtures of three different binding media (acrylic, alkyd, and 
styrene-acrylic) in mixture with nine inorganic pigments. These pig
ments were chosen because still present in formulations of paint tubes, 
and their employment is documented also in previous centuries. 
Therefore, being present both in recent contemporary artworks and in 
modern ones (since 1800), it is important to study their effects for the 
long-term stability of artworks [19–22]. The study focused on the 
application of 3D microscope and ATR-FTIR analysis to investigate 
degradation products according to the different gas and RH employed. 
This investigation allowed understanding which binder is more prone to 

degradation due to gas exposure and which inorganic pigment increases 
or decreases this effect. 

Multivariate statistical analysis of spectroscopic data is becoming an 
established tool in the field of cultural heritage studies thanks to the 
ability of these methods to extract the useful information from the 
analysed data and to find patterns in the spectral response related to the 
phenomena under investigation [23–26]. In the conservation of cultural 
heritage, the combination of spectroscopic techniques and chemo
metrics allows to monitor in a non-destructive manner the deterioration 
processes of the analysed samples and to gain a comprehensive evalu
ation of the modifications occurring during degradation [27,28]. This 
information can be further exploited for age estimation of artworks or to 
select the proper pigments to be used to artwork restoration [29,30]. 

For these reasons, in this study multivariate data analysis of the FTIR 
spectra based on Principal Component Analysis (PCA) and Analysis-of- 
Variance-Simultaneous Component Analysis (ASCA) were performed 
to support the chemical information obtained from the FTIR mapping 
and enabled verifying spectral differences between unaged and aged 
samples, as well as evaluating the influence of pollutant gases, relative 
humidity, and inorganic pigments. Having a general overview of the 
chemical-physical reactions occurring during the surface degradation of 
materials, it is essential to develop and apply new strategies that can 
monitor and prevent future deterioration processes. 

2. Materials and methods 

2.1. Sample preparation 

Different samples were prepared by mixing pure acrylic emulsion 
Plextol® D498 (Kremer Pigmente, Germany), Alkyd Medium 4 (Lukas®, 
Germany), and styrene-acrylic binder Acronal S790 (BASF, Germany) in 
combination with 9 inorganic pigments (Kremer Pigmente, Germany). 
The pigment/binder (P/BM) ratio chosen was 1:3 in weight according to 
commercial formulations, which guarantee a homogenous mixture with 
optimum consistency and colourfulness. After mixing them with a 
ceramic mortar, the fresh paints were cast on glass slides with a film 
thickness of 150 μm using the so-called Doctor-Blade procedure [31]. 
The samples were dried at ambient conditions (approx. 22 ◦C and 30% 
RH) for three weeks. Mock-ups with pure binders were also prepared 
(150 paint samples in total). The paint materials investigated are listed 
in Table 1. 

Table 1 
List of materials analysed.  

Pigments Chemical composition Colour Index (C.I.) 
number 

Titanium white TiO2 PW6 
Cadmium yellow CdS PY37 
Cobalt green Co2TiO4 PG50 
Hydrated chromium 

oxide green 
Cr2O3⋅2H2O PG18 

Cobalt blue CoO⋅Al2O3 PB28 
Cerulean blue CoSnO3 PB35 
Artificial ultramarine 

blue 
Na8-10Al6Si6O29S2-4 PB29 

Iron oxide red Fe2O3 PR101 
Manganese violet NH4MnP2O7 PV16 
Binders Chemical composition Commercial Name 
Acrylic emulsion (Alk) p(nBA/MMA) Plextol® D498 
Alkyd resin (Acr) Polymer oil-modified 

polyester-resin 
Alkyd Medium 4 

Styrene-acrylic emulsion 
(Sty) 

Styrene acrylate copolymer Acronal® S790  
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2.2. Weathering experiments 

The weathering system used for the atmospheric exposure experi
ments consists of two parts: the system for mixing synthetic air with 
corrosive gases [32], and the weathering chamber for gas exposure. To 
generate the desired concentration of corrosive gases, synthetic air 5.0 
(Messer, Austria) is humidified using double-distilled water and mixed 
with the selected gas. The chamber is continuously flushed with the gas 
mixture with a gas flow rate of 100 L/h. The chamber (Bel-Art™SP 
Scienceware™) is made of a co-polyester glass (Purastar®) including gas 
in- and outlets with a total volume of 30 cm3. The samples were aged for 
168 h. The relative humidity (RH) content chosen was 50 and 80%, 
whereas the gas concentration selected was 15 ppm both for SO2 and 
NOx. The gas concentration was monitored daily during the artificial 
ageing using a specific gas sensor for SO2 and NOx detection (Aeroqual 
Limited, New Zealand, model AQL S200). During the ageing experi
ments, the value could vary by ± 1–0.5 ppm. The values of the gas 
concentrations were selected in order to reproduce an artificial outdoor 
ageing. In fact, according to European Environmental Agency for the air 
quality monitoring, the annual mean concentration of SO2 in the at
mosphere is between 5 and 20 ppb, whereas of NOx is between 10 and 
45 ppb [33]. Converting the experimental gas concentration used in the 
experiment, the corresponding yearly value is 288 ppb. Therefore, from 
the annual experimental concentration value and those monitored as 
average mean in the atmosphere, the exposure time resulting from the 
artificial accelerated ageing carried out is equal to a value between 10 
and 15 years. The RH% values were chosen according to the yearly 
outdoor weathering changes and to reproduce extreme situations in case 
of inappropriate museum preventions. 

It has to be highlighted that the degradation reactions occurring 
during natural aging may differ from the degradation process induced by 
accelerated aging, as reported in several studies [13,34]. However, 
studies based on accelerated aging represent a necessary step in the 
preliminary evaluation of degradation processes occurring on artwork 
materials due to specific pollutants. Indeed, accelerated aging studies 
allow to monitor the degradation process under controlled conditions 
and in relatively short times compared to long-term natural degradation. 

2.3. Optical 3D Microscope 

Each sample was scanned by using the Keyence VHX-6000 micro
scope (Keyence, Japan). Three-dimensional morphological images were 
recorded using a VH-Z100 objective (magnification of 1000x). The mi
croscope is equipped with a LED light source (5700 K). To obtain a 
complete and accurate evaluation of the superficial changes, two 
different lighting angles were selected. First, the full light ring was used 
for observations in the dark field and subsequently, the mix light beam 
(full ring and full coaxial) to emphasize height differences as scratches. 
To obtain the roughness depth profile of the surface, the total depth 
obtained is of 10 μm taking a picture every 2 μm (pitch scans). 

2.4. Attenuated total reflection fourier transform infrared spectroscopy 
(ATR-FTIR) 

For the ATR-FTIR investigations, a LUMOS FTIR Microscope (Bruker 
Optics, Germany) in ATR mode with a germanium crystal was 
employed. The instrument is equipped with a photoconductive cooled 
MCT detector. Five measuring spots for each sample were acquired in a 
spectral range between 4000 and 480 cm−1 performing 64 scans at a 
resolution of 4 cm−1. The resulting spectra were collected and evaluated 
by the software OPUS® (Bruker Optics, Germany). Subsequently, the 
spectra were averaged, baseline corrected and vector normalized. From 
the treated spectra, the semi-quantification of selected bands was car
ried out. As shown in a previous study [35], the chosen integrated bands 
are the most characteristic of each material and show a significant 
change in the relative intensity depending on different weathering. In 

Table S1, the integrated bands divided according to the paint mixtures 
are listed. For the chemical mapping, the total mapped area had a 
dimension of 1.0 × 1.5 mm2; six measuring spots along the x-axis (op
tical aperture approx. 0.2 mm) and six spots along the y-axis (optical 
aperture approx. 0.1 mm) have been collected for a total of 36 spots. 
Each chemical mapping experiment was carried out in three different 
areas of the samples. 

2.5. Chemometrics methods 

In the present study, the ATR-FTIR spectra of the paint samples were 
evaluated by a multivariate statistical approach in order to study the 
influence of the different experimental conditions on binder degradation 
[36,37]. Firstly, PCA was applied to gain a preliminary overview of the 
main differences between unaged and aged samples. Then, ASCA was 
used in order to systematically assess the effect of pigment type and 
weathering conditions on the aged samples [38,39]. Both PCA and ASCA 
were applied to the ATR-FTIR spectra taking into account only the range 
between 3030 cm−1 and 1500 cm−1. This specific spectral range was 
selected as it only includes the absorption bands ascribable to the 
considered binders, excluding the spectral regions related to the pig
ments. The ATR-FTIR spectra were averaged, baseline corrected, and 
normalized. Before calculating PCA and ASCA models, the spectra were 
pre-processed using Savitzky-Golay smoothing [40] and mean 
centering. In the present study, PCA was performed using Chemometric 
Agile Tool (CAT) software [41] running under R environment (v. 3.1.0). 
ASCA models were calculated using PLS_Toolbox software (v. 8.5, 
Eigenvector Research Inc., USA) running under MATLAB environment 
(R2017b, The MathWorks, USA). Further details about the considered 
multivariate methods can be found in Supporting Information. 

3. Results and discussion 

3.1. Optical 3D microscopy 

The 3D pictures of each paint sample show the morphological 
changes and the degradation products appearing after the artificial gas 
ageing. On pure samples of alkyd and styrene-acrylic binder, no visible 
morphological changes on the surfaces can be observed, whereas on the 
pure acrylic sample degradation phenomena are visible after SO2 and 
NOx ageing at 50% RH. Increasing the relative humidity value to 80%, 
they completely cover the entire polymeric surface making it opaquer. 
However, a morphological difference between the corrosion products is 
observed. In fact, depending on the type of gas used, these products 
deriving from ageing have a different shape (Fig. S1). After NOx expo
sure, they are large, broad (radial), surrounded by other smaller ones. 
On the contrary, after SO2 exposure, they have a more uniform and 
compact shape, of a smaller size compared to NOx ageing. The roughness 
evaluation obtained from the 3D depth profile confirms that on the 
sample aged with SO2, they reach a size between 10 and 15 µm, while 
after NOx ageing, the larger ones reach a diameter of 100 µm and the 
smaller ones between 20 and 30 µm. This behaviour is due to the 
different interaction that the binder shows according to the type of 
pollutant gas. However, further analyses are needed to obtain a com
plete knowledge of this behaviour. The degradation products can be 
attributed to the surfactant (possibly polyethylene oxide, see chapter 
ATR-FTIR results) present in the acrylic binder. In fact, having a hy
groscopic nature, it tends to migrate to the surface when exposed to high 
relative humidity values. To confirm its presence, a solubility test was 
performed [42]. 

The swab-rolling cleaning test was carried out using distilled water 
and applied on the surface for a total of 10 s. The surfactant present on 
the surface of the sample aged with SO2 were removed, and the surface 
morphological condition appeared similar to the original one (Fig. 1a). 
However, those present on the sample aged with NOx (Fig. 1b) were not 
completely removed by the action of water. This behaviour is confirmed 
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by observations using the mix light beam (Fig. 1c-d). Furthermore, from 
the observation of their roughness vertical profiles (Fig. S2a.1-b.1), NOx 
ageing had the strongest oxidative effects since the difference between 
the clean and the aged area is higher than that of SO2 ageing. In support 
of this evaluation, a comparison between their horizontal profiles was 
performed (Fig. S2a.2-b.2). By overlapping the roughness profiles 
(Table 2), it is observed that the cleaning action had a better result on 
the surface aged with SO2 compared to NOx. In fact, in the latter, the 
surfactant is still present in some parts (blue areas), probably since the 
depth of the surfactant particles migrated on the surface of the polymer 
is more significant and then hard to remove (red areas). Another factor 
that influences the different degradation effects is the presence of 
different inorganic pigments in the mixture. In Fig. S3, it can be 
observed how the degradation effect caused by NOx exposure is fav
oured for pigments as PW6, showing evident superficial variations. For 
pigments such as PB28 and PB29, these effects can only be observed 
after SO2 ageing. The same behaviour is observed for alkyd paints 
(Fig. S4). In this case, the surfaces show the presence of micro-pores 
after gas ageing (the sizes vary according to the pigment in the 
mixture) which tend to be more numerous after SO2 ageing. Finally, 
styrene-acrylic paints depict the presence of small surface cracks after 

the exposure to both pollutant gases. In this case, the two different gases 
cause similar morphological changes and even the various inorganic 
pigments used do not show a different superficial degradation effect. 

3.2. ATR-FTIR results 

The main functional bands of each paint sample were identified by 
the use of ATR-FTIR analysis and listed in Table S2. Concerning the 
acrylic emulsion, ATR-FTIR analysis provided characteristic signals of 
nBA/MMA copolymer, as identified primarily by the C–H bond 
stretching vibrations (2956–2876 cm−1), the C––O stretching (1726 
cm−1) and the additional bands of the C–O–C and C–O stretching 
(1236, 1160, 1146 cm−1). Furthermore, PEO (polyethylene ox-ide) 
surfactant bands are present at 2895, 1343, and 1115 cm−1 [35,43]. 
Observing Fig. 2a–d, it is possible to notice that, in all the acrylic sam
ples aged both with NOx and SO2, the intensity of the functional groups 
increases. It is related to the increase of humidity levels (50–80 RH %) 
which allow the polymeric structure to gradually open. This behaviour is 
favoured by the absorption of water by hygroscopic materials inside the 
paint (in this case the non-ionic surfactant PEO), which can exist in 
isolated pockets inside the films or can be diffused in the polymer [44]. 
Consequently, also the spectral signals of the surfactant increase and are 
higher with increasing the RH content. As reported in the literature [45], 
the hygroscopicity and solubility of this surfactant promote the migra
tion to the air-film interface. Its accumulation at the interface may affect 
the mechanical strength of acrylic paints, such as the adhesion of the 
film to the support, its permeability, surface gloss, and exposure to dirt 
[46]. However, depending on the type of gas used, the amount of the 
surfactant on the surface is different. In fact, by exposure of the samples 

Fig. 1. Overview of the cleaning test results on degraded pure acrylic samples. The images a) and c) show the acrylic surface aged with SO2 before and after cleaning, 
whereas, the images b) and d) depict the acrylic surface aged with NOx. For the top images, the full ring lighting was used, for the bottom images; the mixed lighting 
was applied. 

Table 2 
Morphological values acquired after 3D depth profile evaluation.   

RH 
% 

Gas Size PEO migrated 
on the surface after 
gas ageing 

3D depth 
profile before 
cleaning 

3D depth 
profile after 
cleaning 

Acrylic 
film 

80 SO2 10–15 µm 9.38 µm 5.88 µm 
80 NOx 20–30 µm 10.58 µm 8.84 µm  
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to NOx, the absorbance signals of PEO increase more than those aged 
with SO2. This behaviour is due to the properties of both the binder and 
the gas. NOx is more reactive as an oxidative agent than SO2 [47], and its 
radicals can abstract the hydrogen atoms from the less strong C–H 
bonds or interact with the C––C bonds of the macromolecules, initiating 
the degradation of free radical polymers at room temperature [48]. It 
may be related to the formation of the bands at 2741–2694 cm−1 asso
ciated with the overtone of the aldehyde bond. This behaviour, com
bined with the possibility of the surfactant to form hydrophilic moieties 
with water, facilitates the migration of PEO to the surface and the 
hydrolyzation of the binder. The ATR-FTIR analysis per-formed on alkyd 
paints allows the identification of the most characteristic bands, as 
shown in Table S2 [49]. The strong band at 1721 cm−1 is due to the C––O 
stretching vibration, common to both oil and phthalate component, 
whereas the C–O–C stretching (1259 and 1116 cm−1) and the aromatic 
in-plane and out-of-plane bending (1600–1580, 1070, and 740–710 
cm−1) are typical for phthalate structures. Relative to the oil portion, the 
CH2 and CH3 symmetric and asymmetric stretching and bending are 
assigned [26]. As shown in Fig. 2b–e, also in this case, the intensity of 
the bands of the alkyd binder tends to increase with the increase of 
relative humidity, for both gas ageing. This spectral behaviour indicates 
a hydrolytic degradation of the binder, attributed to the sensitivity to 
water of ortho-phthalate esters in acidic conditions. It is confirmed by 
the relative decrease in the phthalate group (741–710 cm−1) and by the 
broadening of the carbonyl band C––O, due to the formation of new 
oxidized products during the artificial ageing cycles. Therefore, for 
alkyd paint, the hydrolysis of the phthalate fractions is the main 
degradation process which also leads to the loss of physical properties of 
the top layer [50]. Furthermore, two degradation products are observed 
because of gaseous ageing. From SO2 exposure, a small band at 1414 
cm−1 is shown, indicating the formation of the SO-CH3 bond. According 
to Simendinger and Balk [51], SO2 interacts mainly with the drying oil 
leading to the formation of cross bonds of sulphate esters between the 
drying oil molecules. This phenomenon is also stimulated by the 

propensity of fatty acids to be more reactive with SO2, leading to 
oxidation reactions. Contrary to these results, a small band at 1630 cm−1 

is observed for NOx, related to the formation of the -O-NO2 bond [52]. As 
previously mentioned for the acrylic binder, the high relative humidity 
leads to hydrolytic degradation which, interacting with the gas, forms 
this bond with the binder. This band is more visible in alkyd paints 
because favoured by the high reactivity of fatty acids to interact with the 
gas. Finally, in Fig. 2c-f, the main functional groups of the styrene- 
acrylic polymer can be identified. Related to the acrylate part, the 
C–H bond stretching vibrations (2956–2930–2872 cm−1), the C––O 
stretching (1721 cm−1), and the additional bands of the C–C and C–O 
stretching (1154–1128–1066 cm−1) are observed, whereas the bands of 
the C–H stretching (3083–3061–3027 cm−1), the C––C stretching 
(1601 cm−1), the C–C vibration (1493–1454 cm−1), and the C–H 
bending (759–698 cm−1) are related to the aromatic ring of phenyl 
group [53]. As shown for the previous two binders, the strong hydrolytic 
degradation increases the intensity of most spectral signals. The pres
ence of new –OH groups within the molecular structure of the binder 
yields to the decrease of the spectral signal at 759–689 cm−1 of the 
phenyl group (aromatic C–H out of plane bending). This intensity signal 
decreases with the increase of relative humidity. Furthermore, a 
shoulder around 1670 cm−1 is formed. This band is assigned to the 
carbonyl group C––O of the formed carboxylic acids. These carboxylic 
groups are the result of a splitting of the lateral groups due to their 
oxidative decomposition. The broadening of the main carbonyl ab
sorption at 1726 cm−1 may also be due to the formation of ketone and 
aldehyde groups which act more rapidly than the degradation of the 
ester groups [53]. Lastly, it is possible to observe that styrene-acrylic and 
acrylic samples, exposed to NOx, show an increase of the –OH band 
(around 3220 cm−1) at RH values of 50%, which however tends to 
decrease at higher RH (80%). It is due to the impact of humidity on the 
catalytic conversion of NO2 on both paints. Their interaction increases 
with the decrease in relative humidity from 80% to 50%. It may be due 
to the fact that, as humidity increases, more water vapour is adsorbed 

Fig. 2. ATR-FTIR spectra comparison of pure binders: a) and d) acrylic emulsion; b) and e) alkyd resin; c) and f) styrene-acrylic binder. The samples on the left were 
aged with SO2, and on the right with NOx. In each graph, the unaged (black), the 50% RH (blue), and the 80% RH (red) aged samples are showed. 
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onto the surface, increasing competition for adsorption sites. Further
more, the effect of humidity on the conversion of a pollutant also de
pends on its concentration. In fact, the competition for the adsorption 
sites between NO2 and water vapour is already sufficient with a small 
amount of humidity for the generation of OH radicals. Therefore, the 
catalytic activity of NO2 decreases [54]. 

3.3. ATR-FTIR mapping and semi-quantification of functional groups 

ATR-FTIR chemical mapping is increasingly used to investigate cul
tural heritage materials. In fact, it was already employed as a valuable 
technique for analysing the distribution of pigments, additives, and 
binders. In recent studies, it was also applied to investigate degradation 
products formed on paint surfaces [55]. During this study, mapping was 
mainly necessary to investigate the distribution of specific degradation 
products on the different paint mixtures caused by the influence of each 
inorganic pigment. For the mapping of acrylic paints, the spectral signal 
of the surfactant (2895 cm−1) was considered as its intensity changes 
with the different pigment in the mixture. In Fig. 3, the spectra of the 
acrylic paint samples exposed to SO2 (Fig. 3a) and NOx (Fig. 3b) at 80% 
RH are shown. Integrating the area of the selected band, and observing 
its distribution on the surface of the samples, it is possible to conclude 
that the mixture with PW6 facilitates the migration of the surfactant on 
the surface followed by PB29 and PB28 (exposed to SO2), and pure 
binder and PB35 (exposed to NOx). As reported in literature [56], tita
nium dioxide (PW6) has a strong catalytic effect and, in this case, when 
the water molecule comes into contact with the surface, its O atom 
strongly interacts with the Ti atoms present in the paint layer. In this 
way, H atoms trap electrons from Ti atoms and become negative. The 
water molecule is then adsorbed and the surfactant is more prone to 
migrate to the surface. The surfactant behaviour has been further 
investigated by semi-quantitative evaluation. It was performed on 
unaged, 50% and 80% RH aged samples for both corrosive gases, inte
grating not only the surfactant band area at 2895 cm−1 but also those at 
1343 and 1115 cm−1 (Table S2). From the integration values of the three 
set of samples, the differences between the unaged and 50% RH aged, 
and between 50% and 80% RH aged were calculated (Table S3). 

In Fig. S5, it is possible to confirm that the acrylic mixture with PW6 
causes the most significant migration of surfactant on the surface. 
Furthermore, NOx appears to have a more oxidizing effect than SO2, 
confirming the previous results discussed. The mapping of the alkyd 
paint samples was performed by integrating the C––O carbonyl band at 
1721 cm−1 and the C–H bond at 2926–2854 cm−1. Furthermore, the 
degradation product bands at 1414 cm−1 and 1630 cm−1 were also 
considered. 

In all paint mixtures, exposed to SO2 and NOx the distribution of 
these bands on the surface show already a sharp increase, after the first 
ageing cycle at 50% RH. Subsequently, increasing the relative humidity, 
this trend is only slightly increased. Generally, all paint mixtures show 
this behaviour. However, those with PR101 and PW6 are more prone to 
hydrolytic degradation (Fig. S6). 

This trend is confirmed by the semi-quantitative evaluation (Fig. S5c, 
d) of the bands mentioned above. The degradation effects on alkyd 
paints are similar for both gases, as they are chemically more prone to 
interact with the drying oil present in the binder, influencing the 
oxidation process [57]. Finally, the mapping of styrene-acrylic paints 
was investigated by integrating the C–H bands at 2961 cm−1, the C––O 
carbonyl band at 1725 cm−1, and the OH band at 3248 cm−1. The 
evaluation of this latter band, through chemical mapping and semi- 
quantification confirms the decreasing catalytic effect of NOx with 
increasing of relative humidity. In Fig. S5e, f, this behaviour is partic
ularly evident in comparison to SO2 ageing. Therefore, the evaluation of 
the degradation processes of styrene-acrylic paints is the most complex, 
since the catalytic activity of NOx is already activated at RH of 50%. In 
contrast, the deterioration action of SO2 grows exponentially with 
increasing of relative humidity. 

3.4. Principal component analysis results 

The score plots in Fig. 4 show the results obtained from the multi
variate exploratory analysis on the paint mixtures, divided according to 
binder type and gas exposure. Fig. 4a reports the PC1 and PC2 score plot 
obtained from the spectra of the acrylic mixtures aged with SO2. PC1 and 
PC2 retain 78.2% and 15.5% of explained variance, respectively, with a 

Fig. 3. ATR-FTIR chemical mapping of the surfactant distribution, after a) SO2 
and b) NOx exposure of acrylic paint mixtures with PW6 (grey), PY37 (orange), 
PG50 (light green), PG18 (dark green), PB35 (cyan), PB28 (blue), PB29 (dark 
blue), PR101 (red), PV16 (purple), and pure binder (black). 
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total of 92.7% of data variance. The cluster of unaged samples is well- 
differentiated from the others mainly along PC1. From the evaluation 
of the corresponding PC1 loading vector (Fig. S7a), this behaviour is 
related to the carbonyl band C––O (at 1727 cm−1); therefore, this sep
aration is given by the effect of hydrolytic degradation. Considering the 
aged samples, it is not possible to clearly separate the samples according 
to RH% values, even if the samples aged at RH% values equal to 80% 
tend to have higher PC1 score values than the samples aged with 50% of 
relative humidity. Interestingly, PC2 describes the ageing behaviour of 
the three mixtures prepared with PB28, PB29 and PW6 pigments and 
aged at 80% of relative humidity, which have negative score values 
along PC2. In this case, one of the more relevant spectral regions 
observed on the PC2 loading vector is represented by the aliphatic C–H 
band at 2894 cm−1, assigned to the surfactant signal. This behaviour 
shows that the three paint mixtures appear more subject to the effects of 
SO2 at high humidity, causing the greatest migration of the surfactant on 

the surface. The PC1 and PC2 score plot obtained from the analysis of the 
acrylic samples aged with NOx is reported in Fig. 4b, PC1 and PC2 ac
count for 72.5% and 17.8% of explained variance, respectively. Also in 
this case, PC1 allows separating unaged and aged samples, while PC2 
allows differentiating the aged samples according to the RH% values. 
Considering the PC2 loading vector reported in Fig. S7b, the surfactant 
band at 2894 cm−1 has a strong influence in the separation of the set of 
samples aged at RH 80%. The paint mixture with PW6 pigment again 
shows a more deteriorating effect. Therefore, the exposure of NOx gas 
results more oxidizing for acrylic paints compared to SO2, especially at 
RH 80%. The PCA score plots obtained from the analysis of the alkyd 
mixtures aged with SO2 and NOx are reported in Fig. 4c and d, respec
tively. For both evaluations, the clusters of data are represented ac
cording to the first two principal components PC1 and PC2. Concerning 
SO2 ageing, the main distinction between unaged and aged samples is 
described by PC1, accounting for 78.1% of data variance. The 

Fig. 4. PC1 and PC2 score plots of acrylic samples aged with a) SO2 (50, 80% RH), b) NOx (50, 80% RH); alkyd samples aged with c) SO2 (50, 80% RH), d) NOx (50, 
80% RH); and styrene-acrylic samples aged with e) SO2 (50, 80% RH), f) NOx (50, 80% RH). 
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observation of the corresponding PC1 loading vector (Fig. S7c) shows 
that this separation is mainly ascribable to the C––O carbonyl band at 
1721 cm−1 and the C–H bond at 2926–2854 cm−1. Furthermore, PC2 
separates quite well the samples subjected to different humidity levels. 

This separation is mainly ascribable to the spectral region at 
2926–2854 cm−1 (C–H bond) influenced by the presence of water in the 
molecular structure. This trend allows understanding that the high hu
midity facilitates the hydrolysis of the bonds of the phthalate group of 
the binder. The consequent broadening of the band C––O (PC1) defines 
the mixture with PR101 as the most subject to degradation effect. Also 
considering NOx ageing, PC1 allows separating unaged and aged sam
ples and the relevant spectral bands responsible for this separation are 
the same as those observed for SO2 ageing (C––O and C–H bond). 
However, in this case, it is not possible to easily differentiate the aged 
samples according to the different relative humidity values. Lastly, 
Fig. 4e-f show the PC1 and PC2 score plots obtained from the analysis of 
the styrene-acrylic mixtures, representing the 84.1% of explained vari
ance for SO2 aged samples, and 93.6% of explained variance for NOx 
aged samples. 

Concerning SO2 ageing, the main distinction between unaged and 
aged samples is given by PC1 and this behavior is mainly ascribable to 

C––O carbonyl band at 1727 cm−1 (Loadings in Fig. S7e, f). Further
more, PC2 allows separating the samples aged with SO2 + RH80% from 
the other clusters; indeed, these samples show negative values of PC2 
scores. Observing the corresponding PC2 score vector (Fig. 4e), the 
spectral region related to the C–H bond (2926–2854 cm−1) has a higher 
relevance in defining PC2 direction. It means that, by increasing the 
relative humidity, the OH groups present in the artificial atmosphere are 
more able to have an oxidizing effect on the phenyl groups of the binder. 
Finally, also for NOx ageing, the main distinction between unaged and 
aged is given by PC1 (Fig. 4f), whose direction is mainly influenced by 
the spectral regions related to C––O (1727 cm−1) and C–H (2926–2854 
cm−1) bonds (Fig. S7f). Considering the RH% values, in this case, it is not 
possible to observe a clear separation between samples aged with 
different relative humidity levels, however, the samples processed with 
an RH% equal to 50% tend to be more distant from the corresponding 
unaged samples in the PC1 and PC2 score plot. For both gaseous expo
sures, both for alkyd and styrene-acrylic paints, the mixtures with PB29 
and PV16 show a similar trend. They are always placed between the 
unaged and aged clusters, independently of the relative humidity value 
selected. This behaviour may be due to a lower degrading effect of 
corrosive agents on these two paints, leading to a lower spectral signal 

Fig. 5. ASCA results of acrylic paint samples; score and loading plots of the a-b) gas, c-d) RH%, and e-f) gas × RH% sub-models.  
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compared to the other paint mixtures. 

3.5. ASCA results 

Table S4 reports the results obtained by applying ASCA to the aged 
samples separated according to binder type in order to systematically 
evaluate the influence of individual experimental factors (pigment, gas, 
RH%) and their interactions (pigment × gas, pigment × RH%, gas × RH 
%) on the degradation process of the different paint mixtures. Generally, 
for all the three datasets pigment type is the factor showing the highest 
effect on the spectral response, accounting for more than 50% of data 
variance, while its interaction with gas or RH% is not significant. The 
investigation of the PCA sub-models related to pigment factor allowed to 
observe that such effect is due to the peculiar behaviour of the mixtures 
containing PV16 and PB29 pigments for all the three binder types, which 
have a lower degradation and, as a consequence, spectra with lower 
intensity (as previously outlined). The ASCA results obtained on the 
samples of acrylic paints show that RH% factor (12.88%) has a higher 
influence on the spectral response compared to gas factor (10.81%) or 
gas × RH% interaction (10.51%). Considering the score and loading 
plots of gas sub-model (Fig. 5a-b), the exposure to NOx causes the 
greatest intensity increase of the bands at 1727 cm−1 (C––O bond) and 
2895 cm−1 (PEO surfactant), and therefore a higher degradation of the 
sample. As far as the RH% effect is concerned, the influence of high 
levels of relative humidity (Fig. 5c, d) mainly affects the surfactant band 
at 2956–2876 cm−1 (C–H bond). From the evaluation of the gas × RH% 
interaction (Fig. 5e, f), it is possible to observe that the exposure of the 
paint samples to NOx at RH 80% mainly causes the intensity increase of 
the band at 1721 cm−1, while the exposure to SO2 at RH 80% has a great 
influence on the surfactant band at 2895 cm−1. Therefore, the degra
dation of acrylic paints is mainly caused by the exposure of NOx to 80% 
RH, causing the migration of the surfactant on the surface. These results 
confirm the previous considerations. Regarding the ASCA results for 
alkyd paint samples (Table S4), gas factor (15.42%) has the stronger 
influence on the spectral response, followed by gas × RH% interaction 
(11.50%) and RH% factor (7.40%). 

Compared to the results obtained with acrylic mixtures, for alkyd 
paint samples the effect of gas type in the degradation process is more 
evident. Indeed, in this case, gas factor accounts for a higher percentage 
of explained variance and the score plot of gas sub-model shows a clear 
separation between the samples aged with the two gases (Fig. S8a). 
Considering the loading vector of gas sub-model (Fig. S8b), it is possible 
to observe that NOx degradation determines a higher increase of the 
spectral bands related to C––O (1721 cm−1) and C–H bonds (2956–2876 
cm−1). Besides, the spectra of the sample aged with NOx have a peculiar 
band at about 1630 cm-1, which can be ascribable to the -O-NO2 
degradation product. For alkyd paints, RH% factor has a lower effect 
compared to gas × RH% interaction, therefore the degradation of the 
aged samples (ascribable only to the different humidity levels) is less 
marked than the degradation due to the combination of gas and RH%. 
Considering the results of gas × RH% sub-model (Fig. S8e, f), the sam
ples aged with NOx and RH% equal to 80% are characterized by a higher 
increase in the C––O band at 1721 cm−1, while the spectral region 
centred at about 2880 cm−1 is mainly influenced by SO2 ageing with RH 
% values equal to 80%. Considering the ASCA results reported in 
Table S4, for styrene-acrylic paint samples the degradation process is 
more influenced by gas × RH% interaction (16.45%) than gas (13.11%) 
and RH% (9.02%) factors taken individually. Therefore, the degradation 
process of these paints depends on the specific combination between gas 
type and RH% level. Similarly, to what observed for the other binders, 
NOx generally determines a higher increase of the two characteristic 
bands at 1727 cm−1 and 2956–2930 cm−1 (Fig. S9a, b). Furthermore, 
the score plot of gas sub-model shows a quite marked separation be
tween the samples according to gas type, as previously observed for 
alkyd paints. Considering gas × RH% sub-model (Fig. S9e, f), the 
different combinations of the two factors have a different deteriorating 

effect. In fact, the peak centred at 1740 cm−1 has a higher intensity for 
the samples aged with NOx and RH% equal to 80% and for the samples 
aged with SO2 and RH% equal to 50%. Conversely, the degradation 
process observable in the spectral region centred at 2915–2880 cm−1 is 
more influenced by the exposure to SO2 and RH% equal to 80% or to 
NOx and RH% equal to 50%. Summarizing the ASCA results related the 
effect of the gas, RH%, and their two-way interaction on the mixtures 
prepared with the three binder types, it is possible to observe that the 
exposure to NOx generally has a more degrading effect on the paint 
samples. In particular, alkyd mixtures are more subjected to the influ
ence of the gas type. The effect of the different levels of RH% is mainly 
observable in the spectral region at 2915–2880 cm−1, and the ageing 
process of acrylic paints is slightly more influenced by relative humidity. 
Furthermore, ASCA results also showed that the interaction between gas 
and RH% plays an important role in the degradation of the samples, in 
particular for styrene-acrylic mixtures. 

4. Conclusion 

During this study, an accelerated gas ageing on modern paint sam
ples was performed trying to simulate real outdoor environmental 
conditions. In particular, sulphur dioxide (SO2) and nitrogen oxide 
(NOx) were used and mixed with different relative humidity content 
(50% and 80% RH) for a total of 168 h gas exposure. The paint samples 
are mixtures of three different binding media (acrylic, alkyd, and 
styrene-acrylic) with various inorganic pigments. After ageing, the 
samples were analyzed by various analytical techniques whose results 
are listed as follows: morphological observations by 3D microscope 
seemed to show the most significant degradation effects on acrylic paints 
with the consequent surface migration of the surfactant. The different 
morphological changes deriving from the exposure of the two gases were 
studied by analyzing the depth and roughness profile showing a higher 
oxidative behaviour with NOx. From the qualitative and semi- 
quantitative ATR-FTIR analysis, the various binders and ageing condi
tions showed different results: the acrylic paints are more subjected to 
NOx degradation (surfactant migration). Moreover, the semi- 
quantitative evaluation and chemical mapping showed that paints 
with PW6, PB29, and PB28 favour this deteriorating behaviour. Alkyd 
paints show similar degradation levels when exposed to pollutant gases. 
The main degradation reaction is the hydrolysis of the phthalic 
component in the binder, although it seems favoured by the interaction 
with NOx, while SO2 tends to interact more with the drying oil. The 
pigments that favour these reactions are PW6 and PR101. Finally, 
styrene-acrylic paints are more sensitive to the interaction gas-relative 
humidity, showing two different degradation behaviours. The multi
variate methods used (PCA and ASCA) confirmed both the results pre
viously obtained and brought more information useful for 
understanding the different chemical mechanisms between materials 
and polluting agents. By PCA, it was possible to understand that, in all 
paints, the functional groups C–H and C––O are the most subject to 
degradation. Furthermore, it confirmed that this effect is enhanced with 
certain pigments. The influence that different pigments have on the 
overall degradation of the binders was confirmed by ASCA. In addition, 
ASCA results show that the three binders are differently subject to 
degradation conditions. In fact, RH% has more influence on acrylic 
paints, than different gases on alkyd paints, and the gas × RH% com
bination on styrene-acrylic paints. Generally, from all the assessments 
performed, NOx revealed the most significant oxidizing effect on the 
paints. These results are relevant as the outdoor artworks are more and 
more affected by environmental degradation, due to the continuous 
climatic changes. Understanding their deterioration reactions caused by 
the interaction with pollutant gases, it is essential to provide appropriate 
suggestions for their preservation. Considering that samples show 
different degradation behaviours depending on the chosen degrading 
agent, prevention methods should be selected according to the type of 
binder and the environment (indoor or outdoor) in which the artwork is 
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exposed or stored [58,59]. In order to obtain extensive and more 
detailed knowledge about artificial gas aging, future experiments will be 
considered. As mentioned in the introduction, the effect of ozone and 
particulate matter also significantly influences the stability of artworks. 
Therefore, their chemical-physical evaluation and correlation with the 
pollutants presented in this study remain a subject for future study. 
Another consideration for future study is the cross evaluation of pol
lutants and parallel aging tests (accelerated and natural). These two 
additional approaches will provide additional information about the 
stability of polymer films and the oxidising effect that each gas has with 
different art materials. 
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Abstract: From their first employment in the 1950s, acrylic emulsions have remained widely used as
art material today. Although under certain deteriorating conditions they are very stable, if exposed
to high humidity and atmospheric pollutant gases, their structural and chemical conformation is
strongly affected. Dealing with the resulting surfactant migration, various cleaning treatments were
considered over the years. However, their choice remains difficult as they easily alter the acrylic
component, especially if in contact with aqueous solutions. The present study focuses on investigating
the stability of acrylic emulsion films exposed to accelerated aging by various pollutant gases. Firstly,
a comparative analytical study was carried out in order to morphologically (by 3D optical and Atomic
Force Microscopy) and chemically (by Raman and Infrared spectroscopy) characterize the reactions
and degradation products. Subsequently, two water-based cleaning treatments were tested, and
a preliminary evaluation of their cleaning effectiveness was performed. The results show that the
reaction of atmospheric gas pollutants with water molecules in moisture leads to acidic reaction
products that attack the acrylic matrix and favor the migration of the surfactant to the surface. The
effectiveness of cleaning treatments depends on the aging conditions applied, which further lead to
different surface morphological changes.

Keywords: acrylic emulsion films; surfactant migration; pollutant gases; 3D microscopy; atomic
force microscopy; Raman spectroscopy; FTIR spectroscopy; cleaning treatments

1. Introduction

The first water-based acrylic emulsion paint used as an art material was produced
in 1954 [1], presenting innovative features such as fast drying time, dilution with water,
and flexibility [2]. Since the 1980s, the main chemical composition of acrylic emulsion
paints was poly butyl acrylate/methyl methacrylate (p(nBA/MMA)), although there are
also variants of contemporary commercial products such as polyethyl acrylate/methyl
methacrylate (pEA/MMA). Its easy availability, low cost, and versatility have made acrylic
emulsion extremely popular, and indeed, nowadays, contemporary art collections mainly
include artworks composed of this binding medium [3]. The drying process of acrylic
emulsion paints occurs through a process known as polymeric coalescence. Once the paint
has been applied, the acrylic polymer molecules are assembled in droplets suspended in the
aqueous phase. During the drying phase, the droplets begin to become closer to each other
as water evaporates, eventually forming a continuous film. The degree of coalescence of the
polymer can vary depending on the ambient conditions during drying, the glass transition
temperature (Tg) of the paint film, the elasticity, the viscosity, and the presence of additives
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in the mixture that can affect the film porosity [4]. Therefore, the physical properties of
dried acrylic emulsion paint can vary according to the distribution and concentration of
these components in the mixture, which influences the film formation process.

Specifically, additives allow higher polymer stability in the aqueous phase, the co-
hesion of the film, and pH stability. Being non-volatile, they also allow a better mixing
or thickening of the paint components by remaining within the paint film after coales-
cence and curing. Therefore, their presence can affect paint aging stability and subsequent
preservation treatments such as cleaning [5]. Thus, their identification in painted art-
works is important for predicting possible aging behaviors and their reactivity towards the
products used during the restoration practices. Several studies [6–8] have confirmed that
polyethylene oxide (PEO) is the most used additive in acrylic emulsions. Being a non-ionic
surfactant, it acts as a wetting, dispersing, and emulsifying agent in paint production.
Furthermore, it can stabilize the polymer in aqueous dispersions under different environ-
mental conditions, even in the presence of various pigments. However, it can migrate to
the air-film interface [9], resulting in more sensitivity to light exposure. Its accumulation at
the interfaces can affect the paint films in terms of mechanical resistance, adhesion to the
substrates, permeability, surface gloss, and promoting dirt attraction [10].

The migratory behavior of the surfactant derives firstly from the chemical properties
of the material, being hygroscopic, and secondly from the environment in which it is
exposed. The high percentages of atmospheric water monitored in the outdoor exhibition
spaces can favor and increase the surfactant affinity with water. Therefore, hygrometric
controls will be necessary in order to monitor this physical-chemical behavior, both for
artworks exhibited in outdoor or indoor environments. From a recent study [11], the
surfactant migration, particle size, and its distribution were investigated in relation to
the exposure of the acrylic films to pollutant gaseous agents commonly present in the
ambient atmosphere (SO2 and NOx). According to the pollutant gas used for accelerated
aging, the structural conformation of the particles and their accumulation on the surface
changes. For this reason, a part of this study will focus on the morphological and chemical
investigation of the different effects that gases cause on polymeric films. The degradation
processes of modern art materials, related to the corrosive effect of atmospheric gaseous
pollutants, is still a topic of current interest. The stability of outdoor acrylic artworks, such
as contemporary murals, paintings on metal, frescoes, and polychrome sculptures, is very
unstable as environmental conditions, such as humidity, pollutants, and temperature, are
not easily monitored and vary seasonally [12]. Therefore, the results obtained from this
investigation could support the conservation and exhibition practices of artworks, also in
museum environments. The diagnostic analyses for evaluating their chemical behavior
and the continuous environmental monitoring will allow an adequate preventive action of
the most sensitive artistic objects [13].

As previously mentioned, the surfactant chemical properties favor its surface migra-
tion; however, being also soluble in water may be removed by green water-based cleaning
methods. The choice of a correct and effective method for cleaning painted surfaces is
essential in order to remove degradation deposits and, at the same time, maintain the
aesthetic and physical mechanical integrity of the original materials [14]. In the case of
acrylic paints, these factors are still being studied. Recent studies [15–17] have shown
that this material is particularly susceptible to organic solvents and mechanical actions;
therefore, further strategies and materials for its cleaning were considered and tested.
Water and aqueous solutions have proved to be the most effective systems considering
that the effect of pH and conductivity are variables that should not be underestimated for
the overall evaluation of the cleaning action. However, this system has some disadvan-
tages in terms of application; in fact, the water directly applied to the surface could cause
swelling of the polymeric film with consequent structural and chemical fragility [18,19].
Therefore, the method of applying aqueous solutions is also a widely studied issue. In
addition to the evaluation of direct application on surfaces, the use of hydrogels was also
widely considered. As a thickening agent that acts as a viscous container for the aqueous
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solutions it is soaked in, and it can gradually release the water on the deteriorated film
with minimum pressure and mechanical action. However, even in this case, some problems
were encountered, such as the irregular cleaning effect on the films and the presence of gel
residues after application [20]. However, it is important to consider that other variables
can also limit the cleaning effect of acrylic works. One of these is the particulate matter
(PM), which is a risk for painted surfaces both because its deteriorating effect changes
according to the art material (being composed of a mixture of solid and liquid particles
suspended in the air), and because its accumulation on surfaces can alter the morphology
of the material and compromise the cleaning operations favoring surface abrasion [21].
Another factor that can affect both degradation processes and cleaning practices is the
growth of microorganisms—including algae, fungi, bacteria and even lichen—on painted
surfaces [22]. In indoor environments, their expansion is influenced by heating, air con-
ditioning, humidifiers/dehumidifiers, and human activities which, however, are more
controlled factors than in an outdoor environment. In fact, higher water availability and
light exposure might favor the growth of microorganisms depending on the climate of the
environment and the exposition of the painted surfaces. Furthermore, additional elements
can stimulate (presence of NO2 in the urban atmosphere, availability of carbon sources in
dust and dirt) or inhibit (metals present in the pigments, SO2 from the atmosphere) their
expansion on painted surfaces. These factors can make the assessment of degradation
processes and subsequent cleaning practices more challenging to monitor and evaluate [23].
The experiments in this study are based on the effect of non-biological factors, and the
study of biodeterioration will be a next step in order to achieve a more comprehensive
understanding about aging of paint coatings in the environment.

The aims of this study focused on two main objectives: the first is to understand the
degradation behaviors observed for pure acrylic films when exposed to various gaseous
pollutants. The detected degradation products will be investigated firstly by microscopic
and topographic observations. Subsequently, the results will be implemented by the
chemical information obtained from the qualitative and semi-quantitative spectroscopic
analyses. The focus is to identify the most harmful pollutant gas for acrylic paints and
understand which factors increase or mitigate the deteriorating effect. The second objec-
tive is to perform a preliminary evaluation of two cleaning systems commonly used in
restoration practices. They, having a different impact on acrylic surfaces, will have different
cleaning effects, even according to the different pollutants used for accelerated aging.
This evaluation represents a precursor study to subsequent innovative cleaning methods
for acrylic paints that can be tested and compared to the results introduced here. The
diagnostic analysis presented can be used to: support the prevention of the degradation
of acrylic materials, develop more sophisticated environmental sensors for monitoring
these pollutants (especially in indoor museum environments), and, finally, implement the
knowledge related to conservation and restoration practices of acrylic artwork.

2. Experimental
2.1. Sample Preparation

Several mock-ups were prepared using a pure acrylic emulsion Plextol® D498 (Kremer
Pigmente, Aichstetten, Germany). The fresh films were cast on glass slides with a wet film
thickness of 150 µm using the so-called doctor-blade procedure [24]. The samples were
dried at ambient conditions (approx. 22 ◦C and RH 30%) for three weeks.

2.2. Weathering Experiments

The artificial gas aging was carried out in a chamber (Bel-Art™SP Scienceware™)
made of a co-polyester glass (Purastar®), including gas in- and outlets with a total volume
of 30 cm3. The desired concentration of corrosive gas is generated by humidifying synthetic
air 5.0 (Messer, Gumpoldskirchen, Austria) using double-distilled water and subsequently
mixing it with the selected gas. The chamber was continuously flushed with the gas mixture
with a gas flow rate of 100 L/h. The relative humidity (RH) content chosen is 80% for a
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total exposure time of 168 h. The gas concentration values were selected according to the
annual report released by the European Environmental Agency for air quality monitoring
(see Table 1) in order to reproduce a long-term gas aging [25]. The samples were aged
with gaseous pollutants representing the main and most harmful corrosive gases at the
atmospheric level, namely hydrogen sulfide (H2S), sulfur dioxide (SO2), nitrogen oxide
(NOx), and ozone (O3). In order to better understand the effects of aging on the polymeric
films, a set of samples was aged only at RH 80%.

Table 1. Gas selected for the artificial accelerated aging and corresponding concentrations chosen.

Gas Pollutant Concentration (ppm) Relative Humidity (RH%)

H2S 0.25 80
SO2 15 80
NOx 15 80
O3 2500 80

2.3. Cleaning Methods

In this study, cleaning tests were performed on pure acrylic samples once artificially
aged. Considering the previously mentioned studies, two cleaning systems were chosen,
allowing cross-checking and evaluation of results by selected techniques.

The first test was by cotton swab rolled, a common cleaning method still used for the
conservation of acrylic artworks [26]. Cleaning tests were performed using commercial
cotton swabs made from pure pharmaceutical cotton. The cotton swabs were immersed in
slightly acidic distilled water (pH around 5–6.5) with a conductivity of around 2–4 µS/cm
(pH meter LAQUAtwin pH33® and conductivity meter EC33®, Horiba, respectively). The
monitoring of pH and conductivity values is important as they are fundamental parameters
for a correct surface cleaning action. The acrylic binders have acidic components in
commercial products, thus, chemically susceptible to ionization/dissociation reactions
already at pH 6. Therefore, an acceptable pH value is around 5–6 [27]. The cotton swab
was used on the surface by applying controlled pressure for an application time of 3 min.

The second cleaning test was performed using a hydrogel system called Nanorestore
Gel® Dry [28]. It is a water-based chemical gel developed by the Research Center for
Colloids and Nanosciences (CSGI). Specifically, it is composed of poly(2-hydroxyethyl-
methacrylate) p(HEMA)/poly (vinylpyrrolidone) (PVP), a hydrophilic polymeric film with
high water retention properties and mechanical strength, designed for cleaning highly
water-sensitive painting surfaces [29,30]. Its characteristics allow a cleaning action limited
to the gel–paint interface. The aqueous solution/solvent is gradually released on the
surface, reducing the impact and possible damage to the polymeric film given by the
water. Using distilled water to carry out the cleaning test, the specific hydrogel chosen
was Nanorestore Gel®—Medium Water Retention (MWR), as it is suitable for polymeric
surfaces and the removal of water-soluble residues. As indicated by the product technical
data sheet [31], it was immersed in distilled water for 12 h. Once the absorption phase
was completed, the excess water was removed by placing each side of the hydrogel on
absorbent paper for 1–2 s. Subsequently, it was placed on the aged acrylic surface and left
to act for 3 min. For both tests, the distilled water used and the time of application was the
same allowing a more accurate evaluation of the resulting data. Tests were conducted on
all aged samples.

2.4. Optical 3D Microscopy

A Keyence VHX-6000 microscope (Keyence, Osaka, Japan) was employed to scan
each sample surface. Three-dimensional morphological images were recorded using a VH-
Z100 objective (1000×), obtaining a depth profile of 10 µm (pitch scans every 2 µm). The
microscope is equipped with a LED light source (5700 K). The lighting selected was partial
coaxial for observations in a partial dark field to emphasize height differences. The pictures
acquired were processed by using the free version ImageJ software [32]. This program
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is usually applied to determine selected areas with a particular shape or a specific color
range. This study used this method to obtain histograms representing the distribution and
average size of the surfactant particles according to the different gas exposures. Through
different image processing steps, the results were obtained as follows. Firstly, the image
was converted into an 8-bit grayscale image. In this way, 256 intensity graduations (shade of
grey, 0 black, and 256 white) were obtained and were assigned to each pixel. Subsequently,
all pixels were separated with intensity graduation in a specific range according to the
“thresholding grayscale” function. These pixels formed a unique subset of the image.
Finally, the grayscale image was converted into a binary image by defining a grayscale
cut-off point. Grayscale values below the cut-off become black (surfactant particles), and
those above this value become white (background). The area value for each surfactant
particle was obtained from this image processing, and subsequently, the from diameter
value useful for the particle size distribution histograms (by using Origin software).

2.5. Atomic Force Microscopy (AFM) Combined with Raman Spectroscopy

Images were obtained using an Atomic Force Microscope WITec Alpha RSA+ (WITec,
Ulm, Germany) in tapping mode. The cantilever tip is a WITec arrow reflex-coated FM (AC),
spring constant k at 2.8 N/m, with a resonance frequency of 75 kHz, and lateral resolution
of down to 1 nm and depth resolution of <0.3 nm. It allows a stereometric analysis obtaining
the 3D surface texture of reference and aged acrylic samples. All scans were collected over
a 50 × 50 µm2 area (512 lines per image). The surface images of films were evaluated
using the software WITec Project FIVE 5.1. The data discussed concern the topographies
obtained and the respective roughness values (Sa) compared between the reference and
aged samples. For an accurate and reproducible evaluation of the topographic results,
three different surface areas of the samples were scanned and the surfactant roughness
and particle size values were averaged. Statistical data deriving from the evaluation
of AFM topographies (average particle size (µ), standard deviation (σ), and correlation
coefficient (R)) were obtained using the software Project FIVE 5.1 (WITec, Germany).
Specifically, the topographic scans were color line corrected by slope substraction and
subsequently the statistical values were obtained in the “image histogram and statistics”
section. Atomic force microscopy (AFM) was combined with Raman spectroscopy, using a
confocal micro-Raman system (WITec Alpha RSA+). Measurements were performed using
532 nm excitation radiation with a real output laser power of 42 mW, integration time 0.06 s,
and time/line 9 s. The sample surfaces were observed with the Zeiss objective 20×, and the
scanned areas (20 × 20 µm2) were analysed using a camera connected to the microscope.
The acquisition of the spectra and their evaluation was performed with the WITec Project
5.1 software. The spectra obtained for the three scanned areas were averaged, baseline
corrected, and vector normalized in order to obtain a more reliable chemical mapping of
specific Raman bands.

2.6. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

A LUMOS Microscope (Bruker Optics, Ettlingen, Germany) with a germanium crystal
was employed for the ATR-FTIR investigations. The instrument is equipped with a pho-
toconductive cooled MCT detector. On each sample, five measuring spots were acquired
in the spectral range between 4000 and 480 cm−1 performing 64 scans at a resolution of
4 cm−1. The resulting spectra were collected and evaluated by the software OPUS® 8.0
(Bruker Optics, Germany). For the qualitative and semi-quantitative analysis, the spec-
tra were averaged, baseline corrected, and vector normalized. Subsequently, the main
absorbance bands of the surfactant were integrated. As shown in a previous study [33],
selecting specific bands for the semi-quantitative evaluation will allow more reliable data
to be obtained, in order to better investigate the chemical changes after aging. In Table S1,
the specific surfactant absorbance bands integrated for the semi-quantitative evaluation are
listed. For the chemical mapping, the total mapped area had a dimension of 1.0 × 1.5 mm2;
six measuring spots along the x-axis (optical aperture approx. 0.2 mm) and six spots along
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the y-axis (optical aperture approx. 0.1 mm) were collected for a total of 36 spots. Each
chemical mapping experiment was carried out in three different areas of the samples.

3. Results and Discussion
3.1. Three-Dimensional Optical Microscopy
3.1.1. After Aging

The observations using 3D optical microscopy allowed the morphological changes
observed on the surface of the acrylic samples after gas aging to be evaluated. From a
first investigation, with all four pollutant gases, it is possible to observe a homogeneous
opacification of the surfaces. Furthermore, even with a magnification of 200×, the presence
of some surface particles is noted. However, depending on the gas used for accelerated
aging, a different feature is observed. With H2S, SO2, and O3, they have a relatively uniform
rounded shape and are well grouped together. On the other hand, with NOx, they are less
homogeneous, and their size varies. The acrylic sample aged exclusively with RH 80%
shows some morphological changes related to the acrylic matrix; these particles are not so
evident for a reliable 3D microscopic investigation. For a more detailed understanding of
their different superficial migration levels, the evaluation of the particle size distribution
and their average size was performed. In the present study, the particle size distribution
was represented by histograms resulting from the diameter average of the particles and
their frequency on the surface (Figure 1). For all four samples, the particle size distribution
trend is described as a Gaussian function. The results, summarized in Table 2, are expressed
as correlation coefficient (R), average particle size (µ), and standard deviation (σ).

From Figure 1, different distributions and sizes of the particle are observed. In general,
after aging with H2S and SO2, they appear more cohesive. Their average particle size does
not vary significantly, resulting in a well-distributed cluster over the entire surface. In
addition, their migration after aging with O3 presents a distribution similar to the previous
ones; however, the particles are less similar and homogeneous in size. Finally, the most
evident morphological changes are observed after aging with NOx (Figure 1d). The average
particle size value is very high, indicating that the particles are unevenly distributed and
at different sizes on the surface. From these preliminary results, it is already possible
to observe the different impacts of the pollutant gases on the polymeric film. Through
subsequent AFM results, it will be possible to investigate their identification and effects in
more detail.

Table 2. Parameters derived from the particle size histogram corresponding to Gaussian equations.

Samples Weathering
Conditions

Average Particle
Size (µ)

Standard
Deviation (σ)

Correlation
Coefficient (R)

Acrylic emulsion
films

H2S + RH80% 8.35 µm ±2.09 µm 0.92
SO2 + RH80% 6.84 µm ±2.93 µm 0.91
O3 + RH80% 8.38 µm ±3.28 µm 0.98

NOx + RH80% 10.56 µm ±6.5 µm 0.99
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Figure 1. Histograms and Gaussian functions resulting from 3D image processing (top right image in each graph): samples
aged at RH 80% with (a) H2S, (b) SO2, (c) O3, and (d) NOx.

3.1.2. After Cleaning

As reported in the literature [34,35], one of the main causes of deterioration in contem-
porary artworks is the surface dirt and the accumulation of pollutants. In the specific case
of acrylic binders, the pollutant agents employed for accelerated aging cause the migration
of the surfactant, favoring the capture of dust and causing mechanical-physical damages
of the polymeric layer. For this reason, as introduced in the chapter “Experimental”, two
cleaning practices were tested, in an attempt to evaluate the preliminary results by com-
paring their effectiveness on aged surfaces. The observations using 3D optical microscopy
show how the two methods have a different cleaning impact depending on the type of
gaseous pollutant used. In Figure S1, the acrylic films aged with RH 80% and H2S have a
surface free of surfactant particles after the application of the gel.

The samples aged with SO2 and NOx show the same effect, if cleaned with cotton
swab rolled, and finally, for the samples aged with O3 the cleaning action is the same
with both practices. However, it is evident that the two cleaning methods have different
cleaning agent release on the surface. Therefore, the water action causes mechanical-
physical damages to the acrylic matrix (swelling). The AFM-Raman spectroscopy results
will extend this behavior.

3.2. AFM Combined with Raman Spectroscopy
3.2.1. After Aging

Acrylic surfaces exposed to accelerated gas aging were analyzed by AFM combined
with Raman spectroscopy. Figure 2 shows the comparison between the topographies of the
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unaged sample (Figure 2a) and those of the samples aged with the single pollutants. As
already observed, the high relative humidity used (RH 80%) caused the particle migration
to the surface; however, the exposure to the various gaseous pollutants may determine a
variable morphology and distribution of the amorphous particles. From the observation of
the topographies and the evaluation of the roughness values (Sa) in Table 3, it is evident
that all aging exposures result in a morphological change of the surface. However, it is
observed that, with the same exposure time and relative humidity amount mixed with
the gas, the degradation effects change. In fact, all pollutant gases favor the superficial
migration of the particles based on their concentration, corrosive power, and solubility
in humidified air [36]. Exposing the sample only to humidity, the morphological change
mainly involves the acrylic component of the binder, resulting in swelling [37]. The different
polymer/aging condition affinity is also verified by the different migration behaviors on
the surface. In fact, they present a larger particle size when exposed to H2S and NOx and
more inhomogeneous distribution when exposed to O3 and NOx. Probably, this behavior
is due to the easier dissolubility of NOx in humidified water mixed in the weathering
chamber and the chemical affinity between surfactant and NOx [38].

Figure 2. AFM topography images of acrylic films: (a) unaged; (b) RH 80%; (c) H2S; (d) SO2; (e) O3; (f) NOx aged.

Table 3. AFM roughness values for acrylic films.

Samples Weathering Conditions Sa [nm] Average Particle Size [µm]

Pure acrylic film

Unaged 76.3 -
RH80%, 168 h 95.2 -

H2S, RH80%, 168 h 207.5 8.74 ± 1.24
SO2, RH80%, 168 h 231.6 5.44 ± 2.1
O3, RH80%, 168 h 333.5 7.84 ± 4.5

NOx, RH80%, 168 h 407.8 10.8 ± 6.7

By combining AFM images with Raman chemical mappings (Figure 3), it was possible
to identify the polymeric binder as methyl methacrylate and butyl acrylate compound
(PMMA-nBA) by the presence of the main bands at 813 and 847 cm−1 of C-H rocking,
1300 cm−1 of C-H twisting/rocking, 1456 cm−1 of the C-H bending, 1738 cm−1 of the C=O
stretching, and 2877, 2935, and 2950 cm−1 of the C-H stretching [39]. Furthermore, the
band at 2924 cm−1 was identified as a surfactant signal, i.e., polyethylene oxide (PEO) [40].
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After normalization of the spectra obtained from the scanned sections, the band area of the
surfactant was integrated, and the chemical mapping for each aged sample was acquired.
As shown with the AFM topographies, the impact of the pollutant gases on the surfaces
favors the migration of the surfactant, which, depending on the gas exposure, assumes
different conformations and distributions. The worst degrading effect is observed for the
samples aged with NOx and O3, subsequently decreasing with SO2, H2S, and finally RH
80%.

Figure 3. Raman chemical mapping of the PEO band at 2924 cm−1 for all investigated acrylic samples.

3.2.2. After Cleaning

The same data processing and morphological-chemical investigation were carried out
to evaluate the cleaning method’s efficacy under examination [41]. Figure 4 and Table 4
compare the topographies and related roughness values (Sa) between the aged and cleaned
samples using a cotton swab rolled and hydrogel test. In detail, the most effective cleaning
method would result from the swab rolled test, obtaining Sa values very similar to those
of the unaged acrylic surface. Using the hydrogel, these values remain high; however,
if compared to the aged sample, they are lower. Furthermore, samples aged with NOx
appear to be less subject to cleaning, while the Sa value of the RH 80% aged sample slightly
increases, probably due to the action of water that favored the swelling process. For
samples cleaned with the swab rolled, the trend slightly changes. NOx is still the pollutant
causing the worst degradation effect; whereas, the surface exposed to O3, once cleaned,
shows morphological changes comparable to those of unaged samples. On the other
hand, observing the Raman chemical mappings, a superficial morphological improvement
does not always correspond to a total removal of the surfactant particles on the surface.
Integrating the PEO band (2924 cm−1), according to the different pollutant exposure, the
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effectiveness of the cleaning method changes. In samples aged with RH 80% and H2S, the
surfactant particles easily dissolve when treated with the gel; those aged with SO2 and
NOx when treated with swab rolled, while those aged with O3 show a similar cleaning
effect with both methods.

Figure 4. AFM topographies after gas aging and cleaning with swab rolled and hydrogel test.
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Table 4. AFM roughness values (Sa) obtained after gas aging and after cleaning treatments.

Weathering Conditions
Sa [nm]

After Aging After Swab Rolled After Hydrogel

RH 80% 95.1 85.2 123.5
H2S + RH 80% 207.4 75.9 145.7
SO2 + RH 80% 231.6 75 136
O3 + RH 80% 333.4 62.5 146.6

NOx + RH 80% 407.8 174.1 385.7

As previously mentioned for the 3D Optical Microscopy results, it was possible to
determine with Raman chemical mappings that the action of the water had an impact on
the acrylic matrix. In fact, with both cleaning methods, the release of the water on the
surface led to the deformation of the polymeric film; moreover, despite the removal of
the surfactant particles, they left cavities on the surface layer of the acrylic binder. These
cavities could allow the accumulation of dirt, and favor the penetration of subsequent pol-
lutants (UV radiation, pollutant gas, humidity, temperature), leading to further degradation
processes [36].

3.3. ATR-FTIR Spectroscopy
3.3.1. After Aging

The main functional bands of acrylic samples were identified using ATR-FTIR analysis
and listed in Table S2. The specific co-polymer identified is nBA/MMA through the follow-
ing spectral IR signals: the stretching vibrations of the C-H bond (at 2956–2876 cm−1), the
C=O stretching (at 1726 cm−1), and the bands of the C-O-C and C-O stretching (at 1236,
1160, 1146 cm−1) in the fingerprint region [33]. Furthermore, the three absorbance bands
at 2895, 1343, and 1115 cm−1 were characterized as spectral signals of the surfactant PEO
(polyethylene oxide) [42,43], confirming the previous Raman characterization. To under-
stand the different degradation processes of the acrylic binder, FTIR chemical mapping was
performed. It was used to investigate the various surface distributions of the surfactant
according to the different pollutants and compared the results with Raman ones. The
surfactant spectral signal (2895 cm−1) was integrated for the mapping of the acrylic emul-
sions, and its distribution on the scanned area was evaluated. This absorbance band was
integrated to better compare the chemical mapping performed with Raman spectroscopy
in which the same functional group was integrated. In Figure 5, it is observed that the
inhomogeneous surfactant distribution on the surface is mainly favored by NOx, followed
by O3, SO2, H2S, and finally RH 80%, confirming the previous Raman results. They also
lead to the understanding that surfactant particles differ not only morphologically but also
by molecular analysis. In fact, the intensity of the integrated absorbance band appears to
be higher for the samples aged with NOx and O3, confirming that the surfactant particles
are more widespread and thicker under these aging conditions (as observed with the AFM
evaluation of roughness).

To support this evaluation, semi-quantitative analysis was performed by integrating
the three spectral bands of the surfactant (2895, 1343, 1115 cm−1) and comparing the values
obtained from the unaged and aged samples. In Figure S2 and Table S3, the degradation
trends and the respective plotted values are presented. From this evaluation, it is possible
to understand that the deteriorating effect is more significant with NOx than with other
pollutant gases. It seems that the band at 1115 cm−1 is more affected, contrary to the other
two bands; however, the corrosive trend (NOx > O3 > SO2 > H2S > RH80%) is always
observed. Additionally, the integration of the band at 1726 cm−1 of the carbonyl group
(acrylic component) and the calculation of the difference between these values and those of
the band at 1115 cm−1 were performed. It is observed that the increase of the IR signal of
the surfactant is directly proportional to the decrease of the carbonyl band, indicating that
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the pollutants not only favor the migration of the surfactant but also oxidize the functional
groups of the polymeric matrix.

 

Figure 5. ATR-FTIR spectra and chemical mapping of the surfactant absorbance band integration at 2895 cm−1: (a) before
aging and after (b) RH 80%, (c) H2S + RH 80%, (d) SO2 + RH 80%, (e) O3 + RH 80%, and (f) NOx + RH 80%.

These degradation mechanisms can be explained by considering the solubility kinetics
of the various pollutant gases used. As underlined by the results presented, NOx and O3
are the most impacting corrosive agents on the stability of the acrylic emulsions, although
they have two different physical-chemical behaviors in an aqueous environment. The
solubility of NOx is the least understood, as it has numerous species and reactions involved
in the reactive process [44]. In this study, the gaseous mixture used mainly includes two
nitrogen oxides, namely NO and NO2. According to the literature [38,45], NO (nitric
oxide) hardly dissolves in water, while NO2 (nitrogen dioxide) reacts immediately with
water upon dissolution resulting in HNO3 (nitric acid). It leads to a stronger corrosive
kinetics than the other pollutant gases causing bond breaking of the acrylic matrix by
oxidation and the promotion of surfactant migration to the surface. Furthermore, as shown
by previous studies [46], NOx has a greater affinity with organic compounds that, summed
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to the capability to dissociate in an aqueous environment easily, promotes hydrolysis
reactions. It leads to an increasing level of degradation of acrylic films, also depending on
the relative humidity value in the environment. On the contrary, when O3 is in an aqueous
environment (or at high humidity values), it leads to the formation of radical species [47].
These radicals are strong oxidizing agents attacking unsaturated linkages of the acrylic
emulsions. Furthermore, the presence of water causes hydrolysis reactions attacking the
sensitive groups present in the polymer. Specifically, PBMA is not one of the most stable
conformations of acrylic emulsion and, if exposed to deteriorating agents, it undergoes a
rapid and extensive fragmentation, leading to an overall loss of structural and molecular
properties [48].

3.3.2. After Cleaning

An ATR-FTIR evaluation was also performed after the subsequent cleaning treatments
of the acrylic emulsions. It was important to understand the cleaning level of the two
chosen methods (swab rolled and hydrogel test) both at a qualitative and semi-quantitative
level. As shown in Figure 6, both cleaning procedures reduce the intensity some spectral
signals characterized as surfactant bands. In particular, the signal at 1115 cm−1 verifies the
impact of the different releases of water on the surface, according to the chosen degradation
conditions. In fact, supporting these results with the FTIR chemical mappings carried out
on larger areas (Figure S3 and Table S4), it is evident how the surface particles of surfactant
are reduced. In particular, the use of the swab rolled test favors the cleaning of acrylic
surfaces aged by SO2 and NOx, whereas the hydrogel test is more effective on those aged
by RH 80% and H2S. Both cleaning methods on O3 aged samples are equally suitable.

Figure 6. Comparison between ATR-FTIR spectra of aged samples and their surfaces after cotton swab rolling and gel test.
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However, as mentioned in the literature [49,50], the aqueous treatments always cause
physical-mechanical damage on acrylic emulsions. The two methods proposed have
advantages as well as disadvantages. Although the swab rolled is the most effective, as it
allows roughness values similar to the initial ones to be reached, it causes more significant
surface swelling effects. In fact, the water release on the surface is not easily controlled, and
the direct contact intensified by mechanical action causes damages to the acrylic matrix,
making the film structurally and chemically weaker and prone to the attack of subsequent
pollutants (dust, dirt, light radiation, humidity, air pollutants).

On the other hand, the hydrogel can modulate the aqueous impact on the acrylic
surface (less swelling), but the cleaning action seems to be more effective on surfaces subject
to high humidity values or on aged samples with less aggressive pollutant gases. This issue
may be solved by increasing the time of gel application on the acrylic emulsions, while
continuing to monitor possible structural changes. Finally, in some regions of samples, an
ATR-FTIR band at 1680 cm−1 was observed after the application of the gel. It was identified
as gel residue (Figure 6) [51].

4. Conclusions

In this study, accelerated aging by pollutant gases and relative humidity of acrylic
emulsion films was performed. The innovative aspect of this evaluation is the use of
microscopic analyses not focusing only on the surface morphological observations but
applying statistical evaluations to understand the particle size, distribution, and roughness
of the degradation products according to the different pollutant gas employed. In addition
to being compared with each other, the results will be implemented using non-invasive
spectroscopic techniques that explain the chemical-physical nature of the degradation
processes focused on the acrylic film surfaces. Another new aspect of this study is the
comparative investigation between the results obtained after accelerated aging and those
after cleaning. In detail, in the first part, the results focus on the characterization of acrylic
emulsions and degradation products resulting from gaseous aging. The identification
of this polymeric system is complex, as some molecular structures are very similar, and
some formulations include the presence of different additives. In this specific study,
polyethylene oxide (PEO) was identified as the main additive in the acrylic emulsions. As
it has hygroscopic properties, once it is exposed to certain aging conditions, it migrates
to the surface in the form of particles which, from observations to the 3D microscope,
cause the opacification of the superficial acrylic component. This behavior can influence
the mechanical resistance, the adhesion, the permeability, and the attraction of dirt on
the acrylic emulsion surfaces. Furthermore, depending on the type of pollutant, different
changes concerning the superficial distribution, particle size, and roughness are observed.
From the evaluation and comparison of the microscopic (3D and atomic force microscopy)
and chemical (Raman and FTIR spectroscopy) results, the gaseous pollutant that causes the
greatest damage to acrylic emulsions, in terms of structural impact, increases of roughness
values, and extends the dispersion of surfactant particles is NOx, followed by O3, SO2, H2S,
and RH 80%. Probably, this phenomenon is related to the solubility of gases in humidified
environment and the chemical surfactant–gas affinity.

Subsequently, the study focused on the preliminary evaluation of the effectiveness
of some cleaning treatments used for the surfactant removal. The choice of the most ap-
propriate cleaning method for acrylic emulsions is a topic still discussed today because,
depending on the treatment used, it can damage the structural and chemical integrity of the
acrylic matrix. For this reason, two cleaning procedures were considered: the first using cot-
ton swab rolled and the second using a hydrogel system. From the assessments performed,
both treatments have advantages and disadvantages. From the AFM topographies and
chemical mappings, surfactant removal is more effective with cotton swab rolled; however,
it compromises the structural stability of the acrylic component by causing surface swelling.
On the other hand, although the hydrogel allows the gradual release of water for a more
controlled cleaning and limits swelling, it does not allow a regular cleaning effect and gel
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residues are observed after application. The cleaning effects are also influenced by the
interaction between acrylic film and pollutant; in fact, the cotton swab rolled test is more
effective on samples aged by SO2 and NOx, whereas the hydrogel on those aged by RH80%
and H2S.

The results obtained so far show how various physical-chemical interactions are
observed, depending on the formulations of the acrylic emulsions and the influence of
the gaseous pollutant agents. The results obtained from the mock-up tests could then be
confirmed and expanded with further investigations (on real cases, commercial acrylic
paints, use of different solvents for cleaning, additional accelerated aging conditions) and
analytical-diagnostic analysis (mechanical, thermal, separation techniques). The study of
the deteriorating behaviors deriving from the gaseous exposure of acrylic paints, mixed
with different inorganic and organic pigments, could be a further research topic as they
can promote or reduce the consequent degradation reactions [52,53]. In addition to the use
of different solvents for cleaning acrylic surfaces, a further implementation of the study
can be to test new cleaning products and monitor their effectiveness on the surfaces [54].

To extend the knowledge about artificial gas aging, future experiments will be con-
sidered. As mentioned in the introduction, the effect of different pollutant gases and
particulate matter also significantly influences the stability of artworks. Therefore, a future
study can be the cross evaluation of pollutants. The combination of two or more pollutants
and their synergy with different relative humidity values, gas concentration, and exposure
time, will provide additional information about their chemical stability and the oxidizing
effect. Furthermore, this study provides further clarifications regarding some conservative
aspects highlighted in the museum environment [55], related to the degradation processes
deriving from environmental variables, and the effectiveness of cleaning treatments on
aged acrylic objects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13121941/s1. Figure S1. Microscopic images of pure acrylic binder before and after
cleaning. From the left, the aged surfaces are shown according to gas aging. On the right, the cleaned
surfaces after swab rolled test and hydrogel application. Figure S2. Semi-quantification evaluation of
selected spectral signals at 2895, 1343, 1115 cm−1 divided by five different pollutant aging. To the
initial integration area (unaged samples), the difference between the unaged and aged were added
for each set of sample. Figure S3. Chemical mapping of surfactant band at 1115 cm−1 after swab
rolled and hydrogel tests on all aged samples. Table S1. Integrated bands for semi-quantification
evaluation of surfactant migration. Table S2. ATR-FTIR band assignment of acrylic emulsion films
analyzed. Table S3. Integrated area values of acrylic samples analyzed corresponding to Figure S2.
Table S4. Integrated area values of surfactant IR signal after cleaning.
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