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Abstract 
 

Cultural heritage represents the vehicle of our cultural identity, handed over from past 

to future generations throughout human history. As a repository of fundamental cultural 

and social values, the preservation of all forms of cultural heritage is a responsibility of 

every society and of humankind as a whole. When it comes to tangible cultural heritage, 

preservation of heritage translates into preservation of objects and, therefore, of the 

materials they are constituted of. This crucial task relies heavily on the application of 

scientific analytical methods to answer material and conservation-related questions.  

 

The fundamental contribution of this analytical approach led, in the past decades, to an 

ever-deepening understanding of the factors governing the degradation of cultural 

heritage. However, the extreme complexity of the heritage object-environment system 

results in a massive research field, which inevitably presents relevant open questions. 

This is where the present PhD work comes into play, attempting to fill knowledge gaps 

in literature by starting from specific case studies and un-answered research questions. 

A wide range of unexplained material-environment interactions is considered, from 

cases in which well-studied materials do not behave as expected, to specific materials 

whose properties are still not resolved. In addition, shifting the focus from the material-

environment interaction to the analytical characterization of specific materials or to the 

monitoring of the environment, innovative analytical strategies or methodological 

approaches are introduced in order to overcome current limitations. 

 

The multianalytical research conducted during this PhD unraveled fundamental 

information on the properties governing the reactivity and long-term behavior of 

different classes of materials, from α-brass in an indoor environment to artists’ pigments 

in the presence of light, moisture and soluble particulate matter (PM). The paramount 

importance of the synthesis conditions on the composition, physical properties and 

reactivity of heritage materials was also demonstrated, in particular for stable lead 

pyroantimonate and unstable Geranium lake artists’ pigments. Moreover, the study and 

characterization of specific heritage objects, namely a series of 16th century reliquary 

altarpieces and the painting L’Arlésienne (portrait of Madame Ginoux), by Vincent Van 

Gogh, allowed to obtain relevant insights into their composition and on potential risks 

for their conservation. The challenging nature of the samples considered, created the 

perfect opportunity to test an innovative spectroscopic technique, optical photo-

thermal IR (O-PTIR), for the characterization of heritage materials. Striking results were 



 

obtained, highlighting a great potential for the application of this non-destructive sub-

micron molecular spectroscopy to the analysis of cultural heritage. Finally, in the last 

section of this work, strategies to implement the continuous monitoring of PM levels in 

indoor environmental quality studies were also considered, with a particular focus on 

the identification of environmental hazards for the collections housed in specific 

conservation environments (War Heritage Institute in Brussels and St. Martin’s church 

in Aalst, BE). 

 

The fundamental knowledge obtained in this doctoral study will ultimately contribute to 

deepen the understanding of the heritage object-environment system, helping to better 

characterize, study, interpret and, in the last instance, preserve our cultural heritage for 

the generations to come. 

 

 



 

Samenvatting 
 

Cultureel erfgoed vertegenwoordigt het vehikel van onze culturele identiteit, 

overgedragen van vroegere aan toekomstige generaties doorheen de menselijke 

geschiedenis. Als bewaarplaats van fundamentele culturele en sociale waarden is het 

behoud van alle vormen van cultureel erfgoed een verantwoordelijkheid van iedere 

samenleving op zich en van de mensheid in zijn geheel. Als het gaat om tastbaar cultureel 

erfgoed, vertaalt dit zich in het behoud van objecten en dus van de materialen waaruit 

ze zijn samengesteld. Het correct uitvoeren van deze cruciale taak hangt af van de 

mogelijkheid van wetenschappelijke analytische methoden om een antwoord te bieden 

op materiële en conservatie gerelateerde vraagstukken. 

 

De fundamentele bijdrage van deze analytische benadering heeft in de afgelopen 

decennia geleid tot een steeds verbeterd inzicht in de factoren die de degradatie van 

cultureel erfgoed bepalen. De extreme complexiteit van het object-omgeving systeem 

resulteert echter in een enorm onderzoeksveld, dat uiteraard relevante open vragen 

opwerpt. Het gepresenteerde doctoraatswerk bevindt zich net in dit onderzoeksveld, 

waarbij wordt getracht hiaten in de literatuur op te vullen door te vertrekken van 

specifieke casestudy’s en onbeantwoorde onderzoeksvragen. Er wordt gekeken naar 

een breed gamma aan onverklaarde materiaal-omgevingsinteracties, gaande van 

gevallen waarin goed bestudeerde materialen zich niet gedragen zoals verwacht tot 

specifieke materialen waarvan de eigenschappen nog steeds niet zijn ontrafeld. 

Bovendien, door de focus te verleggen van de materiaal-omgevingsinteractie naar de 

analytische karakterisering van specifieke materialen of naar het monitoren van de 

omgeving, worden innovatieve analytische strategieën of methodologische 

benaderingen geïntroduceerd om de huidige beperkingen te overwinnen. 

 

Het multi-analytisch onderzoek dat tijdens dit doctoraat werd uitgevoerd liet ons toe 

fundamentele informatie te bekomen omtrent de eigenschappen die de reactiviteit en 

het lange termijn gedrag van verschillende materialen beheersen, van α-messing in een 

binnenomgeving tot kunstenaarspigmenten in aanwezigheid van licht, vocht en 

oplosbaar fijnstof (PM). Het doorslaggevende belang van de synthese omstandigheden 

voor de samenstelling, fysische eigenschappen en reactiviteit van erfgoedmaterialen 

werd eveneens aangetoond, in het bijzonder voor stabiel lood pyroantimonaat en 

onstabiele pigmenten van Geraniumlakken. Bovendien hebben de studie en 

karakterisering van specifieke erfgoedobjecten, namelijk een reeks 16e-eeuwse 



 

reliekschrijnaltaarstukken en het schilderij L’Arlésienne (portret van Madame Ginoux) 

van Vincent van Gogh, het mogelijk gemaakt om relevante inzichten te bekomen over 

hun samenstelling en over mogelijke risico’s bij de conservatie ervan. De aard van de 

onderzochte monsters bood de perfecte gelegenheid om een innovatieve 

spectroscopische techniek, meer bepaald optische fotothermische IR (O-PTIR), te testen 

voor de karakterisering van erfgoedmaterialen. Er werden opvallende resultaten 

behaald die het groot potentieel aantonen voor de toepassing van deze niet-

destructieve submicron moleculaire spectroscopische techniek voor  de analyse van 

cultureel erfgoed. Ten slotte werden in het laatste deel van dit werk ook strategieën 

overwogen om de continue monitoring van PM-niveaus in onderzoeken naar de 

binnenmilieukwaliteit te implementeren, met een bijzondere focus op de identificatie 

van milieurisico's voor de collecties die zijn ondergebracht in specifieke conservatie 

omgevingen (Koninklijk Museum van het Leger en de Krijgsgeschiedenis  in Brussel en de 

Sint-Maartenskerk in Aalst, BE). 

 

De fundamentele kennis verkregen in deze doctoraatsstudie zal uiteindelijk bijdragen tot 

het verdiepen van het inzicht in het erfgoedobject-omgeving systeem, waardoor we ons 

cultureel erfgoed beter kunnen karakteriseren, bestuderen, interpreteren en, in laatste 

instantie, bewaren voor de komende generaties. 
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Abstract 
 

In this first chapter, the reader is introduced to the complexity of the issue of the 

conservation of cultural heritage and to the multiple facets of the interaction between 

objects and their environment. An overview of the main factors affecting the stability 

and degradation of cultural heritage objects, both intrinsic to the object and extrinsic 

(i.e. environmental), is presented. The role of analytical methods in answering 

fundamental conservation-related questions is then briefly reviewed, with a particular 

focus on the specific research questions tackled in this PhD work. At the end of the 

chapter, the outline and content of this doctoral thesis are presented. 
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1.1 Conservation of tangible cultural heritage 
 

Tangible cultural heritage is a product of human creativity invested with a unique 

cultural significance and value. However, strictly from a material point of view, it can 

always be seen as a combination of materials shaped into the form of objects. This is a 

central concept to this thesis and needs to be the starting point for any consideration on 

the degradation and preservation of cultural heritage. 

 

This materiality, indispensable to express and give shape to what would otherwise 

remain merely an abstract concept, is in fact also intrinsically linked to an inevitable 

tendency to degrade. A damage or loss to these materials has an impact that goes well 

beyond the mere material damage, since they are the medium through which the values 

are expressed that justify the election of the object to a higher state of cultural 

significance and to the very status of heritage. Thus, preserving this material component 

is a task of capital importance in order to preserve our cultural identity for present and 

future generations. 

 

Conservation and degradation of cultural heritage are two faces of the same coin. 

Understanding how materials degrade is the first fundamental step to prevent this from 

happening. The often complex and multifaceted problem of the degradation of tangible 

cultural heritage can, however, always be traced back to the interaction of two main 

actors: the object and its environment. The central role played by the environment in 

the behavior of heritage objects is at the core of the modern discipline of preventive 

conservation.  

 

Preventive conservation developed from the pioneering work of Garry Thompson, 

culminated in 1978 in the publication of The Museum Environment.1 This tome, in which 

a series of environmental guidelines is introduced for the most optimal conditions in 

which heritage objects have to be stored and displayed, represents to this day a major 

inspiration and reference in the field of conservation. 

 

Today, preventive conservation is defined, by the Conservation Committee of the 

International Council of Museums (ICOM-CC) as “all measures and actions aimed at 

avoiding and minimizing future deterioration or loss. They are carried out within the 

context or on the surroundings of an item, but more often a group of items, whatever 
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their age and condition. These measures and actions are indirect – they do not interfere 

with the materials and structures of the items. They do not modify their appearance.”2 

 

In layman’s terms, preventive conservation therefore aims at identifying potential risks 

for the object to be preserved and at preventing them by optimizing the conservation 

conditions. It is self-evident that, in order to achieve such an ambitious goal, a detailed 

knowledge of the system in exam is necessary. In practical terms, this translates into a 

need to thoroughly know: 

1) the object, i.e. to study and characterize its composition and conservation state; 

2) the expected reactivity for the materials in the object, i.e. to research and 

investigate the response of single materials and material combinations to specific 

environmental conditions; 

3) the conservation environment, i.e. to understand and monitor the environmental 

conditions and the potential risk factors for the object, better if with high time 

resolution to immediately identify possible hazards. 

 

This chapter introduces the reader to the main factors, both intrinsic and extrinsic to the 

object, governing the interaction of tangible cultural heritage with the environment. 

Given the plethora of possible materials, intrinsic and environmental properties and 

forms of damage, the focus is kept on parameters relevant in the context of the present 

PhD work, including examples and references dealing with materials closely related to 

the ones in exam. 

 

 

 

1.2 The object 
 

The reactivity of any object towards the environment is intuitively a direct result of the 

properties of the single materials and/or combination of materials constituting it. Every 

material is characterized by a series of chemical and physical properties which 

determine its overall stability in relation to specific environmental stimuli, as well as to 

different materials.3 These properties strongly depend on the nature of the material and 

on its chemical composition. 

 

From a thermodynamic point of view, materials are rarely in a condition of equilibrium 

in relation to the atmospheric environment.4 For this reason, when exposed to 
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meteorological and/or chemical environmental agents, they undergo physicochemical 

transformations in order to reach an energetically more favorable state. Such 

transformations, normally involving significant changes in the structure and chemical 

composition of the materials, can result in altered physical or mechanical properties and 

are, therefore, at the core of the degradation problem for heritage objects.5 Changes in 

the bulk or surface properties of cultural heritage materials can, in fact, have dramatic 

consequences for the conservation of tangible cultural heritage. 

 

 
Figure 1.1_Examples of the severe effect of material degradation on the structural and aesthetical 

properties of different types of heritage objects: a) well-preserved (left) and heavily corroded (right) 16th-
century brass sequins; b) Roman round-bottomed glass vase, the heavy rainbow luster is a product of 

weathering;6 c) “The Bedroom” by Vincent Van Gogh before (left) and after (right) digital reconstruction of 
the original colors, the color change from purple to blue is attributed to the fading of red lake pigments 

(credits to the Van Gogh Museum). 

 

 

A clear example is represented by the loss of structural properties associated with the 

corrosion of historical metals taking place, for example, in archaeological contexts.7,8 The 
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oxidation of metals and alloys, in particular in contact with moisture and soluble salts 

but also with weathering glass,9–11 can in fact lead to extreme levels of corrosion, to the 

point that the very structure of the object is lost (Figure 1.1a). 

 

The chemical alteration of heritage materials can also show a less extreme nature while 

remaining, nonetheless, damaging for the object as cultural heritage. This is the case, for 

example, for glass weathering and color change in paintings. For the glass, the 

interaction with moisture and gaseous pollutants can give rise to hydration and cation 

leaching processes on the surface of the glass, which can result in the formation of 

superficial silica-rich gel layers.12 These iridescent and opaque layers can ultimately 

translate into a complete transformation in the appearance of the once transparent glass 

object (Figure 1.1b).13–15 In a similar fashion, the chemical alteration of pigments in 

paintings can lead to significant changes in their properties and, among others, of their 

color and appearance (Figure 1.1c).16–21 In a form of art so intimately interconnected with 

color, such a transformation can significantly disrupt the perception and message of the 

artistic representation, potentially leading to a loss of value that goes well beyond the 

mere economical meaning of the word.22–24 

 

 

1.2.1 Intrinsic properties of materials 

 

The nature of every material is characterized by a great number of intrinsic properties, 

ultimately traceable to either the chemical or physical domain.25 These properties are 

strongly linked to the type of material in analysis and to its synthesis and manufacturing 

conditions. Changes (even minor) in these conditions can therefore significantly affect 

the properties of the material and consequently alter its reactivity. This needs to be a 

central concept when aiming at accurately reproducing the reactivity of heritage objects. 

Synthetizing historically accurate materials, by studying historical sources and 

optimizing the synthesis conditions in the laboratory to match the material features 

observed in the objects, is in fact of capital importance in order to draw relevant 

conclusions. 

 

The chemical composition is a first fundamental parameter determining the overall 

reactivity of a material. This is true for major chemical components, as clearly 

exemplified by the completely different reactivities of different metals and alloys (e.g. 

gold, silver, iron and copper alloys)5,26 or of glasses with higher or lower silica 

content,5,12,27 but it is also true for minor and even trace components. A clear example 
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of the fundamental effect of minor components on the reactivity of materials is the case 

of brass. Brass is an alloy of copper and zinc characterized by a good resistance to 

corrosion, but also by a certain predisposition to tarnishing (i.e. surface oxidation causing 

mostly aesthetical but not structural damage) and dealloying.28–30 The presence of minor 

components in the alloy, among others Ni, Sn, As and Al in concentrations below 0.2-

0.3%, can increase the stability of the material, while small amounts of Fe and Pb might 

favor its degradation.31  

 

Different physical properties can, depending on the nature of the material, play a key 

role in the reactivity. For instance, properties such as metallographic structure and 

surface morphology can positively or negatively influence the long-term stability of 

metals. Smaller metallographic grains and higher strain, for example, can lead to an 

increased reactivity in Cu-alloys.31,32 In a similar fashion, a higher surface roughness is 

normally associated with a higher tendency to corrode.33–35 For different materials, 

however, the physical properties affecting the tendency to degrade can be completely 

different. For light-sensitive artists’ pigments and dyes, for example, the properties 

regulating the interaction with light, e.g. energy of fundamental and excited electronic 

states and absorbance of UV and visible light,36–40 together with strictly related factors 

such as particle size and crystalline structure,41–44 normally play a more central role. The 

strong link between these properties and the chemical composition of the material is 

evident. An artists’ pigment clearly summarizing the intercorrelation between all these 

parameters is Chrome Yellow. The name Chrome Yellow refers to a family of synthetic 

lead chromate pigments which can, depending on the synthesis protocol and conditions, 

contain different amounts of sulfur in their structure. The reactivity of these pigments, 

often showing a tendency to darken when exposed to visible light, moisture and soluble 

salts, can be traced back to their semiconducting nature and optoelectronic 

properties.20,36,45 In this case, the presence of increasing amounts of S in the crystalline 

lattice causes 1) a change in the crystalline structure (shift from a monoclinic to an 

orthorhombic geometry), 2) a change in the optoelectronic structure and absorbance 

properties (increase in band gap size and in the position of valence and conduction 

bands) which result in 3) a higher tendency for Cr6+ to be reduced to Cr3+, translating into 

higher darkening and therefore a more severe degradation.  

 

It is important to mention that changes in reactivity induced by structural changes, but 

not linked to a different chemical composition, are also possible. This is the case, among 

others, for different forms of titanium dioxide (TiO2) and for some chalcogenide 

semiconducting pigments, such as CdS and HgS. In the first case, rutile and anatase, the 
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two most common forms of TiO2, show different optoelectronic properties and 

photocatalytic reactivity due to changes in the type of crystalline lattice.46,47 In the 

second case, both CdS and HgS can show an increased tendency to oxidize and degrade 

if characterized by a lower degree of crystallinity (depending on the synthesis 

conditions).41,43 

 

All these examples clearly demonstrate why the thorough characterization of chemical 

composition, but also of material-specific physical properties, is of capital importance in 

order to understand and predict the reactivity and long-term behavior of tangible 

cultural heritage. 

 

 

1.2.2 Material-material interactions 

 

Since objects are often composed of more than one material, specific material-material 

interactions can also significantly affect the stability of cultural heritage. This form of 

degradation can be caused by a direct chemical reaction between the materials, or by a 

physical (e.g. mechanical) or indirect (e.g. due to the off-gassing of pollutants) form of 

interaction.  

 

 

Examples of chemical interactions between materials 

 

One of the most common and understood forms of degradation, mediated by a chemical 

interaction between heritage materials, is the galvanic corrosion of different metals in 

electronic and electrolytic contact. Two different metals put in contact in the presence 

of an electrolyte (e.g. moisture and soluble particulate matter), in fact, creates the 

equivalent of a galvanic cell.10,26 The metal characterized by the lowest electrochemical 

potential then behaves as an anode in the cell, being oxidized and solubilized in the 

electrolytic solution. The cathode, on the other hand, receives electrons from the anode 

and transfers them to electron acceptors in solution (e.g. O2). The final result is normally 

the formation and precipitation of corrosion products of the anodic metal.5 Often, 

however, the chemical interaction between heritage materials is also initiated by the 

degradation of at least one of the components. A relatively straightforward example is 

the glass-induced corrosion of metals (Figure 1.2a). In this case, the degradation is 

initiated by the hydration and cation exchange processes involved in the weathering of 

glass.9,12 One of the results of this deterioration process is the formation of a thin liquid 
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film characterized by high pH and alkali content on the surface of the glass. CO2 and 

other acidic gaseous species in the conservation environment can also be solubilized in 

this film.48 If this concentrated alkaline solution comes in contact with the metal, as it 

can happen in joint metal-glass objects, this can promote the oxidation and solubilization 

of the metal component, ultimately reprecipitated in the form of mixed metal corrosion 

products.9,48–50 No interaction is observed, however, if the glass is not deteriorated in the 

first place. A similar phenomenon is observed in the iron gall ink-mediated oxidative 

degradation of historical paper (Figure 1.2b), where the initial hydrolysis of the ink 

triggers degradation processes ultimately leading to the depolymerization of the 

cellulosic component of the paper.51 

 

 
Figure 1.2_Examples of chemical interactions between heritage materials: a) glass-induced metal 

corrosion;48 b) iron gall ink-mediated corrosion of paper.52 

 

 

A more complex case of chemical interaction between materials is the formation of 

metal carboxylates in paintings, often forming surface efflorescence resulting in specific 

conservative issues.53 These species, in fact, might form during the ageing of the paint 

film due to a chemical interaction between metallic salts (mostly Pb or Zn) and a siccative 

oil, but they might also be voluntarily included as additives to modify the mechanical 

properties of the paint. Despite extensive research in the past decade, a full 

understanding of this issue has not been achieved yet.53,54  
 

A catalytic degradation of paintings associated to a chemical interaction between 

pigments and oil binder can occur also in the case of semiconducting pigments.39,46,55 

Whether intrinsically stable, such as TiO2,46,55 or unstable, such as CdS,39,56 the absorption 

of UV or visible light by the pigment particles can, in fact, trigger an oxidative degradation 

of the binding medium.  
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Examples of physical/mechanical interactions between materials 

 

The degradation of heritage objects due to material-material interactions can take place 

also when no direct chemical interaction is observed. The close contact between 

materials with different physical and mechanical properties, for example, can also 

result in mechanical and structural damage. An object where two (or more) materials 

are present that show a different volumetric response to changes in the thermo-

hygrometric conditions, in fact, can develop severe mechanical stress at the interface. 

This is the case, among others, for easel paintings.57 These are complex multilayered 

objects, with significant differences in chemical composition and hygroscopicity 

between different layers.58 Such an intrinsic heterogeneity, can result in severe 

deformation and mechanical damage upon changes in the relative humidity (RH) of the 

conservation environment57 (Figure 1.3a). 

 

Structural damage due to mechanical stress between two materials in contact, can also 

result from the formation of corrosion products at the interface. For example, if 

corrosion products of metals are formed at the interface with a different rigid material, 

the increase in volume can cause some severe mechanical damage. This is clearly the 

case for oil paints on metal supports, where the corrosion of the metallic substrate can 

cause the detachment of large parts of the polymerized, and therefore relatively rigid, 

paint layer59,60 (Figure 1.3b). 

 

 
Figure 1.3_Examples of structural damage induced by physical interactions between heritage materials: a) 
damaged paint layers in a panel painting due to the RH induced deformation of the wooden substrate;61 b) 

blistering and loss of material from an oil paint layer due to the corrosion of an underlying metal 
substrate.60 
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Indirect interactions between materials 

 

An additional possible scenario is the degradation of heritage objects due to material-

material interactions in which, not only the materials do not show a direct chemical 

interaction, but they are not in physical contact either. Such an interaction can take place 

when the ageing of one of the materials results in the off-gassing of pollutants causing 

the degradation of the second material.62,63 Such an interaction straddles the border 

between material-material interactions in the objects and object-environment 

interactions. Even though these gaseous pollutants are a product of a material in the 

object, in fact, once they enter the conservation environment, they rather become an 

extrinsic (i.e. environmental) factor of degradation. 

 

 

1.2.3 Other object-specific properties 

 

Another property which cannot be referred to a specific material nor a combination of 

materials, but rather only to a fully formed object, is the overall shape. Such a factor 

might play a relevant role especially in objects characterized by a complex three-

dimensional geometry, such as sculptures and historical buildings. In this case, in fact, 

different areas of the object will be differently exposed to weathering and other 

environmental agents even in indoor conditions, potentially also favoring phenomena of 

condensation or accumulation of degradation products.3 

 

 

 

1.3 The conservation environment 
 

It was believed, in the past, that an object was safe as long as it was housed in a museum 

or similar institution. Today, thanks to the extensive scientific research conducted in the 

last decades, one is conscious that the environmental quality, even in indoor 

environments (i.e. the indoor environmental quality - IEQ), plays a central role in the 

degradation of cultural heritage.  

 

The building undoubtedly offers a substantial protection to the object compared to the 

outdoor conditions. However, depending also on the type of building and on its 

functionality/use (e.g. art museums, historical churches, archives, libraries, other 
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institutions housing a heritage collection, …), specific hazards can arise for the objects. 

In Figure 1.4, a schematic representation of a generic indoor conservation environment 

housing heritage objects is presented (based on Anaf64). The surroundings of the object 

can be interpreted as concentric shells, where every shell offers a certain degree of 

protection against the influence of the outdoor environment. The first level of 

protection is offered by the building, or the specific room, in which the object is kept, 

insulating to a certain extent the indoor environment from the outdoor. For further 

protection, the objects in the room can also be housed in smaller “boxes”, such as 

showcases or cabinets. The higher the number of concentric boxes enclosing the object, 

and the higher their efficiency, the more the object will be protected from the influence 

of outdoor environmental hazards. However, indoor sources of pollution also exist and, 

depending on their source (e.g. the object itself or the building materials of showcases 

and cabinets), their concentration might increase significantly inside smaller “shells”.65 

 

 
Figure 1.4_Schematic representation of a generic indoor conservation environment as a series of concentric 

shells offering increasing insulation from the outdoor environment (based on Anaf64). 

 

 

Such a general sketch can help to visualize the different “levels” of the conservation 

environment, but the indoor environmental quality (IEQ) itself is a much more complex 

matter. Several meteorological and chemical factors can in fact interact and influence 

the object, often synergistically. In the following sections the main factors at play are 

schematically introduced. Since, in the words of an expert of environmental quality and 
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cultural heritage such as Prof. Dario Camuffo, “It is absolutely restrictive to consider the 

individual parameters separately […] omitting interactions and feedbacks between them 

and the surfaces.”,66 the focus is kept on the potential risks for the objects associated 

with groups of environmental factors ascribable to “outdoor” or “indoor” influences. A 

more detailed overview of the complexity of the conservation environment and of the 

parameters, extrinsic to the object, affecting the stability of tangible cultural heritage is 

given in Figure 1.5. 

 

 
Figure 1.5_Schematic representation of (some of) the factors potentially affecting the IEQ and their 

complex interactions in an indoor environment (based on Anaf64). AcAc = acetic acid, FormAc = formic acid, 
Form = formaldehyde. 

 

 

1.3.1 Outdoor influences 

 

The outdoor environment always exerts a certain influence on the indoor conservation 

conditions. Meteorological factors such as temperature (T), relative humidity (RH) and 

light, intimately interconnected and strongly related to the solar cycle,66 often play a key 

role in degradation.1 Higher temperatures are generally associated to higher reactivity 
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and faster degradation.64 The outdoor temperature can cause the cooling or heating of 

the outer building walls, resulting in an increase or decrease of the indoor temperature 

(if not accurately controlled) and in a thermal gradient between wall and indoor air.67 An 

increase in thickness or in the insulating efficiency of the walls, however, can increase 

their buffering capacity and help controlling the indoor temperature.68 RH is negatively 

correlated with T and, like indoor T, is strongly influenced by the outdoor conditions (e.g. 

absolute humidity).66 Local T gradients thus result in local changes in RH, potentially 

favouring the condensation of moisture on heritage surfaces (if colder than the 

surrounding air).66 Since liquid water plays central roles in most forms of degradation, 

e.g. by solubilizing gaseous species and particulate pollutants and favouring their 

reaction with sensitive materials, or by acting as a medium for biological degradation 

processes, this represents a great risk for the object.9,12,39,45,56,69–72 Even in conditions of 

RH in which condensation does not directly take place, hygroscopic objects will absorb 

and desorb water vapour until reaching an equilibrium with the environment.69 Given 

the volumetric changes often associated to hydration or dehydration of materials, 

fluctuations of the environmental RH value can lead to severe mechanical stress, 

deformation and damage, especially in fragile, degraded and/or composite 

materials.57,69,73,74 

 

An additional meteorological factor that influences the indoor environmental quality 

and is potentially linked to the outdoor environment is light illumination. The exposure 

to sunlight, and in particular to visible and UV light, can trigger photochemical processes 

of degradation in several organic (e.g. varnish and binding media in paintings, dyes, 

textiles, paper1,75) but also in some inorganic materials (e.g. semiconducting pigments in 

paintings36,39,55,76). Moreover, light is also intuitively connected to T. The exposure to light 

can cause local increases of temperature on the surface of the objects, which can result 

in dehydration, dimensional changes and damage.75 Furthermore, the heat-component 

of sunlight can also give rise to a greenhouse effect in (semi-)enclosed translucent 

environments (e.g. showcases and cabinets), resulting in extreme temperature 

variations.64 Nowadays, sunlight is normally substituted by artificial light in the vast 

majority of museums and conservation institutions. Although easier to control in order 

to limit the exposure of the objects and slow down the degradation, however, artificial 

light will still trigger photochemical degradation in sensitive materials.1,75 

 

In addition to meteorological factors, the indoor environmental quality can be also 

affected by the infiltration of outdoor pollutants through the building shell.63 Gaseous 

and particulate pollutants can, in fact, reach levels nearly equal to the outdoor 
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environment in naturally ventilated buildings (e.g. through open windows and doors).63 

Even in better insulated buildings, however, gases and fine particles (size fraction of 0.1 

to 1 µm) can anyway penetrate in the indoor conservation environment.77,78 The major 

gaseous outdoor pollutants that can be found indoor and that represent a risk to cultural 

heritage are sulfur dioxide, nitrogen oxides, carbon dioxide and ozone.63,79 These gases, 

in combination with atmospheric moisture, are in fact well known to promote the 

oxidation and acidic degradation of several types of heritage materials, from stone and 

metals to dyes and textiles.63,79–82  

 

In addition to gaseous pollutants, also airborne particulate matter (PM) can have a 

significant impact on the conservation of heritage objects. In general, the deposition of 

PM in combination with other environmental factors can result into visual, mechanical, 

biological, and chemical damage. Visual damage, due to the accumulation of particles on 

the surface of the object (i.e. soiling) which can ultimately alter its aesthetic appearance 

and overall message, is one of the most obvious and known effects of PM.79,83 

Furthermore, mechanical damage can be directly caused by particles with high hardness 

(e.g. silicates) scratching the surface of the object,84 or indirectly caused by aggressive 

treatments used to clean soiled surfaces.85 Biological forms of degradation can be 

associated either with the direct deposition of biological particles which can cause 

biodeterioration of sensitive materials in favourable microclimatic conditions,86 or can 

be indirectly favoured by the deposition of hygroscopic PM facilitating the condensation 

of moisture.87 In a similar fashion, the chemical damage induced by PM is often also 

closely related to their capacity to absorb water from the atmosphere. The combination 

of soluble salts and moisture can, in fact, form electrolytic solutions with a fundamental 

role in the corrosion of metals11,88 and in the photochemical degradation of 

semiconducting pigments.36,39,55,76 

 

The amount in which these outdoor pollutants enter the conservation environment is 

ultimately determined by the air exchange rate between indoor and outdoor.89 This air 

exchange can occur in a natural and non-controlled manner through windows, doors and 

small gaps in the construction materials, or mechanically, through heating, ventilation 

and air-conditioning (HVAC) systems.64 When high levels of pollutants are present in the 

outdoor environment, lowering the air exchange rate (e.g. by closing windows and 

doors) can help to prevent the contamination of the indoor environment and an 

increased risk for the objects.77 Low concentration of pollutants in the outdoor 

environments are, anyway, always an advantage for conservation purposes.77,78 

Nowadays, the outdoor influence on the indoor environment is normally further limited 



 

40 

by means of HVAC and filtering systems. HVAC can help controlling T and RH values and 

prevent extreme fluctuations,90 while filtering systems can reduce the indoor levels of 

outdoor chemical pollutants to values as low as five percent of the outdoor 

concentrations.91 Although appearing, at first sight, like an ideal solution to control the 

indoor environmental quality, vigilance is advised when employing HVAC-systems.77,92–

94 A breakdown of the system, for example, could strongly impact the indoor 

environmental quality, potentially inducing drastic changes in T and RH. Moreover, the 

malfunctioning of the filtering system, could potentially spread outdoor pollutants at a 

high rate in the conservation environment. 

 

 

1.3.2 Indoor influences 

 

Even in the hypothetical case in which the conservation environment could be perfectly 

controlled and shielded against outdoor influences, the IEQ could still be significantly 

affected by indoor sources of pollution. The most common indoor-generated gases 

posing a threat to heritage objects are acetic acid, formic acid, acetaldehyde, 

formaldehyde, hydrogen sulfide and carbonyl sulfide.63 In indoor conservation 

environments, these pollutants are normally produced due to off-gassing reactions 

taking place during the ageing of either building materials (e.g. acetic acid and 

formaldehyde from wood and glues in showcases and cabinets) or materials in the 

objects to be preserved (e.g. S-containing gases from degrading silk or wool).63 In 

partially enclosed environments such as showcases and cabinets, especially if 

characterized by low air exchange rates, these indoor-generated gases can easily build-

up and represent a severe threat for heritage objects.65 In particular, reduced sulfur 

gases can be particularly dangerous for metals, and especially for silver,1,63 and for 

specific artistic pigments, especially if Cu- or Pb- based,95 due to the formation of dark 

metal-sulfides. Formaldehyde and acetaldehyde, on the other hand, are normally 

converted into their corresponding acid forms due to the interaction with moisture and 

O2 or other oxidizing species. Formic acid and acetic acid (which can also be directly off-

gassed by indoor sources) are then deposited onto heritage materials, promoting their 

corrosion and the formation of acetates and formates as final degradation products.63 

Materials such as glass and metal, particularly sensitive to acidic environmental 

conditions, can be severely damaged by this type of degradation processes.9,49,62,63 In 

addition, several other volatile organic compounds (VOCs) (e.g. acetone, α-pinene, 

limonene, hexane) can be generated due to off-gassing from indoor sources however, 

fortunately, most of these gases do not pose a threat to collections.63 
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An additional source of pollutants in the indoor environment can be represented by the 

human presence (e.g. visitors). Although playing an indispensable part in the valorisation 

of the heritage objects, visitors can in fact negatively affect the overall environmental 

quality by inducing a local increase in T and RH, by emitting a wide range of organic and 

inorganic gaseous pollutants (e.g. aldehydes, CO2, CO, NH3, H2S),64,96 and by either 

introducing new PM in the environment (e.g. soil dust sticking to the shoes, clothing 

fibers, skin flakes) or resuspending previously settled particles with their passage.79,97,98 

In addition, indoor sources causing the increase in PM levels can be construction or 

restoration works,99 due to either newly generated particles or to the resuspension of 

deposited PM. 

 

In conclusion, in addition to the intrinsic factors described in the previous sections, a 

great number of environmental factors extrinsic to the heritage object and often 

intercorrelated in a complex manner can play a fundamental role on its degradation. This 

makes the simultaneous monitoring of all these parameters a cardinal point in the 

preventive conservation of the object.  

 

 

 

1.4 The role of analytical methods to answer fundamental 

conservation questions 
 

The capital need for an in-depth knowledge of the heritage object-environment system 

led, over the years, to an increasing contribution of analytical chemistry in the field of 

conservation.100 Nowadays, a plethora of material characterization techniques are 

employed on a daily basis to identify original materials and degradation products in 

heritage objects. In addition to non-invasive methods of analysis (i.e. the object can be 

analyzed as it is, no sampling is necessary and no damage is induced), the invasive 

collection of microscopic samples is often necessary to further the understanding. 

Samples are also frequently embedded in optically transparent resins and cross- or thin-

section are prepared, in order to highlight specific stratigraphic, structural or 

compositional features. Moreover, the reactivity of heritage materials in response to 

specific environmental conditions is modelled in the laboratory by 1) synthesizing 

historically accurate materials (the accuracy is normally confirmed by an in-depth 

characterization), 2) naturally or artificially ageing them (e.g. by exposing the material to 

high T and RH, intense UV-Vis light, high concentrations of specific pollutants) and 3) 
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verifying eventual changes in composition or in the physical properties of the material 

and comparing them with the findings in real historical objects.  

 

To give a comprehensive overview of all the analytical techniques applied to the study 

of cultural heritage would be extremely complex and, certainly, beyond the scope of the 

present work. In the following sections, some of the family of techniques most 

commonly employed to study cultural heritage materials or environments and most 

relevant for the present work are briefly introduced.  More detail is reserved, on the 

other hand, to the description of novel techniques employed in this PhD work.  

 

 

1.4.1 Atomic spectroscopies 

 

Spectroscopy is a general term referring to a broad family of analytical methods studying 

the interactions of different types of radiation with matter. Traditionally, interactions 

between electromagnetic radiation and matter are considered (although interactions 

between matter and other forms of energy, such as acoustic waves and beams of 

particles such as ions and electrons are also studied).101 

 

Atomic spectroscopic methods, in particular, exploit these quantized material/energy 

interactions in order to obtain qualitative and/or quantitative information on the 

elements present in a given sample. The most common families of atomic spectroscopic 

methods are optical spectrometry, mass spectrometry and X-ray spectrometry. In the 

first two cases, the samples need to be converted to gaseous atoms or elementary ions, 

and therefore destroyed, in order to obtain elemental information. This is often a 

drawback in the field of Conservation Science given the value of the objects in exam 

(although the need for high sensitivity can justify the use of such methods in specific 

cases).100 For this reason, X-ray-based methods are much more commonly employed for 

the elemental (but not only) characterization of heritage materials.  

 

X-ray-based methods 

 

X-ray spectroscopy can be based on the measurement of emission, absorption, 

scattering, fluorescence and diffraction of X-rays by a specific material.100,101 These 

interactions can unravel fundamental material information not only in a non-destructive 

(i.e. a sample needs to be taken but is not destroyed during the analysis), but potentially 

also in a non-invasive manner. Furthermore, the use of micro and nano-sized X-ray 
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beams, such as the ones produced in synchrotron facilities, can allow to unravel material 

information down to a sub-micrometric scale.102 

 

X-ray fluorescence (XRF) based laboratory techniques, in particular, are some of the 

most commonly employed methods for the elemental analysis of heritage objects.103 By 

exploiting the element-specific nature of X-ray-induced fluorescence, in fact, these 

methods allow a non-invasive material characterization in qualitative and, if 

appropriately calibrated, quantitative terms. One of the main limitations of non-invasive 

XRF analysis is the low sensitivity towards light elements (such as Mg, Na or lower) due 

to the low energy of their fluorescent X-Rays which are then easily re-absorbed by the 

sample or by air. 

 

In this PhD work, different types of non-invasive instrumental solutions based on the XRF 

principle were employed to study historical objects: handheld portable-XRF (p-XRF) and 

laboratory micro-XRF (µ-XRF), in particular, were used for point analysis at different 

spatial resolutions (around 9 mm and 70 µm in diameter respectively) (Chapter 2 and 

Chapter 3), macro-XRF (MA-XRF), on the other hand, was used for the high-resolution 

elemental imaging of relatively flat and large samples (Chapter 3). A benchtop energy 

dispersive XRF (EDXRF) instrument was also used to characterize the elemental 

composition of PM sampled in a museum environment (Chapter 7). 

 

A strongly related analytical method, also based on the emission and detection of 

element-specific fluorescent X-rays but induced by an incident electron beam, and not 

by incident X-rays, is energy-dispersive X-ray (EDX) spectroscopy.101 EDX probes are 

normally implemented in electron microscopy in order to complement the 

morphological information normally obtained with microscopy with elemental analysis 

and imaging at micrometric resolution. The fact that the analysis are normally performed 

in high-vacuum, allows to detect lighter elements than in conventional XRF. The small 

dimensions of the sample chamber, however, makes the sampling of large objects 

necessary in order to be analyzed with this technique. 

 

In this PhD, EDX analysis were often employed both in association with scanning electron 

microscopy (SEM) and scanning transmission electron microscopy (STEM), in order to 

obtain semi-quantitative information on the composition and elemental distribution of 

different types of original (Chapter 2, Chapter 3, Chapter 6) and in-house synthesized 

materials (Chapter 4, Chapter 5). 
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In addition to elemental information, the study of the interaction between X-rays and 

matter can unravel fundamental information also on the structural properties of 

materials and objects. Due to the short wavelength of the X-region of the 

electromagnetic spectrum, in fact, the diffraction patterns of X-rays due to the 

interaction with matter can unravel fundamental information on the arrangement and 

spacing of atoms in crystalline materials. X-ray powder diffraction (XRPD) methods, 

therefore, can help to qualitatively characterize crystalline materials in heritage objects 

(e.g. original or degradation products). Furthermore, given the influence of crystalline 

structure on the reactivity of materials, XRPD is a fundamental technique to preliminarily 

verify the historical accuracy of in-house synthesized materials for degradation studies. 

Some of the limits in the application of XRPD on real samples are the relatively low 

sensitivity, especially in complex mixed samples, and the constraints associated with the 

instrumental geometry (especially for non-invasive analysis in reflection mode), which 

make the study of highly irregular three-dimensional surfaces extremely complex if not 

impossible. 

 

In this PhD work, XRPD was specifically employed to characterize degradation products 

on heritage objects (non-invasively in a reflection geometry, Chapter 3) and in-house 

synthesized artists’ pigments (non-destructively in a transmission geometry, Chapter 4 

and Chapter 5). 

 

An additional family of X-ray-based techniques, which allows to obtain micro-spatial and 

micro-structural information on heritage objects, is the group of radiographic and 

tomographic techniques.103 In general, X-ray radiographic and tomographic techniques 

are both imaging techniques which rely on the differential attenuation of X-Rays passing 

through an object, due to local differences in density and structural composition, to non-

invasively visualize the morphology and structure of objects.  

 

In this thesis, laboratory micro computed tomography (µ-CT) was used in order to non-

invasively investigate the conservation state of historical glass beads, mapping in 

particular the distribution of degradation products of the interaction between glass and 

metal (Chapter 3). 
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1.4.2 Molecular spectroscopies 

 

Molecular spectroscopic methods, unlike atomic spectroscopies, generally exploit the 

interaction between matter and electromagnetic radiation at energies lower than the X-

region. These radiations at lower energy can induce electronic (UV and Visible light), 

vibrational (IR region of the spectrum) and nuclear spin (Radio frequencies) 

transitions.101 Techniques based on these principles allow, therefore, to obtain 

information on the fundamental and excited state of organic and inorganic materials 

(UV-Vis based spectroscopic methods), as well as on their molecular composition and 

structural properties (IR, Raman and NMR spectroscopies). In addition, molecular mass 

spectrometric methods also exist, based on the ionization of the sample and separation 

of molecular ions based on their mass/charge ratio, which allow to identify molecules 

with extremely high sensitivity.101  

 

In this PhD work, techniques based on the UV-Vis range of the electromagnetic spectrum 

(and in particular on the absorption/reflection of this radiation by the sample) were 

employed to obtain information on the electronic structure and optical properties of 

pigments in the solid state and to characterize soluble species in solution. In particular, 

diffuse reflectance UV-Vis (DR-UV-Vis) spectroscopy was used to probe the opto-

electronic structure of semiconducting pigments and to calculate the size of their optical 

band gap (Chapter 4). UV-Vis absorption spectroscopy in solution, on the other hand, 

was employed to characterize the nature of colored species in solution (Chapter 5). 

 

Vibrational spectroscopies based on the IR region of the spectrum were also extensively 

used in this PhD work. In the first place, Fourier-transform infrared spectroscopy (FTIR) 

both in transmission and in attenuated total reflectance (ATR-FTIR) mode were 

employed. FTIR (in particular in the mid-IR region) is an extremely widely employed 

technique in the field of Conservation science. This is mainly thanks to its highly specific 

instrumental response, directly dependent on the vibrational properties of the 

functional groups in the sample and therefore uniquely linked to its molecular 

composition. Despite its great advantages, some common drawbacks of the technique 

are: 1) the need for sampling and the normally complex sample preparation, usually 

involving the need for preparing pellets with IR-transparent materials and/or thin 

sections (e.g. for the analysis with Synchrotron sources in transmission, SR-µ-FTIR); 2) a 

low spatial resolution (5-10 µm2) due to the diffraction limit of the IR radiation, which 

strongly hinders the imaging potential for small samples (often the case for heritage 

materials). 
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In this thesis, ATR-FTIR was applied to the study of the surface of historical metal 

elements (Chapter 2) and soluble dyes in solution (Chapter 5), while transmission FTIR 

was employed to characterize in-house synthesized lake pigments and monitor their 

natural degradation (Chapter 5). In addition, SR-µ-FTIR (analysis performed at 

synchrotron SOLEIL) was employed to study degradation products of the interaction 

between metal and glass (Chapter 3) and paint samples in cross section (Chapter 6).  

 

A type of vibrational spectroscopy often employed as a complementary method to FTIR 

is Raman spectroscopy. This technique is based on the analysis of the inelastic scattering 

of visible or near-IR light from a laser source by the sample. Changes in the energy of the 

scattered light are, in fact, normally related to changes in the vibrational state of the 

molecules in the sample and, therefore, to its overall molecular composition. The 

complementarity with FTIR arises from the fact that Raman-active and IR-active 

functional groups are often different, with Raman generally offering information also 

about the crystalline structure of the sample. Moreover, Raman is often combined with 

an optical microscope (µ-Raman) in order to obtain spatially resolved molecular 

information (≥ 2 µm2). Given the use of focused laser radiation, one of the main risks 

associated with Raman is to “burn” or in general alter the composition of the materials 

in analysis. 

 

In this PhD, µ-Raman was often employed for the analysis of historical samples (Chapter 

2, Chapter 3 and Chapter 6) and for the characterization of in-house synthesized artists’ 

pigments (Chapter 4 and Chapter 5). 

 

In addition, in Chapter 3 and more in detail in Chapter 6, a recently developed IR-based 

spectroscopic method, optical photothermal IR (O-PTIR) spectroscopy, is applied for the 

first time to the analysis of heritage materials.  

 

 

O-PTIR: beyond the limits of FTIR 

 

O-PTIR presents strong similarities but also some fundamental differences with another 

type of sub-micron IR spectroscopy: photothermal IR (PTIR).104 Like for photothermal IR, 

in fact, the fundamental effect exploited by O-PTIR is the photo-induced thermal 

expansion of the sample. In both cases, a highly tunable quantum cascade (QC) laser is 

focused onto a small area of the sample. The energy of the laser is then tuned over a 

wide range of wavelengths in the mid-IR spectrum. When the sample absorbs radiation 
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of a certain wavelength, due to the specific vibrational properties of its molecular 

components, the absorbed energy is converted into heat, which causes a thermal 

expansion of the sample.  

 

The difference between photothermal IR and O-PTIR lies in the strategy employed to 

monitor this photothermal event. In photothermal IR, commonly also known as AFM-IR, 

the photothermal expansion is detected by means of a scanning probe microscope. The 

probe of the microscope is represented by the tip of a cantilever in contact with the 

sample. By operating the QC IR laser in a pulsed mode, a periodic motion of the 

cantilever is produced which contains information on the magnitude of the 

photothermal event. Hence, by plotting the magnitude of this oscillation against the 

wavelength of the incident IR radiation, a photothermal IR (PTIR) spectrum is obtained 

that is comparable to the spectra obtained with traditional absorption FTIR. However, 

the spatial resolution of the analysis, ultimately determined by the size of the probe, can 

be as high as 20 nm. PTIR has been recently employed in conservation science to 

successfully characterize organic materials in painting samples.105,106 However, the need 

for a continuous contact between microprobe and sample can create problems when 

analyzing fragile or irregular materials (e.g. damage to the sample or interferences in the 

data). 

 

In the case of O-PTIR, instead of a mechanical probe, the photothermal event is 

monitored by means of a focused monochromatic visible light probe. The green (532 

nm) laser used as a probe is focused on the surface of the sample and is coaxial and 

confocal with the QC IR laser pump (Figure 1.6). The absorption of IR radiation by the 

sample and the consequent photothermal event, in this case, results into a measurable 

change in the intensity of the reflected or scattered visible light. This change is 

proportional to the absorption of infrared radiation, hence, if plotted as a function of the 

wavelength of the incident IR pump radiation, a photothermal infrared (O-PTIR) 

spectrum can be obtained that is comparable to traditional FTIR spectra. The spatial 

resolution, in this case, is determined by the diffraction limit of the visible light probe 

and, therefore, it can reach ⁓450-500 nm. Moreover, this value remains constant across 

the IR spectral range, unlike traditional FTIR methods where the resolution depends on 

the wavelength of the incident IR radiation. 
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Figure 1.6_Schematic representation of the working principle and optical components of an O-PTIR 

instrument (From Photothermal Spectroscopy Corp website107). 

 

 

In conclusion, O-PTIR represents a great innovation in the field of micro-spectroscopy 

since it allows to simultaneously overcome the traditional diffraction limit to the spatial 

resolution of FTIR, increasing the spatial resolution by ten times, while also avoiding a 

direct contact with the sample (unlike photothermal IR). This allows also to by-pass the 

need for a complex sample preparation, often a problem when it comes to the IR analysis 

of historical samples.  

 

In this PhD work, I had the opportunity to employ this technique, in collaboration with 

synchrotron SOLEIL, for the characterization of metal-glass corrosion products on 

challenging samples (Chapter 3) and for the molecular imaging in cross-section of an 

extremely small paint sample from the painting L’Arlésienne (portrait of Madame 

Ginoux) by Vincent Van Gogh (Chapter 6).  

 

 

1.4.3 Microscopy 

 

The use of microscopes in order to visualize objects and features invisible to the naked 

eye is one of the oldest forms of material analysis.101 Traditionally, three main branches 

of microscopy are routinely applied to the analysis of heritage materials: optical 

microscopy (OM), using a series of lenses to obtain a magnified image of the sample 

based on reflected (or transmitted) visible light; electron microscopy, increasing the 

level of magnification by substituting visible light with an electron beam with far smaller 
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wavelength (i.e. lower diffraction limit); and scanning probe microscopy, using the 

physical contact of a solid probe tip to scan the surface of an object.  

 

In this thesis, OM and scanning electron microscopy (SEM) were extensively employed 

for the morphological characterization and microscopic imaging (also in cross-section) of 

historical samples (Chapter 2, Chapter 3, Chapter 6). In Chapter 2, the application of OM 

and SEM in combination with chemical etching of cross sections of the metal samples 

was particularly relevant to investigate their metallographic structure. In addition, SEM 

and scanning transmission electron microscopy (STEM) where used to study and 

characterize at high spatial resolution in-house synthesized artists’ pigments (Chapter 

4). As previously mentioned, the electron microscopy techniques were normally coupled 

with an EDX probe in order to obtain complementary elemental information. 

Furthermore, Atomic Force Microscopy (AFM), one of the most common types of 

scanning probe microscopy, was also employed to obtain morphological information and 

average roughness values for a series of metallic samples (Chapter 2). 

 

 

1.4.4 Electroanalytical methods 

 

Electrochemistry is situated in between the field of electricity and chemistry, 

investigating the reactions occurring at the interface between a working electrode (with 

or without adsorbed particles) and a solution.108 Redox reactions, induced by 

environmental, chemical or physical phenomena, can be easily monitored by means of 

electroanalytical methods. Furthermore, qualitative and quantitative information on 

redox active species in solution or deposited on the surface of the electrode can also be 

obtained.101  

 

My research group started applying electrochemical techniques as a fast method to 

monitor the (in)stability of inorganic pigments.44,55,76,109 In this thesis, linear sweep 

voltammetry (LSV) and chrono-amperometry (CA) were employed to study the photo-

reactivity of in-house synthesized artists’ pigments. By monitoring changes in the 

current flowing in the system upon illumination of a pigment-modified working 

electrode in contact with an electrolytic solution, in fact, fundamental information was 

obtained on the response of the pigment to specific environmental stimuli (Chapter 4). 
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1.4.5 Chromatographic techniques 

 

Chromatography is a general term referring to a diverse group of methods allowing the 

separation, identification and quantification of closely related components in complex 

mixtures.101 In chromatography, the sample is always dissolved in a mobile phase, 

mostly a gas or a liquid, which is the forced through an immiscible stationary phase most 

of the time fixed in a column. The different components in the sample distribute 

themselves between the mobile and stationary phases while they move along the 

column. The analytes more strongly held by the stationary phase move only slowly, while 

the ones that are weakly retained travel rapidly through the column. The separation is 

therefore achieved based on differences in the relative affinity of the components with 

the two phases. Although destructive in nature, chromatographic techniques are widely 

applied for the characterization of organic species in the field of cultural heritage, in 

particular when hyphenated with mass spectrometry.110,111 

 

In this work, only one type of chromatographic technique, namely ion chromatography 

(IC), was employed. This technique allows the detection and quantification of inorganic 

(and some small organic) anions and cations in aqueous solution.101 In this specific case, 

IC was employed for the characterization of the soluble fraction of PM sampled in a 

museum environment (Chapter 7). 

 

 

1.4.6 Sensors for the monitoring of environmental parameters 

 

For the purpose of preventive conservation, having a deep knowledge of the object and 

of the environment-specific reactivity of the single materials composing it is not 

sufficient. Identifying potential threats in the conservation environment by continuously 

monitoring its quality is also of capital importance. Although not strictly belonging to the 

field of traditional analytical methods, environmental sensors rely on different analytical 

principles in order to obtain quantitative information on specific environmental 

parameters. Several well-calibrated, commercial off-the-shelf sensors exist for the 

monitoring of RH and T levels112 and light illuminance (UV and Vis).113 In addition, a large 

number of sensors for the continuous monitoring of PM and gaseous pollutants was 

developed in the last years.114,115 Even though these solutions are usually not appositely 

designed for the application in museums and conservation environments, the small size 

and low cost make them extremely promising solutions for heritage applications. 
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In this work (Chapter 7), several commercial sensors are employed for the analysis of T 

and RH levels, Vis and UV illuminance, CO2, NO2, O3 and total VOCs levels and airborne 

PM concentrations in different conservation environments. In addition, traditional 

discrete sampling methods for the analysis of PM (Harvard impactors116) and gaseous 

pollutants (Radiello passive samplers117) were also used. 

 

In Chapter 7, particular attention is dedicated to the testing of low-cost commercial PM 

sensors against a well-calibrated and more expensive monitor. All the PM sensors 

considered are optical particle counters (OPC). This means that the detection of 

airborne PM is based on the principle of light scattering: a light beam enters a partially 

enclosed chamber, a continuous stream of air draws the airborne particles from the 

environment into the chamber and across the light path, the particles crossing the light 

beam causes scattering and the intensity of the scattered light over time is measured.118 

Most OPC also perform a size discrimination of the airborne particles based on their 

scattering properties. Being directly estimated from the optical properties of PM rather 

than on its aerodynamic behavior, the particle diameter measured by such counters 

might differ from the one traditionally used to define PM fractions (e.g. PM2.5, PM10).64 

In addition, some commercial particle counters allow to obtain information on PM mass 

concentrations (µg/m3). However, although number of particles (calculated from light 

scattering) and PM mass are intuitively related, the nature of this relationship is strongly 

affected by properties that can vary over time, such as the chemical composition, the 

density, the shape and the optical properties of the aerosol.118–121 

 

 

 

1.5 Overview of the present PhD work 
 

This PhD research aims at filling knowledge gaps in the massive research field of 

conservation science, by starting from specific case studies and un-answered research 

questions. A wide range of unexplained material-environment interactions is considered 

and innovative analytical strategies are introduced in order to overcome current 

limitations in the characterization of heritage objects and conservation environments. 

 

A schematic overview of the content of this doctoral thesis is shown in Figure 1.7 and a 

diagram of the analytical techniques employed is given in Figure 1.8. 
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Figure 1.7_Schematic overview of the conducted PhD research. 
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Figure 1.8_Schematic overview of the analytical techniques employed in this PhD research. 

 

 

By starting from a specific case study, the analysis and conservation of the enclosed 

gardens (a series of unique 16th century reliquary altarpieces) in the collection of the 

Museum Hof Van Busleyden (Mechelen) (Figure 1.9a), in Chapter 2 and 3 fundamental 

questions about the reactivity of historical brass in indoor conditions are answered.  

 

In particular, Chapter 2 focuses on unraveling the material properties behind the 

extraordinarily pristine conservation state of a series of brass sequins (Figure 1.9b-e). 

The central role played by surface roughness and micromorphology on the reactivity of 

the objects is highlighted through comparison with different brass decorative elements, 

similar in composition but heavily tarnished. Ultimately, the capital importance of the 

manufacturing process on the long-term stability of historical brass is revealed. 
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Figure 1.9_Enclosed gardens of the Museum Hof Van Busleyden (Mechelen, BE): a) garden with Calvary, 
the Virgin Mary and St John the Evangelist; b), c), d) pictures of pristinely preserved brass sequins and e) 
OM photomicrograph of their non-degraded surface (Chapter 2); f) example of heavily corroded sequin 

(Chapter 3); g) weathered glass bead (Chapter 3). 

 

 

Chapter 3 furthers the understanding of the reactivity of the brass decorative elements 

studied in Chapter 2 by zooming in on a small subset of objects which appear, in an 

opposite fashion, severely corroded (Figure 1.9f). The challenging nature of the samples 

in analysis forced the authors to test innovative analytical strategies to finally 

understand the reasons behind their extreme corrosion. In conclusion, the deleterious 

effect of the contact with weathered glass (Figure 1.9g) on the otherwise extraordinarily 

stable metal objects is demonstrated. 

 

The two subsequent chapters are dedicated to the study of a different aspect of the 

interaction between heritage materials and environment: the photo-reactivity of specific 

artists’ pigments. 

 

Chapter 4 discusses the interesting case of the semiconducting pyroantimonate 

pigments Naples Yellow and lead tin antimonate yellow. By means of a combined multi-

faceted analytical and computational approach, the electronic structure and light-

induced behavior of these compounds is probed, with the final aim of explaining their 

exceptional stability in paintings. Novel insights on the factors determining the reactivity 
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of semiconducting artists’ pigments in the presence of light, moisture and soluble PM 

are presented.  

 

Chapter 5 is dedicated to the study of the enigmatic reactivity of Geranium lakes, a family 

of highly unstable lake pigments based on metal complexes of the synthetic dye eosin Y. 

The effect of the synthesis conditions on the overall composition of the pigments is first 

thoroughly investigated. A detailed spectroscopic characterization of the pigments is 

presented in this section, which is then used as a reference to monitor the molecular 

changes occurring during their natural ageing. The role played by differences in 

composition introduced by changes in the synthesis protocols on the natural ageing of 

the pigments is demonstrated. 

 

Chapter 6 continues in part along the lines of Chapter 5, while also shifting the focus 

from the material-environment interaction more towards the characterization of 

materials. This chapter deals, in fact, with another challenging aspect of the study of 

Geranium lake pigments: their identification in real paint samples. The analysis of a 

microscopic sample from Van Gogh’s painting L’Arlésienne (portrait of Madame Ginoux) 

(Figure 1.10) presents the perfect opportunity to test the potential and limits of optical 

photo-thermal IR (O-PTIR) spectroscopy for the sub-micron molecular characterization 

of paint cross sections. The striking results, including the identification of Geranium lake 

particles in the paint layers of the sample, clearly highlight the great potential of this 

technique for the study of micrometric particles in paint samples. 

 

Chapter 7, while also introducing methodological novelties, focuses on the 

environmental side of the material-environment equation, in an opposite fashion as 

Chapter 6. In this chapter, in fact, a straightforward methodology to evaluate and 

visualize in a continuous manner the indoor environmental quality (IEQ) of a 

conservation environment is introduced. The innovative aspect is represented by the 

inclusion of continuous PM monitoring, a factor normally overlooked in previous studies, 

in the calculation of an IEQ-index. The results of this first part of the study clearly show 

how, including PM in the IEQ calculation, allows to identify potential risks for museum 

collections that remain invisible when only traditional parameters are considered. In a 

second part of this chapter, the performances of a selection of low-costs sensors for PM 

and gaseous pollutants monitoring are tested on the field (monitoring campaign in the 

St. Martin’s church in Aalst, Belgium). Advantages and drawbacks are highlighted with 

the final aim of verifying their applicability in conservation environments, which would 
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make the implementation of continuous PM monitoring in the practice of museums and 

heritage institutions affordable and realistic. 

 

Chapter 8 concludes this doctoral thesis by summarizing the findings of this PhD work 

and highlighting the main outcomes and implications of the conducted research.  

 

 

 
 

Figure 1.10_Vincent Van Gogh, L’Arlésienne (portrait of Madame Ginoux). 1890. 
Kröller-Müller Museum, Otterlo.  
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Abstract 
 

Brass is a relatively stable alloy but it tends to tarnish over time due to the interaction 

with the atmosphere. Therefore, it is rare to observe centuries-old brass objects 

untouched by the passing of time. For this reason, the pristine appearance of hundreds 

of brass sequins in the enclosed gardens of Mechelen (reliquary altarpieces produced 

between 1530 and 1550) is remarkable. In this chapter, the in-depth chemical and 

metallographic characterization of such unexpectedly well-preserved objects is 

presented. The results revealed the reason for their stability to be a combination of high-

quality materials (i.e. medium Zn content, low impurities) and optimal surface properties 

(i.e. high homogeneity, low roughness), indicating the high level of expertise of the 

craftsmen who produced them. Novel fundamental insights on the manufacturing 

method of metallic sequins, previously overlooked despite their great popularity 

throughout history, were also obtained.   
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2.1 Introduction 
 

The enclosed gardens122 are a unique form of mixed-media devotional art produced 

between 1530 and 1550.123,124 First appeared in the late medieval Low Countries, an 

enclosed garden is a retable offering complex representations of an ideal, paradisiacal 

garden, often enclosed by painted side panels. The central section is an impressive 

combination of narrative sculptures, relics, hand-worked textiles, metallic elements and 

all kind of adornments. Although common in the past, only few of these stunning multi-

material artefacts survived the test of time. The enclosed gardens in the collection of the 

Museum Hof Van Busleyden (Mechelen, BE), are one of the few exceptions.123,124  

 

Within the ArtGarden project (KIK-IRPA, University of Antwerp, KU Leuven) five of these 

masterpieces, kept by the sisters of the Onze-Lieve-Vrouwegasthuis of Mechelen for 

over 500 years, were the subject of a detailed analytical investigation in the occasion of 

their restoration. Upon visual observation, one of the predominant features in these 

artworks is the presence of hundreds of round and leaf-shaped sequins with an 

extremely shiny appearance. Such a pristine state is in striking contrast with the high 

degree of degradation observed for the other materials constituting the artworks (e.g. 

faded and embrittled textiles, corroded glass beads and tarnished metals).  

 

Metallic sequins consistently appear as clothes, ornaments and symbol of wealth 

throughout ancient history,125–128 transcending both geographical and temporal 

distances from as far back as the third millennium BC.129 In the middle ages, they were 

extremely popular as fashion accessory among nobility as well as decoration in religious 

art and liturgical fabrics.130–137 Both in ancient and early medieval times, the sequins were 

usually made of gold or of gilded metal.125,127,129,138,139 The use of gold granted both the 

characteristic shiny appearance and a certain exclusivity to the sequins. Between the 

14th and the 15th century, cheaper metals, such as copper or brass, started being used 

for the production of sequins as well.137,140,141 Initially linked to counterfeit, the mass 

production of cheaper shiny sequins likely turned into a parallel industry of its own.137 

Probably due to the low prestige of these objects compared to their gold counterparts, 

only few clear mentions exist in the literature.140–142 

 

Apart from the sequins, the most common type of metallic objects found in the enclosed 

gardens are wires. These are used, alone or in combination with silk, to structure 

decorative elements and hang sequins and other adornments. If the sequins are in a 
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pristine conservation state, the wires show an opposite situation, with heavy tarnishing 

and a complete loss of their metallic appearance. Despite the extreme differences in 

appearance, preliminary in-situ p-XRF analyses (discussed later in the chapter) showed 

that both sequins and wires are made of a brass alloy similar in composition.  

 

Brass is a relatively stable alloy of copper and zinc but it is sensitive to oxidation, 

tarnishing over time due to the interaction with the atmosphere.10,29,143–146 It is therefore 

extremely unusual to observe centuries-old brass objects which appear almost 

completely untouched by the passing of time. 

 

Several factors, including changes in the composition and in the metallographic structure 

of the alloy, can have a significant positive or negative influence on the stability of 

brass.28,31,147 In particular, the alloying with Zn increases the corrosion resistance 

compared to pure copper, but Zn percentages higher than ⁓15% can cause an increased 

risk of dealloying, leading to a loss of mechanical and aesthetical properties.28–30 The 

minor components of brass can also significantly affect the resistance to degradation. 

Among others, Ni, Sn, As and Al, in concentrations below 0.2-0.3%, can increase the 

stability of the alloy, while Fe and Pb might favor its degradation.31 The metallographic 

features of the alloy, such as average grain size and residual strain, are also known to 

affect the stability of brass. Smaller grains and higher strain, in particular, can lead to an 

increased reactivity.31,32 In a similar fashion, the surface morphology also plays a role in 

the corrosion of metal alloys, with an increase in roughness being linked to a higher 

tendency to corrode.33–35 This is particularly evident in metals prone to passivation (like 

Cu alloys), especially when unidirectional roughness34 or deep scratches35 are present. 

Furthermore, different types of surface coatings (e.g. tinning, gilding, silvering)146,148–150 

were also used since antiquity to improve and preserve the aesthetic properties of Cu-

alloy surfaces. 

 

When it comes to metal sequins in particular, the information in the literature is sparse, 

and mostly limited to historical sources and archaeological findings.140–142 Despite their 

popularity throughout human history, little is known about composition, metallography 

and stability of these objects. This study, therefore, represents a unique occasion to 

investigate and shed light on the material properties of this previously overlooked type 

of metallic ornament and, in general, on the stability of stamped brass elements. 

 

Based on these premises, several fundamental research questions arise: why is the 

conservation state of wires and sequins so different even though they are made of a 
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similar alloy and they were preserved in exactly the same environment? What is the 

secret behind the pristine appearance of the brass sequins even after five centuries of 

exposure to the environment? Three possible reasons for the different conservation 

state were investigated in particular: 

• differences in the chemical composition of the alloy (Zn concentration and minor 

elements); 

• presence of a surface coating on the sequins (metallic or organic); 

• differences in the metallographic structure and surface morphology of the objects 

(role of the manufacturing process). 

 

In order to give an answer to these questions, an in-depth historical research was 

performed in combination with a multifaceted analytical approach to investigate the 

chemical composition (SEM-EDX, p-XRF, FTIR and µ-Raman spectroscopy), 

metallographic structure (alcoholic ferric chloride etching followed by OM and SEM 

observation) and surface morphology (OM, SEM and AFM) of 65 sequins and 19 wires 

from five different enclosed gardens. Our results demonstrated how the manufacturing 

process, strongly affecting metallographic structure and surface morphology of the 

objects, ultimately determined the different conservation state of brass sequins and 

wires. In addition, the material information obtained allowed to reconstruct in detail, for 

the first time, the historical manufacturing process of metallic sequins. 

 

 

 

2.2 Materials and methods 
 

Non-invasive p-XRF analysis were first performed in-situ on a total of 84 metallic objects 

(65 sequins and 19 wires) from five different enclosed gardens (enclosed gardens of 

Mechelen Hospital sisters, Museum Hof Van Busleyden, Mechelen, BE). A selected 

number of objects (21 sequins and 19 wires), representative of the different stylistic 

groups and chosen because easily removable from loose decorative elements, was then 

further studied in the laboratory by means of FTIR and µ-Raman spectroscopy, AFM, OM 

and SEM-EDX both on a surface level and in cross section. Metallographic analyses were 

also performed on these samples. 
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2.2.1 Portable XRF (p-XRF) 

 

The portable X-Ray Fluorescence instrument Olympus-InnovX Delta Professional was 

used to perform in-situ measurements. This device generates primary X rays by means 

of a Rh-tube with a maximum acceleration voltage of 40 kV and a maximum beam 

current of 200 μA. All the analyses were performed at 40 kV with a 90 s Live Time. The 

software used for the qualitative and quantitative analysis was Innov-X Delta Advanced 

PC Software. The accuracy of the software for quantitative analysis was verified by 

analyzing the CHARM set of certified reference copper alloys.151 The level of accuracy 

observed allows a meaningful comparison between the two groups of brass objects in 

exam.  

 

 

2.2.2 ATR-FTIR 

 

The FTIR spectra were collected with a spectrometer Bruker Alpha II equipped with a 

DTGS detector and a diamond ATR accessory. A total of 128 scans have been 

accumulated in each sample, using a resolution of 4 cm-1 and a wavenumber range 

between 4000 to 400 cm-1. The spectra showed have not been corrected in order to 

avoid any kind of distortion. 

 

 

2.2.3 µ-Raman 

 

Raman spectroscopy measurements were performed by means of a Xplora Plus 

Microscope (Horiba) under a 785 nm laser, considering the effective range of 150-

1000 cm−1. At each point, 5 accumulations were collected during 10 seconds each one. 

The spectra showed have not been corrected in order to avoid any kind of distortion. 

 

 

2.2.4 OM 

 

The OM images were collected with an Olympus DSX510 digital microscope. Both bright 

field and polarized light modes at different magnifications were employed. The specific 

conditions for the single images are specified throughout the text. 

 



Chapter 2 | All that glitters is not gold 
 

 

65 

2.2.5 SEM-EDX 

 

The samples were examined with a Field Emission Gun – Environmental Scanning 

Electron Microscope (FEG-ESEM) equipped with an Energy Dispersive X-Ray (EDX) 

detector (FEI Quanta 250, USA; at AXES and EMAT research groups, University of 

Antwerp), using an accelerating voltage of 20kV, a take-off angle of 30°, a working 

distance of 10 mm and a sample chamber pressure of 10-4 Pa. Imaging was performed 

based upon secondary electrons (SE), back-scattered electrons (BSE). EDX point spectra 

were acquired, using a beam current of ~0.5 nA and a dwell time of 60 s per spectrum. 

The same beam current was used for EDX mapping. Different maps were collected at 

different resolution, with pixel size values from 18 to 420 nm and dwell time from 1 to 4 

ms/pixel. The line scans analyses were performed with a spatial resolution of 500 nm.  

 

 

2.2.6 AFM 

 

The AFM instrument used during all experiments is the nanowizard 4™ with a manual 

stage (JPK BioAFM, Bruker). All imaging experiment were performed using a beam 

shaped cantilever on the AIO chip (cantilever D) which has a nominal spring constant of 

40 N/m and a nominal tip radius of <10 nm (Budget sensors, Bulgaria) All images were 

acquired in the Quantitative Imaging® mode using a setpoint of 200 nN. Calculation of 

RMS roughness and processing of the images were performed in the JPK SPM DP 

software (v 6.1.163). 

 

 

2.2.7 Cross section preparation and chemical etching 

 

Selected fragments of the metallic objects in analysis were prepared by first embedding 

them in acrylic resin (ClaroCit). The surface was then polished with silicon carbide discs, 

followed by diamond and alumina pastes. The samples were then cleaned and 

chemically etched with an alcoholic ferric chloride solution (240ml of ethanol - Supelco, 

ref. 8.18760 -, 60 ml of HCl - Sigma Aldrich, ref. 320331 - and 20 g of FeCl3
.6H2O. The 

cross sections were immersed during 2 seconds in the etching solution and afterwards 

rinsed gently with water. They were then inspected with OM (Bright Field and Polarized 

light) and SEM. 
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2.3 Results and discussion 
 

In order to facilitate the design of the experiments and the discussion of the results, the 

65 sequins were divided in eight groups based on their macroscopic appearance and 

stylistic features (Figure 2.1a-h). Some examples of metallic wires encountered in the 

enclosed gardens are also presented in Figure 2.1i-k. All 19 wires and a selection of 21 

sequins (taken from each group) were investigated both in- and ex-situ (Figure 2.1l). 

 

 

 
 

Figure 2.1_Overview of the type of metallic objects in exam. Categories of sequins: a) Group 1, b) Group 2, 
c) Group 3, d) Group 4, e) Group 5, f) Group 6, g) Group 7 and h) Group 8. i), j) and k) examples of brass 

wires. l) number of samples selected per category for in-situ and ex-situ analyses. 
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2.3.1 Chemical composition of the alloy 

 

The thorough elemental characterization performed in this study demonstrated that, 

despite the clearly different conservation state, no substantial systematic difference 

exists in the composition of brass sequins and wires. The different conservation state of 

the two types of objects cannot therefore be explained by a difference in the chemical 

composition of the alloy. 

 

In detail, the in-situ p-XRF analysis confirmed that the large majority of sequins and wires 

is made of brass (78 out of 84 objects). The only exception are six silver sequins, all 

belonging to the stylistic Group 4 (Figure 2.1d), which also appear completely tarnished 

in contrast with the other sequins. Since the main aim of the study is to explain the 

conservation state of the well-preserved brass sequins, these few degraded silver 

objects have been excluded from further analysis. 

 

The remaining brass sequins show a pristine conservation state and a glossy appearance, 

with only seven presenting localized signs of degradation. These tarnished sequins do 

not belong to one specific stylistic group, but they rather represent isolated exceptions 

belonging to different groups (one in Group 1, one in Group 2, two in Group 5, two in 

Group 7, one in Group 8). The wires, albeit appearing systematically and significantly 

tarnished, show a similar bulk composition to the sequins (Figure 2.2). 

 

Both types of objects are made of an α-brass alloy with a medium-high Zn content 

(⁓20%), but always lower than 30%. This is in agreement with the composition normally 

encountered in historical brass (pre-19th century) produced with the cementation 

process.152 The Zn content and the low impurity levels indicate a high-quality metal alloy, 

most likely produced by directly smelting copper and zinc ores, and not by recycling 

existing brass objects.141 Such an alloy, due to the complex and very technical nature of 

its production technique, would have been relatively expensive compared to other 

copper alloys or more impure brasses.141 For this reason, as seen in other late-medieval 

European findings, it was used mostly to produce liturgical and more luxurious 

objects.141,143,153 However, when compared to gold, whose appearance was likely 

supposed to imitate, this would have been a much cheaper option. 

 

The content of Zn (Figure 2.2b) appears lower in the bulk of the wires (⁓15%) than in the 

sequins (⁓20%). Such a difference is not clearly visible in the p-XRF results likely due to 

the contribution of the tarnished layer on the surface of the wires. A higher Zn content 
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is normally associated to a higher tendency to degrade, with the conventional safety 

“threshold” set at 15%.28 Since the sequins show a higher Zn concentration, but also a 

much better conservation state, the Zn content does not seem to play a preeminent role 

in the long-term stability of these objects.  

 

 
 

Figure 2.2_Elemental composition of the brass samples. a) p-XRF results (78 objects), box-plots; b) SEM-
EDX results in cross section, average of 20 points (10 µm long line) in the bulk of the object. 

 

 

On the other hand, the concentration of minor elements in all the samples is so low 

(Figure 2.2) that they most likely represent impurities in the starting ores rather than 

voluntary additions.143,152,154 Pb is the impurity in the highest proportion. This metal was 

often added to improve the castability and reduce the price of Cu alloys.143 In small 

amounts it can improve the machinability of brass but in larger than few percentage 

points it negatively affects the aesthetical and mechanical properties.152 Since Pb is not 

soluble in the brass alloy and therefore is sparsely distributed in the volume,155 only the 

p-XRF bulk results are considered representative of the real average concentration 
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(Figure 2.2a). The large majority of samples contains less than 1% Pb, low enough to be 

certainly not voluntarily added143 and to not affect negatively the properties of the alloy. 

Such a low-Pb alpha brass alloy, in fact, would have had a golden color and ideal 

mechanical properties for the drawing of wires as well as for the battering of thin 

sheets.152,156 The other minor components observed in the samples are Fe, Sn and Ni. Fe 

is often present as an impurity in historical brasses141,143 and it can lead to a decrease in 

the resistance to corrosion of both alpha and beta phases.31 In an opposite fashion, Ni 

and Sn concentrations might increase the resistance to corrosion of brass alloys.31 Similar 

amounts of Fe and Ni are observed in the two different groups of objects. Sn is certainly 

present only in few tarnished wires and non-tarnished silver-colored sequins (Group 6, 

Figure 2.1f). Few wires show Sn concentrations high enough to potentially have a 

positive effect on the long-term stability of the alloy. Since these wires appear as heavily 

tarnished as all the others, Sn does not play an active role on the long-term stability of 

these objects. 

 

 

2.3.2 Presence of surface coatings on the sequins 

 

The elemental and molecular analyses also demonstrated that neither gilding nor any 

other organic or inorganic surface finishing is present on the sequins. The only exception 

is a small group of sequins with a silver-like appearance, which showed residues of a 

tinning treatment. The pristine conservation and gold-like appearance of the sequins in 

the enclosed gardens cannot therefore be explained by the presence of a protective 

coating. 

 

In detail, the results of the ATR-FTIR analysis allow to discard the presence of a varnish 

or any other organic protective layer on the outer surface of the sequins (Figure 2.3). 

The spectra show mainly the presence of silicates, resulting from dust, and carboxylates, 

resulting from the reaction between the dust and the fatty acids deposited on the 

surface when the pieces where touched with naked hands.157 The presence of 

carboxylates can be seen at 2919 and 2850 cm-1 (C-H stretching from CH2 groups) and 

1590 and 1418 cm-1 (asymmetric and symmetric stretching of COO- groups). The bands 

related to silicates are found at ≈3300 (O-H stretching) and ≈1100 cm-1 (Si-O 

stretching).158,159 Additionally, there are smaller amounts of free fatty acids (band at 

1739 cm-1, C=O stretching) and oxalates (1321 cm-1, C-O stretching) related to the 

degradation of organic compounds.160–162 
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In any case, the FTIR signal has very low intensity, indicating that these compounds are 

found in a very low amount. 

 

 
 

Figure 2.3_ATR-FTIR analysis: typical spectrum for the pristinely preserved sequins. The spectra of three 
sequins are displayed, the dashed lines indicate the bands present in all spectra. 

 

 

The possible presence of a metallic coating was investigated by means of p-XRF and SEM-

EDX analysis. In the first place, it is particularly relevant to notice that no gold was 

detected in any of the sequins (Figure S2.1). This excludes the possibility of a gilding 

treatment being responsible for the gold-like appearance and confirms the existence of 

a brass-sequins production in Belgium, previously only mentioned by historical 

sources.136 The use of brass represents a clear distinction with  early medieval and 

ancient sequins, most of the time made of gold or gilded metals,138,163 but it is in 

agreement with the choice of non-luxurious materials usually encountered in these 

shrines.123,124  

 

A protective surface coating, and in particular a tinning treatment, was observed only on 

three sequins. These are samples that also show a different macroscopic appearance 

compared to the gold-like majority of the sequins: two silver-looking sequins belonging 

to the stylistic Group 6 (Figure 2.1f), which were already found to have small amounts of 

Sn also in the bulk of the alloy (Figure 2.2b), and one tarnished sequin belonging to the 

stylistic Group 8 (Figure 2.1h). A thin discontinuous Sn layer was observed on the surface 

of these samples (Figure S2.2). The limited thickness of the Sn layer suggests that the 

finished objects might have been tinned through a galvanic process, such as contact 
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tinning, rather than through hot tinning with molten Sn.148 Such a process, already well-

known in late-medieval Europe,148 produces extremely shiny but also very thin finishing 

layers completely covering the surface of the object. Due to the very thin nature of the 

coating, the Sn layer appears discontinuous and completely abraded in the areas where 

slight friction took place (Figure S2.2d,e).  

 

 

2.3.3 Surface-confined dezincification 

 

Even though no voluntary coating was observed on the surface of the sequins, the SEM-

EDX analyses highlighted a systematic decrease of the Zn concentration on the surface 

of both sequins and wires (Figure 2.4). 

 

 
Figure 2.4_SEM-EDX elemental analysis in cross section. a) ratio between surface and bulk concentration 
(average of 20 points, 10 µm long line across the outer surface of the object and in the bulk); b) Relative 

increase in the Cu/Zn ratio from the bulk to the surface of the samples. 
 

 

The leaching of a portion of Zn from the surface of Cu/Zn alloys due to the interaction 

with the environment is a widely documented phenomenon.29,30,143,164–166 Zn, in fact, is 

more readily oxidized than Cu, can form soluble degradation products when interacting 

with the environment (e.g. Zn chlorides and hydroxides28) and can migrate, to a certain 

extent, through the metallic lattice of the alloy.29,30,165 The level of dezincification in the 

samples in analysis, however, is much less pronounced than the one normally described 

in the literature on both modern and archaeological brasses.164,166,167 In both sequins and 

wires, in fact, the average Zn concentration is only 15% lower on the surface than in the 

bulk, and the dezincification only affects the outermost 5-10 µm (Figure 2.4b). This is an 



 

72 

extremely important detail when it comes to the macroscopic appearance and 

aesthetical qualities of the sequins. Even when degradation products are not present on 

the surface of the samples, in fact, the dezincification of brass alone might negatively 

affect the aesthetical properties of the alloy. In particular, the leaching out of part of the 

Zn might shift the color of the alloy from a yellow/gold-like color towards a more 

reddish/copper-like hue.28 In this specific case, however, the Zn fraction on the surface 

remains high enough (16.2 wt% on average) for the alloy to still preserve its gold-like 

appearance. 

 

The lower level of dezincification observed in the samples might be due to the fact that 

the enclosed gardens’ environment (indoor and partially enclosed) is not as aggressive 

towards the metal as the ones usually considered in the literature (e.g. seawater, soil, 

acidic solutions).164,166,167 The selective solubilization of Zn from the most superficial 

layers of the alloy is in fact the first phase of brass dealloying, followed only in a later 

stage by the formation of Cu-rich deposits.29,165 On one hand, a non-corrosive 

atmosphere could therefore explain the small scale of the dezincification observed. On 

the other hand, however, a chemical interaction in a relatively dry environment should 

have left nonetheless some Zn degradation products and a clearer degradation layer on 

the surface.29,30,145 This is the case for the wires, where a thick crust with a layered 

structure is visible (Figure S2.3b and Figure S2.4d,e), but not for the sequins, where only 

small amounts of extremely thin and localized degradation products are visible (Figure 

S2.3a and Figure S2.4a,b,c). The dezincification not associated to a clear degradation 

layer in the sequins might also be a result of their production process. Procedures such 

as intensive hammering and annealing, necessary to produce thin sheets of metal, can 

in fact also lead to a loss of Zn from the alloy.28,168 

 

 

2.3.4 Metallographic structure and surface morphology 

 

Metallographic features, such as grain size, homogeneity and orientation,147 and surface 

properties, such as average roughness and the presence of deep scratches,33–35 can 

significantly affect the resistance to corrosion of metallic objects. Both properties are 

ultimately determined by the production process of the artefacts. 

 

The metallographic analysis and microscopy investigations performed in this study 

highlighted striking differences in grain size, surface roughness and morphology for 

sequins and wires. The surface properties in particular, direct consequence of the 
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distinct production processes for the two types of objects, are the ultimate reason for 

the differences observed in their conservation state. In detail, the metallographic 

analysis of the wires (Figure 2.5a and Figure S2.5) showed recrystallized and twinned 

grains (average size from 9.3 µm to a maximum of 43.8 µm), with no clear elongation in 

the direction of drawing and no residual strain (see supplementary information section 

2.5.2). 

 

 
 

Figure 2.5_Photomicrographs of the transversal cross-section of the samples after metallographic etching. 
a) wire, polarized light; b) Sequin (Group 5), bright field; c) Sequin (Group 1), polarized light; d) Sequin 

(Group 2), SEM secondary electron imaging. The main metallographic features are highlighted (red=twin 
lines; white=strain lines). 

 

 

In the sequins, on the contrary, the α-brass alloy is finely divided in micro-sized grains 

which are always smaller than in the wires (average size=5.4 µm). An extremely high 

amount of strain lines is also observed throughout the whole volume. Smaller grains and 

higher strain are often linked to an increased reactivity for the alloy.31,32 In this case, 
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however, the smallest grains and the highest strain are encountered in the pristinely 

preserved sequins and not in the tarnished wires. It is true that, in an alloy prone to 

passivation, an enhanced reactivity would translate into a faster and more efficient 

passivation.32 Nevertheless, no clear passivating layer is observed in the sequins. 

Therefore, the metallographic structure of the alloy does not seem to play a preeminent 

role in the conservation state of the objects. If this was the case, in fact, a higher level of 

tarnishing would be expected for the sequins rather than for the wires. 

 

The microscopy analysis of the sequins showed that, on a microscopic level, the surface 

is not always as pristine as it appears macroscopically (Figure 2.6a-c), although a clear 

difference remains when compared with the heavily tarnished surface of the brass wires 

(Figure 2.6d-f). 

 

 
Figure 2.6_Photomicrographs of the surface of some of the metallic samples in analysis. OM (a, b) and SEM 

(c) of macroscopically non-degraded sequins; OM (d, e) and SEM (f) of heavily tarnished wires. The 
direction of drawing of the wires is highlighted in yellow. BSE=back-scattered electrons, SE=secondary 

electrons. 
 

 

Furthermore, a connection between surface morphology and degradation can be noted 

in both cases. On the surface of the sequins, in fact, the distribution of the few corrosion 

products appeared linked to the few microscopic imperfections. In a similar fashion, on 
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the wires the tarnishing clearly follows the direction of drawing (yellow arrows), which 

is also the direction along which most imperfections and irregularities are distributed.169 

In addition to the similarities in the spatial distribution, the degradation products on 

sequins and wires show also a similar composition (see Supplementary information 

section 2.5.3). In both cases, in fact, Cu, C, S, O and/or Cl, are mainly observed in the 

degraded areas (Figure S2.3 and Figure S2.4). These are elements normally encountered 

in the degradation products on the surface of historical copper alloys due to the 

interaction with environmental agents.1,10,144,170,171 The presence of mostly oxides, 

chlorides and hydroxy-chlorides of copper on both sequins and wires is confirmed by 

Raman spectroscopy (Figure S2.7). Al and Si containing dust is also observed (Figure S2.3 

and S2.6). These similarities suggest that the mechanisms responsible for the 

degradation of sequins and wires are likely the same, but on a significantly different 

scale.  

 

The link between surface defects and tarnishing should be considered in conjunction 

with the different roughness and homogeneity of the surfaces of wires and sequins, 

highlighted by the AFM analysis (Figure 2.7). These two factors together, in fact, 

substantiate a clear connection between the different surface morphology (Figure 

2.7a,b,c) and roughness (Figure 2.7d) and the differences observed in the conservation 

state of the objects. The surface of the non-degraded sequins is extremely smooth, non-

porous and shows only few tiny imperfections (as seen in Figure 2.6a,b,c, Figure 2.7a and 

Figure S2.4a). Such a smooth surface is different from the one the wires would have 

shown after being drawn, even before any oxidation process took place. The very act of 

drawing, in fact, often produces defects and imperfections developed in the direction of 

drawing.169 The edge of the drawplates used to shape the wire tends to develop 

microscopic defects and imperfections as a consequence of usage.169 These 

imperfections are transferred onto the wires while they are drawn, thus affecting the 

regularity of the circumference and the homogeneity of the surface. Such deep 

unidirectional scratches are clearly visible in the 3D imaged surface of the samples in 

analysis (Figure 2.6e,f and Figure 2.7b,c). Their presence creates preferential spots for 

the degradation process to start,34,35 negatively affecting the overall stability of the 

wires. This clearly confirms the link between these imperfections and the longitudinal 

distribution of the corrosion products (Figure 2.6e,f). It is important to notice that 

scratches with nanometric thickness were observed also on the surface of the sequins 

(Figure 2.7a). However, these are much more superficial than in the wires and show no 

preferential orientation, which suggests that they are probably linked to the handling 

and usage of the objects rather than to their production. 
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Figure 2.7_AFM analysis. Representative height and 3D images for a) sequins and b) wires (the drawing 

direction is vertical); c) height profile along two lines (highlighted in a and b); d) average surface roughness 
(RMS) for all the areas considered (six for sequins and three for wires). 

 

 

All things considered, the striking differences observed in the surface morphology of 

sequins and wires, which translate into a higher roughness and therefore a higher 
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reactivity for the latter, justify the completely different appearance of the two types of 

objects despite their similar composition. The good surface properties alone, however, 

are not enough to explain the pristine appearance of the brass sequins. This is clear when 

we consider the conservation state of the small group of sequins made of silver (Figure 

2.1d). Despite being likely produced in a similar way as their brass counterparts, in fact, 

these appear completely tarnished. This is a result of the higher reactivity of silver in the 

conservation environment: large amounts of silk and other sulfur-containing 

proteinaceous textiles in a partially enclosed environment likely lead to a build-up of 

H2S63 and to the consequent formation of dark Ag2S.1,63 Therefore, rather than by the 

mere surface morphology, the pristine conservation state of the sequins in the enclosed 

gardens of Mechelen is better described by a combination of relatively stable materials 

(brass with low Pb and impurities) and optimal surface properties. Both factors are 

needed to ensure such outstanding results. 

 

It is important to mention, that the difference in conservation state of sequins and wires 

might have also been extremized by the presence of textiles (mostly silk123) wrapped 

around the latter. The fibers in contact with the metal, in fact, could have negatively 

affected its stability due to the off-gassing of aggressive pollutants63 or by increasing the 

retention of humidity.172 However, since some of the heavily tarnished wires considered 

in this study were not wrapped in textile, this mechanism might have had a negligible 

effect on the degradation. The similar composition of the degradation products found 

on sequins and wires, both in contact and not in contact with silk (Figure S2.3, S2.4, S2.6 

and S2.7), confirms this hypothesis. 

 

 

2.3.5 Historical manufacturing process of metallic sequins: uncovering the past. 

 

Ultimately, the optimal surface properties of the metallic sequins were undoubtedly a 

result of the way they were produced. On the basis of the experimental evidences just 

discussed, novel fundamental insights on the historical production method of these 

objects were obtained. To the authors’ best knowledge, no previous material evidence 

exists in the literature on these regards. 

 

Based on historical sources, it is today ascertained that sequins were in high demand in 

Europe in the 15th-century.137,139,140 Given their high popularity and low price, compared 

to the metals used to produce them,173 the manufacturing process of these decorative 
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items must have been fast and simple enough to allow a large scale production. 

However, the only detailed information on the process available in the literature, based 

on the interpretation of 15th century Italian notary deeds, describe a complex procedure 

involving several steps, including casting in specific molds, piercing and finishing through 

the use of hammers and plies.142 In the rest of the literature, on the contrary, only 

sporadic mentions exist of a generic stamping process based on the use of punches on 

sheet metal174 and performed by specialized metalworkers.140 This second process, even 

though never described in detail, presents interesting resemblances with a similar and 

better studied type of object: the thin, uni-faced medieval silver coins called 

bracteates.175 Extremely diffuse in central and northern Europe, these coins were 

hammer-struck using only one coin die and pre-cutting a round flan from a thin metal 

sheet. A piece of soft material, such as leather or lead, placed on top or below the flan 

allowed to impress the design without using a two-part die. The data collected in this 

study highlighted important similarities and differences with bracteates, ultimately 

shedding light on the historical manufacturing process of sequins. 

 

In the first place, the micro size of the α-brass grains observed in the sequins (Figure 

2.5b,c,d) suggests that several cold working/annealing steps were alternated in the 

process.176 This indicates that the first manufacturing step was the battering of the metal 

to form thin sheets, as opposed to the casting mentioned in the Italian sources.142 To 

obtain such a thin foil, in fact, an excessive hardening of the alloy should be prevented 

by annealing it.169 This hammering/annealing step might have also caused a loss of Zn 

from the metal,28 justifying the slight dezincification observed on the surface of the 

otherwise pristinely preserved sequins. The use of a thermal treatment is confirmed also 

by the twin lines observed in several grains (Figure 2.5b,d). The fact that these twin lines 

are frequently bent and that a high amount of strain lines is present in the grains through 

the whole volume, however, suggests that the last step in the production of the sequins 

was some heavy cold-working.146,176 This likely means that the single sequins were 

produced by embossing the three-dimensional decors applying a strong pressure to the 

metal sheet, in a similar fashion to what observed for the bracteates. The much higher 

precision in the centering of the design observed for the sequins (Figure 2.1) than for 

bracteates,177 however, suggests that in this case the embossing and cutting were 

realized in one single step. Such a procedure is normally referred to as blanking, and the 

sharp-edged punches needed to stamp out these three-dimensional forms are called 

blanking punches.169 Given the slight curvature observed at the edges of the sequins, it 

is likely that a more complicated procedure using a two-part die was employed. In this 

case, a matrix would have been used in addition to the (blanking/shearing) punch to 
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shear away a three-dimensional shape from the sheet metal. To facilitate the action of 

shearing, the edge of the matrix could be angled. This would explain the curved edges of 

the sequins (Figure 2.1 and Figure 2.8a,b,c), since the brass would have flown into the 

die just prior to fracture169 (Figure 2.8d). Such a stamping process would cause a 

decrease in the thickness of the metal sheet, explaining the high residual strain observed 

and the very thin nature of the sequins (on average between 25 and 50 µm). This 

represents another difference with the bracteates, since the thickness of the flan would 

not decrease during their striking, leaving a thicker final product.175  

 

 
 

Figure 2.8_Evidence of the stamping of metallic sequins. a), b), c) Photomicrographs of the curved outer 
border of three different sequins (in cross section); d) schematic representation of the stamping process 
likely used for the manufacture of the sequins in analysis. In evidence the link between the use of a two-

part blanking die and the curved shape of the sequins’ borders. 

 

 

In order to obtain a pristine strike with a single die, it would have been necessary to 

change spot on the slab of soft material after every single sequin. This would have clearly 

slowed down and complicated the production. The use of a two-part die, on the 

contrary, increased the productivity and the quality of the final product, a benefit for the 
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craftsmen. The use of punches and dies to impress three-dimensional designs onto metal 

plates was a technique certainly diffused in Belgium already in the early middle ages. In 

particular, the use of dies to “beat and stamp” Dinanderies, embossed brass objects 

mainly produced in Dinant and in the Meuse valley, is mentioned by Theophilus in the 

12th century in its De diversis artibus.178 Dinant was the biggest brass production center 

in Europe until the second half of the 15th century, thanks to its rich Zn ore deposits and 

its strategic position on the river Meuse.152,179 Once the city was sacked and destroyed 

in 1466 by the Burgundian forces of Charles the Bold, most of the expert metalworkers 

(Dinandiers) fled the city and moved their activities to other large centers in the region, 

including Mechelen.180–182 On top of this historical connection and transfer of knowledge 

between the two cities, a similarity in bulk composition also exists between pre-16th 

century Dinanderies from the Meuse valley152 and the early-16th century objects 

analyzed in this study (Figure 2.2). A resemblance in the type of impurities present in the 

alloys suggests that not only the craftsmen wanted to achieve similar aesthetical and 

mechanical properties, but also that similar starting materials were likely used. Fe, Pb 

and Ni, in particular, are reported as possible impurities in Swedish and German Cu 

ores,154 most likely used in the production of brass objects in Dinant in the 14th and 15th 

century152,154 and, possibly, also of the sequins in analysis. The existence of sequins 

production centers in the southern Low Countries at the time of the creation of the 

enclosed gardens is also confirmed by the historical sources. A clear reference to the 

purchase of sequins of “Flemish making”, made of brass rather than of gold, is in fact 

found in the description of a traditional English folk dance from 1515.136 

 

Historically, a close link also exists between metal stamping processes and the 

development of techniques for mass production. Leonardo Da Vinci, in his codex 

Atlanticus (1480-1482), included a series of sketches for a “puncher device for the 

production of sequins”.183 In a similar fashion, some types of presses, adapted from the 

printing trade (e.g. screw press), were already used in the stamping of coins, medals and 

tokens at the beginning of the sixteenth century.184 In the same century, presses using a 

two-part die could be found in Germany and France, with guides to ensure the correct 

alignment of punch and matrix.185 The introduction of machines in late medieval times 

to impress three-dimensional designs “on small pieces of thin metal” is also mentioned 

by Tavenor-Perry in his monographic work on Dinanderie.186 This author, while 

discussing the techniques employed in the production of metal reliefs, criticizes the 

introduction in the manufacture of “machinery” and “dies of hard wood or steel, such as 

those used by bookbinders for stamping leather” to produce little ornaments which 

were then “soldered on to the face of other work in so exact a manner as to make the 
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whole appear as if cast in one piece”. It is therefore not impossible that the production 

of hundreds of identical small decorative items was relying on similar presses and not 

completely done by hand in 16th century Flanders. A large-scale production process 

would have likely increased the productivity and decreased the cost of production. This 

would have ultimately transformed the manufacturing of brass sequins into a more 

profitable profession than in 15th-century Italy, where the manufacturers strove to 

make ends meet probably due to the more complex and less efficient production 

process.142 

 

Whether fully performed by hand or partially mechanized, this last stamping step has a 

fundamental role in determining the mechanical and surface properties of the objects. 

On one hand, in fact, it grants a certain residual strain and rigidity to the sequins, 

necessary to allow them to be hung and maintain their shape. On the other hand, the 

pressure needed to impress the three-dimensional design and shear the sequin out of 

sheet metal produces the smooth homogenous surface behind their pristine 

appearance. 

 

 

 

2.4 Conclusions  
 

The multifaceted analytical approach discussed in this chapter allowed to expose the 

material properties behind the extraordinarily pristine conservation state of the brass 

sequins in the 16th century enclosed gardens of Mechelen. The main reason why these 

objects survived so surprisingly well the test of time is a combination of good quality 

materials (low Pb and impurities) and optimal surface properties (low roughness and no 

scratches or imperfections). These qualities are a direct consequence of their 

manufacturing process and a clear manifestation of the high level of expertise of the 

craftsmen who produced them.  

 

It is a widely accepted concept that late- and post-medieval craftsmen were well-aware 

of the effect the composition of the brass alloy would have on its mechanical and 

aesthetical properties.141 This clearly emerges also from the results of the present study. 

The composition of the brass alloy, in fact, is ideal when it comes to the plastic properties 

needed for the stamping of sequins and the drawing of wires, as well as to obtain a 

material resembling gold. Evidently, the artisans who produced the objects in analysis 
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were skilled and had a great knowledge of the properties of brass, likely inherited from 

the centuries-long experience of the metalworkers of Dinant and the Meuse valley. Such 

mastering of brass technology played a key role in the history of sequins. The great 

expertise of the Flemish metalworkers, in fact, allowed to improve their manufacturing 

process, making the use of brass more profitable and thus offering a concrete, cheaper 

but high-quality alternative to gold. This transition from more expensive towards 

cheaper materials is historically extremely relevant, since it represents a first 

fundamental step towards sequins becoming the universal fashion accessory they are 

nowadays. 

 

The key role played by the final steps of the manufacturing process on the long-term 

stability of the brass alloy is revealed. It cannot be inferred, however, whether or not the 

craftsmen were fully aware and concerned with the effect of the production process on 

the stability of the objects. The sequins were stamped out of sheet metal likely using a 

two-parts blanking die. The pressure involved in the process produces a highly strained 

structure, but also an extremely smooth and homogenous surface with few to no 

imperfections. The compositionally similar brass wires, on the other hand, shaped 

through several drawing/annealing cycles, show defects and deep scratches developed 

in the direction of drawing that created preferential points for the degradation to start, 

negatively affecting the overall stability of the objects. In this context, the choice of 

manufacturing process was most likely subordinated to the achievement of specific 

mechanical and aesthetical properties. Therefore, the effect these methods had on the 

surface properties and long-term stability of the alloy, positive in the first case and 

negative in the second, were probably not the main concern of the artisans that 

produced them. This means that, although the composition of the alloy and the expertise 

of the craftsmen undoubtedly played a fundamental role, the exceptional long-term 

stability of the sequins might not have been fully foreseeable at the time of their 

production. 

 

Additionally, this work represents a significant step towards a deeper understanding of 

the long-term behavior of α-brass, in particular in an indoor environment. The results 

show how historical brass can still present unaltered aesthetical properties after a five-

century long exposure to the environment, even when the Zinc content is above the 

arbitrary 15% limit that conventionally defines alloys at high risk of dezincification. Such 

information has a clear relevance well beyond the field of conservation science and 

cultural heritage. Furthermore, the novel insights obtained on the historical 
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manufacturing process of metallic sequins, shed light on a key-moment in the evolution 

of this preeminent fashion accessory recurring throughout human history. 

 

 

2.5 Supplementary information 
 

2.5.1 Figures 
 

 

 
 

Figure S2.1_Average XRF spectrum of the brass sequins analyzed and interpretation of the main features. 
In evidence the areas in which fluorescence peaks would have been observed if gold was present in the 

samples (empty red rectangles). As is present in too low concentrations to be accurately quantified. 

 

 

 
 

S2.2_Partially abraded and oxidized remnants of a tinning treatment on the surface of three sequins. a, b, 
c) SEM-EDX in cross-section of two non-degraded, silver-like sequins (stylistic group 6) and one tarnished 

sequin (stylistic group 8); d, e) microphotographs of a macroscopically non-degraded sequin (Stylistic group 
6). 
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Figure S2.3_SEM-EDX elemental surface analysis. a) Macroscopically non-degraded sequin (Group 5) and b) 
heavily tarnished wire. 
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Figure S2.4_SEM imaging (back-scattered electrons) and EDX elemental mapping of a selection of samples 
in cross section. a) non-degraded sequin (stylistic group 5); b) slightly tarnished sequin (stylistic group 2); c) 

tarnished sequin (stylistic group 8); d) and e) heavily tarnished wires. 

 

 

 
 

Figure S2.5_Photomicrographs in polarized light of the transversal cross-section of one wire after 
metallographic etching. The main metallographic features are highlighted (red=twin lines; white=strain 

lines). 
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Figure S2.6_SEM-EDX results in cross section. Average surface and bulk concentration of elements linked to 
degradation or surface deposition. 

 

 
 

 

 
 

Figure S2.7_µ-Raman spectra of the degradation products on the sequins (green) and the wires (red). 
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2.5.2 Metallographic analysis of the wires 

 

The metallographic analysis of the wires showed some differences in grain size but 

overall similar features in all the samples (Figure 2.5a and Figure S2.5). All the wires show 

recrystallized and twinned grains, with no clear elongation in the direction of drawing. 

The presence of annealing twins is not surprising, since the wires are normally annealed 

in between the different drawing stages in order to maintain a certain plasticity.169 Such 

a cyclic alternation of thermal treatment and cold working reduced the size of the grains 

to few tenths of microns on average (from a minimum average diameter of 9.3 µm to a 

maximum of 43.8 µm). As expected, the thinnest wires present also the smallest grain 

sizes (Figure S2.5), due to the higher number of cycles they were subjected to. The lack 

of elongation and the absence of visible residual strain suggests that the last step of the 

production was either the annealing of the wire or a very light cold work. This would 

have produced extremely ductile wires, with the necessary plasticity to build the 

complex structure of the fine floral decorative elements in the enclosed gardens. Some 

of the smallest wires show a certain amount of strain lines in the most superficial grains 

(Figure S2.5). This might be the result of a final drawing step but might also be due to 

the folding of the wire while assembling the decorative elements. Either way, this limited 

amount of strain would not significantly affect the overall mechanical properties of the 

wire. 

 

 

2.5.3 Degradation products on the surface of sequins and wires 

 

Only small amounts of extremely localized corrosion products (Figure S2.3a and Figure 

S2.4a) or, in the few macroscopically degraded samples, thin degradation layers (Figure 

S2.4b and c) are observed on the surface of the sequins. These contain mostly Cu, C, S, 

O and/or Cl. In the wires, on the contrary, a thick crust with a layered structure is visible 

(Figure S2.3b and Figure S2.4d,e). In detail, an inner Zn- and Cl-rich layer is present, which 

is covered by a series of overlapping layers containing mostly Cu and Cl, O and S 

respectively. In general, S is more systematically present than Cl in both types of objects 

(Figure S2.6). This is possibly a result of the large presence of silk and other 

proteinaceous textiles (felt, wool) containing sulfur in the enclosed gardens.  

 

µ-Raman analyses on the degraded areas of sequins and wires (Figure S2.7) confirmed 

the hypothesis that similar degradation mechanisms take place on the two different 
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types of objects. Since all the samples showed an intense fluorescence band above 1000 

cm-1, only lower frequencies are shown. In this region some characteristic bands can be 

observed, which highlight striking similarities on a molecular level between the degraded 

areas of sequins and wires. These results complement the elemental similarities 

previously described. In detail, the main band appears at 286 cm-1 and has been assigned 

to CuCl.187 Other minor signals can also be noticed, around 515 cm-1 (probably related to 

Cu3Zn(OH)6Cl2),187 at 458 cm-1 (probably related to Cu2Cl(OH)3, mainly found on the 

sequins)188 and around 630 cm-1 which, together with the shoulder at 220 cm-1 is 

probably linked to the presence of Cu2O.188 Following the SEM-EDX analysis, additional 

compounds containing S would be expected. The lack of Raman signals related to these 

compounds is likely due to the fact that these tend to fall at higher wavenumber and 

thus, in this case, they are likely hidden by the fluorescence band.189 The analyses show 

also the presence of Al and Si on the outer surface of most sequins and wires (Figure 

S2.6), mostly in combination with O in what appears as a surface deposit (Figure S2.4), 

in agreement with the FTIR data (Figure 2.3). Al, unlike Si, appears to be present not only 

on the surface, but also in the bulk of both sequins (tarnished and non-degraded) and 

wires (Figure S2.6). Al is an element often added to brass in order to improve its 

resistance to degradation, due to its tendency to form a passivating Al2O3 layer on the 

surface of the metal.190 The addition of Al to brass, however, is a modern practice and 

the amount of Al added in order to obtain a protective effect is much larger (⁓2 wt%) 

than the one encountered in all the samples.191 

 

Based on this evidence there are three possible reasons for the presence of an Al- and 

O-rich layer on the surface of sequins and wires. The first hypothesis is that the Al 

observed in cross-section is the result of a contamination during the preparation of the 

samples. An alumina sub-micron sized powder was in fact used during the mechanical 

polishing and it might have been partially embedded in the soft metal. This 

contamination might also account, at least in part, for the higher Al concentration 

observed on the surface of the objects in cross section. The Al2O3 polishing paste might 

in fact accumulate at the interface between the metal and the resin due to the presence 

of discontinuities and cracks. However, since Al was observed on the surface of most 

samples even before embedding them, a certain amount of Al is undoubtedly present 

on the surface of the objects and is not a product of contamination. A second possibility 

is that the Al rich layer observed on the surface is the result of the deposition of Al-

containing dust. The presence of high amounts of Al in the dust of the enclosed gardens 

would not be surprising. The very large amount of textiles in the gardens, in fact, were 

most likely dyed using alum as a mordant (the most commonly used mordant in 
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antiquity) and are now heavily oxidized, embrittled and pulverized. A third hypothesis is 

that Al is actually present in the bulk of the metal as yet another minor impurity rather 

than as a voluntary addition, and that small amounts of Al2O3 are formed on the surface 

during the oxidation of the alloy. Since similar amounts of surface and bulk Al are present 

both on non-degraded and heavily tarnished objects (Figure S2.4 and Figure S2.6), 

however, this process clearly does not play a significant role in the different conservation 

state of sequins and wires. All things considered, it is not unlikely for the real situation 

to be a combination of these three possible scenarios. What is certain, however, is that 

the Al distribution cannot account for the different appearance of sequins and wires. 
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Abstract 
 

In the previous chapter, it was demonstrated how the stamped metal sequins of the 

enclosed gardens of Mechelen present an extraordinary stability, mainly thanks to their 

optimal surface properties (low roughness and limited imperfections). It was also shown 

how the brass wires in the same enclosed gardens, with a similar composition but worse 

surface properties, appear heavily tarnished and strongly degraded from an aesthetical 

point of view. Nonetheless, even in this case, the corrosion did not generally spread 

deeply in the alloy and did not cause a loss of structural properties. This is probably a 

result of the good chemical composition (medium Zn content and low impurities) and of 

the “mild” conservation environment represented by the enclosed gardens (indoor and 

partially enclosed). 

 

This chapter shifts the focus on a very small selection of sequins and wires from the 

enclosed gardens that, in striking contrast with the exceptional stability previously 

described, appear severely corroded. This behavior was observed, in particular, when 

the metal was found in proximity of glass beads. The two materials were probably in 

close contact but, given the extreme corrosion and loss of structural properties of the 

metallic elements, the original position was not always certain. Interestingly, not only 

the supposed contact with glass negatively affected the stability of the brass alloy, but a 

more pronounced degradation with green-blue corrosion products was observed also 

on the glass surface. This section of this doctoral thesis, focuses on the application of 

innovative analytical strategies to investigate the reason for the severe corrosion of this 

limited amount of brass objects. In particular, the presence of markers of a glass-induced 

corrosion of the metal alloy is thoroughly verified.  
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3.1 Introduction 
 

The glass-induced corrosion of metals has been the object of an in-depth research over 

the past decade.9,48–50,192–200 This has led to the identification of some of the most 

common degradation products on the surface of different types of metals found in 

contact with glass, as well as to the deciphering of the main mechanism behind this 

chemical interaction.9  

 

The starting point for the glass-induced degradation of metals is the hydration and 

corrosion of glass. The exposure of historical glass to atmospheric moisture, in fact, can 

trigger a series of chemical reactions which can ultimately produce highly reactive 

alkaline solutions,27 extremely dangerous for the conservation of metals. In detail, the 

weathering of historical glass starts with the condensation of moisture and the 

penetration of molecular water into the glass surface.12,201 This produces structural 

changes in the silica network by breaking siloxane bonds (Si-O) and forming silanols (Si-

OH).202 This first step is followed by the selective leaching of the metallic ions acting as 

network modifiers in the glass. The most mobile cations, such as the monovalent alkali 

Na+ and K+, are substituted by protons through an ion exchange reaction favored at lower 

pH values (e.g. due to the solubilization of acidic gaseous pollutants in the deposited 

moisture).13,203,204 This process creates a leached surface layer with a lower density than 

the bulk glass and causes a local increase of the pH in the solution deposited on the glass 

surface.205  

 

Such an increase, particularly relevant in alternate wet/dry conditions in which the 

solution is not regularly replenished, represents a high risk for further degradation of 

glass but also for the corrosion of metals.9,49,205 In the case of glass, the OH--rich solution 

can attack the silicate network, structurally weakening it by breaking Si-O bonds.205 This 

ultimately leads to the formation of a low-density cation-depleted “gel” layer increasing 

in thickness until it eventually cracks off, thus exposing a new surface of healthy glass to 

moisture and degradation.205 In the case of metal, the contact with the alkaline liquid 

film formed during glass degradation can promote corrosion and the formation of 

degradation products.9 Such products are often mixed metal salts containing both alkali 

cations from the glass and additional species from the corroding metal.9,48,49,192,197 The 

counter anions are not only the OH- produced during the ion exchange process, but also 

CO3
2-, CH3COO- and, more often, HCOO-, all formed due to the solubilization of gaseous 

species in the alkaline liquid film48,206 (namely atmospheric CO2 and acetic acid, formic 



 

94 

acid and formaldehyde off-gassed during the ageing of wood and other organic 

materials62).  

 

When it comes to Cu alloys, a wide range of glass-induced green to blue Cu2+ corrosion 

products has been observed and identified.9,48,50,192,195 The most common are the basic 

sodium copper formate with formula Cu4Na4O(HCOO)8(OH)2·4H2O 192 and the basic 

copper formate Cu2(OH)3HCOO 195, however carbonates and acetates are also observed 

(e.g. chalconatronite, Na2[Cu(CO3)2]·3H2O 50; basic sodium copper carbonate, 

Na3[Cu2(CO3)3(OH)]·4H2O 9; sodium copper formate acetate, NaCu(HCOO)1+X(CH3COO)2–

X 9; sodium copper acetate carbonate, NaCu(CO3)(CH3COO)2–X 48). In the specific case of 

brass, the Zn component of the alloy is also attacked by the alkaline liquid film, with the 

formation of white zinc formate dihydrate (Zn(HCOO)2·2H2O) 48  and of a more complex 

basic zinc copper formate193 with varying stoichiometry (general formula Zn(10-

6x)Cu(3+6x)(HCOO)8(OH)18∙6H2O) and color (from whiteish to greenish and bluish). 

 

Most of the glass-induced brass corrosion products identified until now therefore 

contain Na+, Cu2+ and/or Zn2+. However, even though not yet identified, K+ and Ca2+ 

degradation products are also expected to be formed, in particular in the case of potash-

lime-silica glass.9 This type of glass, diffused in Northern and Central Europe from the 

11th century onwards, is in fact richer in K and Ca and has lower Na and Si content than 

soda-lime-silica glasses.207 Moreover, the low Si/high K levels should also result in a 

higher tendency to undergo cation leaching processes203,204 and, therefore, in a higher 

risk for metals in contact with this specific type of glass. In addition, also nitrates, 

sulphates and additional metal carboxylates were not previously identified but are 

expected to be present on the surface of brass corroded due to glass (due to the 

deposition of atmospheric gas pollutants),9 especially in indoor environments where 

soluble degradation products cannot be easily washed away (such as the one of the 

enclosed gardens123). 

 

In this study, a thorough characterization of the degradation products present on the 

surface of the corroded brass elements as well as on a series of glass beads were 

performed, with the final aim of identifying the degradation processes responsible for 

the poor conservation state of the different samples. In particular, similarities in 

composition between metal and glass degradation were investigated, aiming at 

identifying a material proof of the possible role played by weathered glass in the 

corrosion of the otherwise stable metal.  
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In detail, a multi-faceted analytical approach was employed to verify the presence of 

three possible markers of a glass-metal interaction: 

• Presence of elemental markers of the reciprocal interaction between the materials, 

e.g. leached-out glass alkaline cations such as Na+ and/or K+ on the surface of the 

metal and metallic ions such as Cu2+ or Zn2+ in the degraded areas of the glass); 

• Mapping of the distribution of the corrosion products on the surface of the glass 

beads, e.g. discrete distribution in the central shaft or in other areas of possible 

contact with a brass wire; 

• Presence of molecular markers of the glass-induced metal corrosion in the degraded 

areas of the samples, e.g. formate, acetate and/or carbonate basic salts. 

 

Given the small amounts of degradation products available for analysis, in particular on 

the surface of the glass beads, and due to the complex geometry of most samples, this 

study presented significant analytical challenges especially in the second and third steps. 

Therefore, in order to map the distribution of the corrosion products on the surface of 

the glass beads in a non-destructive (and non-invasive) manner, in particular in non-

easily accessible areas such as the central shaft,  micro-computed tomography (µ-CT) 

analysis were performed. By relying on differences in chemical composition and 

attenuating power between the corrosion products and the bulk glass, and in particular 

exploiting the presence of heavier and more attenuating elements in the corrosion 

products, it was possible to easily visualize their distribution in the final reconstructed 

volume.  

 

When it comes to the molecular characterization of glass-induced metal corrosion 

products, the two techniques more commonly employed are XRPD and µ-

Raman.9,48,50,192,195 The application of these techniques in this specific case, however, was 

extremely challenging and led to no resolutive and clear identification, mainly due to the 

limited amount of corrosion products available, to the complex geometry of the samples 

and to an extreme sensitivity of the degradation products to the Raman laser. Thus, in 

order to overcome the limits encountered with the traditional spectroscopic and 

crystallographic approaches, a novel molecular spectroscopy technique, optical 

photothermal IR (O-PTIR), was employed. This non-destructive and contactless analytical 

method allows to obtain vibrational information on the materials analyzed with a sub-

micron resolution and without the need for samples preparation. A detailed description 

and evaluation of the advantages and drawbacks of this technique are presented in the 

introduction (Section 1.4.2) and in a dedicated chapter of this thesis (Chapter 6). 

 



 

96 

3.2 Materials and methods 
 

3.2.1 OM 

 

The optical microscopy (OM) observation of the samples in analysis was performed with 

a Nikon Eclipse LV100 microscope in dark field mode. 

 

 

3.2.2 µ-XRF and MA-XRF 

 

The µ-XRF point analysis were performed with an Artax portable micro-XRF 

spectrometer (Bruker GmbH, Germany) equipped with a Rh-probe. The X-ray generator 

was operated at 50 kV and 600 µA, while the acquisition time was 300 s. The beam was 

focused on the analysis spot with the help of a laser and a camera, point analysis with a 

spotsize of approximately 70 µm were performed. The analysis of the XRF spectra, 

including the integration of the characteristic fluorescence signals, was carried out using 

PyMCA.208 Further multivariate analysis were performed with the open-source Quasar 

1.0.0 software.209,210  

 

The MA-XRF elemental imaging of the sequin in analysis was performed with an M6 

Jetstream macro-XRF scanning spectrometer (Bruker GmbH, Germany) equipped with a 

Rh-probe. The X-ray generator was operated at 50 kV and 600 µA. The elemental imaging 

data were obtained with a 50 µm spotsize, a distance between measuring points of 40 

µm and a dwell time of 40 ms. The data analysis, including the calculation of the 

elemental distribution maps, was performed with the software of the instrument. 

 

 

3.2.3 SEM-EDX 

 

The samples were examined with a Field Emission Gun – Environmental Scanning 

Electron Microscope (FEG-ESEM) equipped with an Energy Dispersive X-Ray (EDX) 

detector (FEI Quanta 250, USA; at AXES and EMAT research groups, University of 

Antwerp), using an accelerating voltage of 20kV, a take-off angle of 30°, a working 

distance of 10 mm and a sample chamber pressure of 10-4 Pa. Imaging was performed 

based upon secondary electrons (SE), back-scattered electrons (BSE). Different EDX 

maps were collected, using a beam current of ~0.5 nA,  at different resolution, with pixel 
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size values from 0.5 to 2.7 µm and dwell time from 0.1 to 10 ms/pixel. From these EDX 

maps several EDX spectra were extracted for quantification. The dwell time of these 

spectra lie in the range of 1-7 s per spectrum. 

 

 

3.2.4 µ-CT 

 

The glass samples were initially scanned by means of a benchtop tomographic scanner 

SkyScan 1172 (Bruker, Belgium). Different X-ray tube voltage (40 kV or 100 kV) and 

current (250 μA and 100 μA) were applied depending on the attenuation properties of 

the single samples.  500 projection images were collected with a step size of 0.4 degrees 

and a final resolution between 4 and 8 μm, depending on the size of the sample. The 

latest SkyScan (Bruker, Belgium) softwares (NRecon, DataViewer, CTAn, and CTVox) 

were used to reconstruct and process images and to obtain virtual slices and volume 

rendering reconstructions. Higher resolution scans were obtained with a different X-ray 

tomographic system (MICRO XCT-400, Xradia - Zeiss), at 40 kV and 200 μA. 800 

projection images were collected with a step  size  of  0.25  degrees  and a final resolution 

between 2 and 4 μm, depending on the size of the sample. The volume was 

reconstructed with the instrument software and was then exported to Avizo Fire (FEI 

Visualization Sciences Group) for further 3D image analysis. 

 

 

3.2.5 O-PTIR 

 

O‐PTIR measurements (spectra and images) were collected on the mIRage Infrared 

Microscope (Photothermal Spectroscopy Corp.). Spectra were collected in reflection 

mode, 2 cm−1 spectral data point spacing, through a 40x, 0.78 NA, 8 mm working distance 

Schwarzschild objective. The pump IR source was a pulsed, tunable four‐stage QCL 

device, scanning from 800 to 1900 cm−1. The probe was a CW 532 nm visible variable 

power laser. To obtain a good signal‐to‐noise ratio to interpret the spectral difference, 

20 scans spectra were averaged at each point. The data treatment was performed using 

the Quasar 1.0.0 software.209,210 Spectral maps were generated by normalizing the 

spectra by the min-max method (using the most intense band) and plotting the 

integrated area of selected peaks (with a linear baseline computed using two 

wavenumbers at the feet of the peak). To ensure a fair comparison, no smoothing, 

baseline correction or any other adjustment were applied to the spectra.  
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3.2.6 SR-μ-FTIR 

 

SR-μ-FTIR measurements have been performed in SMIS beamline at Synchrotron Soleil 

(France) using a Thermo Fischer NEXUS FTIR spectrometer Nicolet 5700 attached to a 

microscope Continuum XL. Samples were analysed in transmission mode accumulating 

256 scans at 4 cm-1 spectral resolution, the wavenumber range is between 4000 to 800 

cm−1. The wire corrosion products considered were analyzed in a diamond compression 

cell. 

 

 

3.2.7 μ-Raman 

 

Raman spectroscopy measurements were performed by means of a Xplora Plus 

Microscope (Horiba) with a 100 mW 785 nm laser (the effective power used was always 

≤1%), considering the effective range of 50-2000 cm−1. At each point, five accumulations 

were collected during 10 seconds each one. The spectra presented have not been 

corrected in order to avoid any kind of distortion 

 

 

3.2.8 XRPD 

 

The analysis was carried out with a custom-built diffraction setup in reflection geometry 

at a fixed incident angle of 10 degrees between the X-ray source and sample. The X-ray 

source generates a beam of monochromatic Cu-Ka radiation (8.04 keV) with a photon 

flux of 2.9 x 10^8 and a focal diameter of 0.15 mm. A 2D single photon counting PILATUS 

200K detector was used to register the emerging diffraction signals. Analysis of the data 

was performed with the in-house developed software package XRDUA211 while the 

structural information was obtained from the American Mineralogist Crystal Structure 

Database and additional references mentioned in the text. 
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3.3 Results and discussion 
 

In contrast to the exceptionally stable brass sequins, a limited number of highly degraded 

objects attracted our attention. In order to shed light on the severe degradation 

affecting these brass elements, one heavily corroded sequin and ten fragments of 

corroded wires were considered (Figure 3.1a,b). In addition, to verify the hypothesis of 

a contact interaction between glass and metal, four glass beads belonging to two 

different stylistic groups (i.e. different shape and macroscopic appearance) were also 

analyzed (Figure 3.1c,d). The two glass beads Type 1 (Figure 3.1c) are dark blue and 

glossy in appearance, with clearly degraded areas showing a partially detached brown-

iridescent layer. The glass beads Type 2 (Figure 3.1d), on the other hand, are slightly 

smaller than the Type 1 beads, brown to greenish in color and opaque. All the samples 

in analysis, both glass and metal, showed different amounts of white and green-blue 

degradation products on their surface (Figure 3.1). 

 

 
 

Figure 3.1_Samples overview: pictures and photomicrographs of corrosion products (OM in polarized light). 
Examples of a) corroded brass sequin, b) fragments of corroded brass wires, c) glass bead Type 1, d) glass 

bead Type 2. 

 

 

3.3.1 Elemental markers of glass-metal interaction 

 

To identify possible markers of a glass-metal interaction, the elemental composition of 

the corroded areas of the metal objects was first determined. The results of MA-XRF 

analysis, performed only on the sequin (Figure 3.1a) being it the only relatively flat and 

large sample, confirmed the presence of Cu and Zn in the bulk of the material, as seen 
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for all the other sequins previously analyzed (Chapter 2). The analysis also clearly 

highlighted a close link between the distribution of elements such as K, Zn and to a minor 

extent Ca, and the severe corrosion observed (Figure 3.2a). The abundant presence of K 

only in the corroded areas of the sequin was confirmed also by the SEM-EDX analysis, 

which also excluded the presence of significant amounts of other light elements (too 

light to be detected by XRF), such as Na (Figure 3.2c and Figure S3.2). In a similar fashion, 

K was also systematically found in the corroded areas of the brass wires in analysis 

(Figure 3.2b), often in association with higher Zn concentrations (Figure S3.1 and Figure 

S3.2).  

 

 
Figure 3.2_Elemental analysis of the corroded sequin and wires: a) MA-XRF elemental maps for the sequin; 
b) SUM µ-XRF spectrum of the degraded areas of the wire fragments, in evidence the presence of K and Ca; 

c) SEM-EDX elemental maps for a selected area on the surface of the sequin (yellow rectangle). 

 

 

The presence of Zn in the degraded areas is expected for brass, since this component of 

the alloy is more readily oxidized than Cu and, therefore, it is often selectively leached 

out from the bulk metal and, if not washed away, reprecipitated in oxidation products 

on the surface.145,212 The systematic presence of K, on the other hand, is likely a result of 

the interaction with weathered historical glass. Like Na+, more often encountered in the 

products of glass-induced metal corrosion identified,9,50,192,195 K+ can in fact leach out 



Chapter 3 | Glass-induced metal corrosion 
 

 

101 

from the silica network during the hydration and degradation of glass and then 

reprecipitate, possibly in the form of mixed salts.9,48,213 Zn and K mixed salts (possibly 

carboxylates), have in fact been recently described by Fischer et al.48 as products of a 

glass-induced metal corrosion on the surface of historical brass objects. 

 

The hypothesis of K originating from the glass beads is clearly supported by the chemical 

composition of the glass, since both Type 1 and Type 2 beads contain significant amounts 

of K (Figure 3.3, more details in Supplementary information section 3.5.2), and by the 

poor conservation state of the beads. A partially detached iridescent gel layer is in fact 

visible on the surface, in particular on the blue Type 1 beads (Figure 3.1a and Figure 

S3.3). This indicates that severe hydration and cation exchange processes took place on 

the surface of the glass. Such degradation processes would have produced an alkaline K-

rich aqueous layer on the surface,213 which could have ultimately interacted with the 

brass and caused the observed K-enrichment of the metal samples.196 

 

In order to confirm the hypothesis of an interaction between glass and metal, the 

elemental composition of the colored corrosion products on the surface of the glass 

beads were also studied. Interestingly, a systematic difference between the areas 

containing corrosion products and the remaining part of the glass objects was observed 

(Figure 3.3). In the first place, an exploratory PCA analysis on the µ-XRF data for the glass 

beads (Figure 3.3a,b) clearly showed a relative increase of Cu, Zn and Pb in the visibly 

corroded areas (red cluster), in addition to differences in composition between Type 1 

(blue cluster) and Type 2 beads (green cluster) (more details in Supplementary 

information section 3.5.2 and Figure S3.4). 

 

A more detailed analysis of the composition of these Cu- and Zn-rich areas allowed to 

clearly identify the copresence of alkaline metals, Cu and Zn in green-blue but also in 

white corrosion products on the glass surface. Significant differences in the composition 

of the degraded areas were observed between the two types of beads, probably as a 

reflection of the different bulk composition of the glass (See supplementary information 

section S3.4.2). In particular, in addition to K, Cu and Zn, the Type 1 beads showed also 

significant amounts of Ca both in the glass and in the degraded areas (Figure 3.3b). The 

Type 2 beads (Figure 3.3a), on the other hand, did not contain Ca but Na both in the glass 

and in the corrosion products. Such a copresence in the corrosion products of Cu and Zn, 

main components of all the metallic sequins and wires in the enclosed gardens (in this 

thesis, Chapter 2), with the specific alkaline cations present in the two different types of 

glass in analysis, strongly supports the hypothesis of an interaction with metal. 
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Figure 3.3_Elemental analysis of corrosion products on glass: PCA of µ-XRF data (a,b) and SEM-EDX 
elemental maps (c,d). a) scatter plot of the first two components, in evidence three clusters corresponding 

to potash glass (Blue), silvered potash glass (Green), areas enriched in Cu, Zn and Pb (Red); b) Factor 
loadings for the first two principal components; c) EDX maps of green-blue corrosion on a Type 2 bead; d) 

EDX maps of green-blue corrosion on a Type 1 bead. 
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Both types of beads also showed some S on the surface, which is likely linked to the large 

presence of silk and wool in the enclosed gardens. The partially enclosed environment 

and the off-gassing from the degrading textiles, in fact, likely led to a build-up of H2S and 

other S containing gases,63 which could have then reacted either directly with the 

cationic species leached from the bulk of the glass15,213 or indirectly, forming secondary 

products through the interaction with existing carbonate or formate salts.214 This is 

clearly seen on the surface of both glass beads, with S often localized in small spots and 

often in co-presence with K and/or Ca, for Type 1 glass, and K or Na, for Type 2 glass. In 

this second case, however, significant amounts of S are also found in combination with 

Cu and Ag. The presence of S in some of the Cu-containing corrosion products, together 

also with Na, possibly indicates a three sided interaction between glass (leached Na+ in 

alkaline solution), brass (solubilized Cu2+) and atmospheric S-containing gases, in a 

similar fashion as described by Eggert et al..9 On the contrary, the co-presence of Ag and 

S, as observed also in the µ-XRF analysis (Figure 3.3a,b and Figure S3.4), indicates the 

presence of a thin opaque layer of Ag2S on the beads, likely formed due to the interaction 

of a silver surface layer with the off-gassed H2S.1,63 This suggests that the now dull and 

dark-colored Type 2 beads were originally silvered and therefore highly reflective.  

 

In conclusion, the simultaneous presence of Cu, Zn and K in the corrosion products 

encountered on the surface of both metal and glass samples, strongly supports the 

hypothesis of an interaction between glass and metal. In this case, the absence of 

significant amounts of Na and the presence of K and Ca on the surface of the corroded 

metal objects, possibly indicates that all the wires and the sequins in analysis were in 

contact with glass with a similar composition to the Type 1 beads, rather than to the 

Type 2 (richer in Na). However, it needs to be mentioned that the presence of Ca and K 

in the corrosion products of a copper alloy is not sufficient, on its own, to confirm a 

chemical interaction with glass. These cations, in fact, often occur in airborne particulate 

matter (PM)91,215 and might simply be present on the metal due to deposition and soiling. 

In order to confirm the hypothesis of a glass-induced metal corrosion, therefore, further 

proves were non-invasively collected by means of µ-CT and O-PTIR spectroscopy. 

 

 

3.3.2 Distribution of metal corrosion products on the surface of glass 

 

Additional evidence of the interaction between metal and glass in the samples in analysis 

was obtained by studying the distribution of the Cu- and Zn-containing products on the 

surface of the glass beads. Since Cu and Zn are significantly heavier atoms than the Si, O 
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and the alkaline metals mostly present in the glass, this distribution can be studied non-

invasively by means of µ-CT analysis. These corrosion products containing higher 

concentrations of (relatively) heavy atoms are in fact characterized by higher attenuating 

properties compared to the lighter atoms in the silica network, and are therefore well-

distinguishable in the final reconstructed volume.  

 

In Figure 3.4, the µ-CT analysis of three different beads clearly showed that highly 

attenuating (i.e. heavier) species are distributed mainly on the surface of the central 

shaft and on the inner rim. These are areas where the glass certainly came in contact 

with a metallic wire (ubiquitously employed to assemble the decorative elements in the 

enclosed gardens123) and, therefore, the areas where an interaction between metal and 

glass would have been more likely to take place. The hypothesis of a glass-metal 

interaction is therefore further strongly supported by the experimental findings. 

 

 

 
 

Figure 3.4_µ-CT scan results: reconstructed volume and localization of highly attenuating corrosion 
products (red rectangles) on the inner rim and central shaft of one Type 2 glass bead (a) and two Type 1 

beads (b, c). 
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3.3.3 Molecular characterization of the corrosion products 

 

The final confirmation of the hypothesis of a chemical interaction between weathered 

glass and brass in the samples in analysis, was obtained by means of the molecular 

characterization of the corrosion products. XRPD and µ-Raman are the two techniques 

most commonly employed in the study of the products of metal-glass 

interaction.9,48,50,192,195 Unfortunately, in our case, the limited amount of corrosion 

products available and the complex geometry of the samples in analyses, in particular 

when it comes to the glass beads and brass wires, made the application of XRPD 

extremely challenging. Moreover, the analysis by means of µ-Raman spectroscopy were 

also complex for the samples under investigation, due to the extreme sensitivity of the 

corrosion products to the laser source. For this reason, only a very low laser power (≤1%) 

could be used with long accumulation times and, even then, a very low signal was 

obtained. Additionally, lower wavelength lasers, 540 nm, showed intense fluorescence 

bands. More in depth analysis are, however, planned in the near future thanks to the 

purchase of a new state-of-the-art Raman spectrometer in my group that will include 

additional lasers at 633 and 1064, providing new possible configurations. 

 

In order to overcome the limits encountered with the traditional spectroscopic and 

crystallographic approaches, a novel molecular spectroscopy technique, optical 

photothermal IR (O-PTIR), was employed.  

 

The first fundamental information obtained with OPTIR regards the extreme complexity 

and heterogeneity of the surface of the samples. Several different peaks are always 

found completely overlapped in the region between 1700 and 1300 cm-1, complicating 

and in some cases hindering the exact identification of the species present. Nonetheless, 

relevant information on the composition of the glass and metal samples could be 

obtained, also by supporting the OPTIR interpretation with complementary SR-FTIR 

analysis of small amounts of degradation products scratched from the surface of one 

brass wire (Figure S3.5). In Figure 3.5, the results of the O-PTIR analysis of a small area 

(28x60 µm) on the surface of the corroded sequin are presented.  

 

These results are particularly interesting for several reasons. First of all, a glass particle 

is clearly identified on the surface of the metal object (Figure 3.5b spectrum 1 and Figure 

3.5c) due to the very broad and intense band between 1250 and 950 cm-1 (Si-O-Si and 

Si-O region14). The fact that a very similar glass spectrum is observed on the surface of a 
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Type 2 potash glass bead (Figure 3.6a), strongly supports the hypothesis of a direct 

contact between this type of glass and the brass objects. 

 

 
 

Figure 3.5_High-resolution O-PTIR molecular imaging of degradation products on the surface of the 
degraded brass sequin: a) OM photomicrograph of the area in analysis (yellow rectangle=imaged area); b) 

representative spectra of the imaged species and c) corresponding integration maps with tentative 
interpretation (integration range in cm-1); d) complementary SEM-EDX elemental imaging of the scanned 

area. 

 

 

The presence of additional bands in the 1650-1300 cm-1 region is likely the results of the 

co-presence of other species (spectra 2, 3 and 4 in Figure 3.5b) overlapping and in close 

contact with the glass particle. In particular, the presence of bands in the regions 

between 1600-1500 and 1500-1400 cm-1 is likely a result of the presence of carboxylate 

(formate and/or acetate) species (C-O asymmetric and symmetric respectively), while 

the region between 1450-1350 cm-1 may also contain the bands related to carbonate (C-

O stretching).216–219 The fact that similar features are observed also on the surface of the 

glass beads (Figure 3.6a and Figure S3.5) indicates that these species might result from 

the weathering of glass.9,214,220 The interpretation of the O-PTIR spectrum is confirmed 

by the SEM-EDX elemental analysis (Figure 3.5d), showing the presence of Si and K in the 

area identified as glass. 
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Figure 3.6_O-PTIR spectra highlighting the similarities between the degradation products on metal (sequin, 

red) and glass (bead Type 1, blue): a) visually non degraded glass and glass particle on metal surface; b) 
complex mixture of overlapping carbonate and/or carboxylate corrosion products; c) basic copper formate. 
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Spectrum 2 in Figure 3.5b is characterized by an intense and broad absorption at around 

1440 cm-1. One explanation for the broad nature of the band can be the overlapping of 

the signals from several species, such as the ones in spectrum 3 and spectrum 4 (Figure 

3.5b), with a metal carbonate (e.g. Zn carbonate, asymmetric C-O stretching at 1440 cm-

1 and sharp CO3
2- bending at ≈842 cm-1 218). This co-presence of different species could 

also explain the overlapping of Zn, Cu and K signals in these areas (Figure 3.5d).  

In principle, the complex nature of the band at 1440 cm-1 and the co-presence of several 

elements could also suggest the presence of mixed carbonate species in these areas. A 

mixed K and Zn carbonate, for example, was likely identified in the corrosion products 

of the wire analyzed by SR-FTIR (Figure S3.5 spectra 3 and 4). In this case, in fact, a CO3
2- 

asymmetric stretching vibration shifted to higher wavenumbers (1480 cm-1) and two 

bending vibrations at 880 cm-1 and 842 cm-1 were observed in areas containing mostly 

Zn (⁓30%wt), K (⁓16%wt),  and O (⁓35%wt) (and Cu, ⁓19%wt,  due to the overlapping 

with a Cu-containing specie, Figure S3.5 spectrum 1). Such a mixed K, Zn salt is certainly 

observed in the corrosion products of this metal wire, but its presence, in principle, 

cannot be excluded also in the other samples. The interpretation of the O-PTIR data for 

the glass and sequin samples, in fact, could be potentially hindered by the large number 

of overlapping bands observed in the 1400-1500 cm-1 region (Figure 3.6b).  Nonetheless, 

the identification of this product even only on the corroded wire is remarkable. In order 

for a mixed K, Zn carbonate to be formed, in fact, Zn2+, K+ and solubilized atmospheric 

CO2 would have to be simultaneously present in an alkaline solution9. Such a condition 

would have been likely met, in the enclosed gardens, only in the case of a direct contact 

and interaction between weathered potash glass (such as the one of the glass-beads in 

analysis) and the brass alloy. 

 

Spectrum 3 of Figure 3.5b is one of the spectra most commonly encountered in the 

green-bluish areas of glass beads, sequin and wires alike (Figure 3.6c). Complementary 

data for this compound were also obtained from the SR-FTIR analysis of the corrosion 

products of one wire and from the µ-Raman analysis (Figure 3.7). This compound is 

mostly observed in areas containing Cu and O and close to no Zn and K (Figure 3.5c,d 

and Figure S3.5 spectrum 1). The presence of intense peaks in the 1650-1580 cm-1 and 

1400-1320 cm-1 regions indicates the presence of a carboxylate and, in particular, of a 

Cu formate.70 The intense peak at ~ 1600 cm−1 is assigned to the asymmetric stretching 

vibration of the carboxylate group, while the peak at 1350 cm−1 is assigned to the 

symmetric stretching vibration.217 The bands at 2800 and 1377 cm−1 respectively 

represent the stretching and in-plane bending of the CH group in the formate moiety.221 
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The good match of the Raman peaks at 213, 170 and 59 cm−1 with the in plane lattice 

vibrations of copper formate tetrahydrate,222 confirms the band assignment proposed. 

 

 
Figure 3.7_Analysis of a green-blue corrosion product repeatedly encountered in all the samples in analysis: 

SR-FTIR of a wire sample (Red); O-PTIR (green) and µ-Raman (Blue) of a glass bead Type 1 sample. 

 

 

In addition, a sharp peak at 3578 cm−1 indicates that free (non-hydrogen bonded) OH 

groups are also present in the corrosion product in analysis,70 suggesting the presence 

of Cu-OH moieties in the lattice. The 194 cm−1 vibration in the Raman spectrum can 

therefore be assigned to the O-Cu-OH out of plane bending (together with an overlapped 

band at 170 cm−1).223 The presence of a basic copper formate, and in particular of 

Cu2(OH)3(HCOO) 9, was confirmed also by the XRPD analysis of the sequin, the only 

sample flat and large enough to be successfully analyzed with this technique (Figure 

S3.7).  

 

In conclusion, the greenish-blue corrosion product observed on both the glass and metal 

samples in analysis is identified as a form of basic copper formate. The occurrence of 

copper formates as degradation products on the surface of historical metal objects is 

generally extremely rare.9 However, when Cu alloys are found in contact with weathered 
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glass, basic copper formates become some of the most common corrosion products.9,48 

The alkaline liquid film formed during the degradation of glass, in fact, favors both the 

solubilization of the metal alloy and the conversion of formaldehyde to formic acid 

through the Cannizzaro reaction,48 ultimately leading to the precipitation of the metal 

formate. A high pH is therefore a fundamental requisite for the formation of such 

corrosion product on the surface of brass. In the context of this study, this means that 

the diffuse presence of basic copper formate on the samples in analysis decisively 

confirms the existence of an interaction between glass and brass. In addition, the strong 

connection between this formate corrosion product and glass is further supported by 

the evidence that, in Figure 3.5, this is distributed in close contact with the glass particle 

previously observed (Figure 3.5c,d). 

 

The remaining spectrum in Figure 3.5b (spectrum 4) is tentatively assigned to an 

additional carbonate specie (CO3
2- stretching at ⁓1400 cm−1 and bending at 875 cm−1 224). 

Based on the SEM-EDX results (Figure 3.5d), this could be potassium carbonate resulting 

from the degradation of the potash glass.225 

 

In conclusion, even though traditional characterization techniques such as XRPD and µ-

Raman proved mostly unsuccessful for the study of the samples in analysis, the 

application of the novel O-PTIR spectroscopy (in combination with complementary 

techniques) allowed us to: 1) demonstrate the presence of small glass particles on the 

surface of the corroded metal, suggesting a close contact between metal and glass 

objects; 2) verify the presence of similar corrosion products on the surface of glass and 

metal samples; 3) identify clear products of the glass-induced metal corrosion, such as 

basic copper formate (Cu2(OH)3(HCOO) and, possibly, a mixed Zn, K carbonate-

containing salt. 

 

 

3.4 Conclusions 
 

In conclusion, the proposed multi-analytical approach allowed to unequivocally identify 

processes of glass-induced metal corrosion as the main cause for the severe corrosion 

of few selected brass objects in the enclosed gardens. The presence of basic Cu formate 

and of mixed K and Zn salts distributed mainly in the areas of potential contact between 

glass and metal (e.g. in the inner shaft of the glass beads), in fact, clearly confirms the 

initial hypothesis of a material-material interaction. A chemical interaction therefore 
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took place at the glass-metal interface, driven by the formation of K-rich alkaline liquid 

films on the surface of the weathered potash glass in analysis. This clearly indicates how, 

even objects extraordinarily stable in indoor environmental conditions, such as the brass 

sequins in the enclosed gardens of Mechelen (Chapter 2), can completely corrode when 

their (micro-)environment is modified (e.g. by the contact with alkaline liquid films 

formed from the weathering of historical glass). This information is extremely relevant 

for the purpose of conservation. In the future, in fact, conditions of T and RH potentially 

resulting in moisture condensation on the surface of glass should be avoided. A 

particular focus should be also kept on the evolution of the conservation state of brass 

objects in the proximity of potash glass decorative elements. 

 

Moreover, the results of this study also clearly highlight the huge potential for the 

application of novel analytical techniques, such as O-PTIR spectroscopy, for the non-

invasive analysis of cultural heritage objects. In addition, the possibility to employ 

laboratory µ-CT to non-invasively image the conservation state of small glass objects is 

also confirmed. 

 

Further analyses are planned in order to better understand the nature of the mixed K, 

Zn products, likely carbonates, observed on the surface of the corroded objects. In a 

similar fashion, also the Cu-, Na-, S-containing degradation products observed on the 

surface of one of the Type 2 glass beads will be further investigated. The elemental and 

molecular microanalysis of the objects in cross section, in particular, will likely help to 

unequivocally characterize these new products of the glass-induced corrosion of brass.  
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3.5 Supplementary information 
 

3.5.1 Figures 

 

 

 
Figure S3.1_Correlation observed between the µ-XRF responses of K and Zn (integrated K Lines) in the 

degraded areas of the corroded brass wires: a) hierarchical clustering analysis of the most relevant 
variables (Euclidean distance, Ward’s method); b) elemental scatter plot for Zn and K. 
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Figure S3.2_OM photomicrographs and SEM-EDX elemental maps of the corrosion products on the surface 

of a) the metallic sequin and b) a corroded wire fragment. 

 
 

 
Figure S3.3_Partially detached iridescent gel layer on the surface of a Type 1 glass bead: a) µ-CT 

reconstructed volume, the less electronically dense gel layer appears darker than the healthy glass; b) 
photomicrograph (OM, polarized light); c) virtual cross-section of the gel layer clearly showing the partial 

detachment and the thickness of the layer. 
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Figure S3.4_Results of the µ-XRF elemental analysis for the glass beads (Blue = Type 1; Green = Type 2): 
scatter plots of a) Ca/K; b) Mn/Fe; c) Rb/As; d) S/Ag and e) K/Ca ratio. 

 

 

 

 
 

Figure S3.5_SEM-EDX elemental maps and SR-μ-FTIR spectra of the degradation products scratched from 
the surface of one corroded wire. The material was pressed in a diamond compression cell prior to the 
analysis. In evidence the spots analyzed with SR-μ-FTIR and the most intense absorption peaks in the 

spectra. 
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Figure S3.6_O-PTIR spectra of the surface of a Type 1 glass bead clearly showing a progressive increase in 

degradation associated with a decrease of the Si-O-Si component between 1250 and 1050 cm-1 and an 

increase of the carbonate-related bands at ⁓1480 cm-1 and ⁓878 cm-1. Blue = non degraded,  Green = 
partially degraded and red = heavily degraded. 

 

 

 
Figure S3.7_XRPD results for the corroded sequin in analysis. Average diffractogram for a 5mm long line in 
the degraded area of the sample. In evidence the diffraction peaks associated to Cu2(OH)3(HCOO) 9 (*) and 

high-Cu brass 226 (X). 

 

 

3.5.2 Elemental analysis of the glass beads 

 

The non-invasive µ-XRF analysis of the glass samples in analysis highlighted similarities 

but also clear differences in composition between the two types of glass beads. Both are 

most likely examples of potash glass with a limited lime content, as indicated by the K/Ca 

ratio always higher than 0.6 (Figure S3.4) and by the low contribution of Pb in the 

average XRF spectrum.207,227 It is important to mention that the experimental K/Ca ratio 
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is likely affected by the poor conservation state of the glass, since the degradation is 

normally associated with the leaching of alkali ions from the surface. However, this 

process would cause a decrease of the ratio due to the leaching of K rather than an 

increase, hence not changing the attribution of the samples is analysis to the potash 

glass category.  

 

Despite the overall similarity in composition, some clear differences were observed 

between the two types of beads (Figure S3.4). In the first place, a different linear 

relationship between K and Ca is observed for the two types of glass (Figure S3.4a), with 

higher concentrations and higher K/Ca ratios for the Type 1 beads. Other diagnostic 

elements such as Fe and Mn,227 on the other hand, did not allow a clear distinction 

between the two groups (Figure 3.3b). Particularly interesting is the correlation between 

As and Rb, as well as their presence only in the Type 1 beads. As might in fact be an 

impurity of a Co-based colorant in the glass,228 which could explain the deep-blue color 

observed only in this type of beads`. The absence of a clear Co signature in the XRF 

spectrum, in this case, could be due to the low concentration of the chromophore (Co 

concentrations as low as 0.02%, below the detection limit of the technique, can already 

produce an intense color). A characteristic feature of the Type 2 glass beads is the 

presence of Ag and S (Figure 3.3a,b,c and Figure S3.4d), which can be traced back to the 

thin degraded silvering finish observed on the surface of these beads. Higher amounts 

of Cl and Br are also observed in the silvered sequins (Figure 3.3a,b), suggesting the 

possible presence of Ag chlorides in addition to Ag2S on the degraded surface (Br is often 

found in traces in chloride salts). The presence of a degraded Ag film on the surface might 

also cause an attenuation of the X-ray fluorescence signal from the bulk of the glass, 

which might be the reason for the lower intensities observed for the glass-related 

elements (Figure S3.4a,b,c and Figure 3.3a,b). 

 

The differences in composition between Type 1 and Type 2 glass beads are confirmed 

also by the SEM-EDX analysis of their surface (Figure 3.3c,d). The presence of Na on the 

surface of the glass beads Type 2 and its absence on the glass beads Type 1, in fact, 

suggests that a certain amount of Na (too light to be detected with XRF methods) might 

be present in the bulk of the Type 2 glass. Since a through quantification of Na would 

require the destructive sampling of the bead (e.g. to prepare a cross section), however, 

no further analyses were performed at this stage. 
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Abstract 
 

The pyroantimonate pigments Naples Yellow and lead tin antimonate yellow are 

recognized as some of the most stable synthetic yellow pigments in the history of art. 

However, this exceptional light-fastness is in contrast with experimental evidence 

suggesting that this class of mixed oxides is of semiconducting nature. In this chapter, 

the electronic structure and light-induced behavior of the lead pyroantimonate pigments 

are investigated by means of a combined multi-faceted analytical and computational 

approach (photo-electrochemical measurements, UV-Vis diffuse reflectance 

spectroscopy, STEM-EDS, STEM-HAADF and density functional theory calculations). The 

results demonstrate both the semiconducting nature and the lightfastness of these 

pigments. Poor optical absorption and minority carrier mobility are the main properties 

responsible for the observed stability. In addition, novel fundamental insights into the 

role played by Na atoms in the stabilization of the otherwise intrinsically unstable 

Pb2Sb2O7 pyrochlore are obtained.  
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4.1 Introduction 
 

Lead antimonate yellow (Pb2Sb2O7), commonly referred to as Naples Yellow, is one of 

the synthetic yellow pigments most frequently encountered in pre-20th century 

Western European art.229–232 The reason behind the appreciation of artists for this 

pigment lies not only in its intense bright hue and high opacity, but also in its reported 

lightfastness and overall stability.230  

 

Lead antimonate yellow has been lost and rediscovered several times throughout 

history. After enjoying a great popularity in ancient Egyptian, Mesopotamian and Roman 

cultures,230,233,234 where it was the main yellow colorant and opacifier used in glass and 

glazes, by the end of the 4th century A.D. the pigment fell into disuse throughout Europe. 

From that moment on, during the Middle Ages, the utilization of lead antimonate yellow 

was limited to the Slavonian, Islamic and Byzantine world.231,235 Only in the 16th century 

the pigment returned to Western Europe, reappearing in the Italian art of the beginning 

of the century. The reasons for the resurgence of interest for this pigment is still not 

clear. The most likely hypothesis is that the know-how on the production of lead 

antimonate was introduced to the Venetian glass workshops by foreign glassworkers, 

mostly Arab, during large waves of immigration from the Eastern Mediterranean.229,231 

Throughout the 16th century, the production of Naples yellow remained intimately 

related to the glass and ceramic industries.236 Several recipes from this period of time 

describe the synthesis of yellow pigments to be used as colorants and opacifiers in glass. 

However, the complex terminology used in the sources and the tendency to refer to 

different pigments with the same name of Giallolino created a certain confusion on the 

topic in the past.236–238 In 1540, Biringuccio, in his treatise Pirotechnia wrote about the 

use of antimony in making yellow glass enamels. Few years later, in the late 1550s, 

Piccolpasso published a treatise on the potter’s craft (Li tre libri dell’arte del vasaio), 

where he reported a series of central Italian recipes for the synthesis of lead antimonate 

pigments, used to obtain yellow glazes on majolica. The largest concentration of 

manuscripts containing recipes for the production of this yellow pigment for the glass 

industry, however, may be found in Venice and Murano,229,239–244 where the glass 

manufacture was concentrated. A great amount of examples of the use of Naples Yellow 

in colored glass and pottery glazes exist in literature.234,245–251 

 

The first reference to Naples yellow as a painting pigment dates back to the early 17th 

century, when Valerio Mariani da Pesaro (1568–1625?) in his treatise about miniature 
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painting, gives a detailed description of the production of so-called giallo de’ vasari 

(potter’s yellow), corresponding to lead antimonate yellow.252 Before this time Naples 

yellow was already but sporadically used by some Italian artists like Giovanni Bellini 

(1430-1516), Lorenzo Lotto (1480-1556/7), Raphael (1483-1520), and Titian (1490-

1576),236,253 that however still preferred the use of other yellow pigments in most of their 

paintings. In some of these cases of early use of Naples yellow in easel paintings, namely 

Feast of the Gods by Bellini (1514) and The nativity by Lotto (1523), Berrie253 observed 

how the lead-antimony mixed oxide is found in the form of crystallites suspended in a 

siliceous glass matrix. It is not clear if in this case the pigment was produced by grinding 

of a yellow lead-antimony glass (in a similar fashion as with blue smalt) or if a glassy frit 

was rather used, but the presence of silicon confirms the close relationship of this 

pigment with the glass and ceramic industries. The Naples Yellow commonly found in 

later paintings, however, does not contain silicon, indicating a complete transition from 

the glass to the easel painting world. Whether embedded in a glass matrix or directly 

mixed with siccative oil, lead antimonate yellow is always regarded as extremely stable 

and lightfast.230 

 

In the last decade of the 20th century, a variant of Naples Yellow was rediscovered and 

identified in a series of 17th century Italian paintings254 and 18th-19th century Mid-

European paintings.255 The new form, called lead tin antimonate yellow, contains tin as 

an additional cation (Pb2SnSbO6.5). The effect of the Sn substitution on the overall 

properties of the material is still unclear, mostly due to the recent rediscovery of this 

pigment.230  

 

From a structural point of view, lead (tin) antimonate yellows belong to the pyrochlore 

class, a group of cubic compounds described by the general formula A2B2X6Y (where A 

and B are metals and X and Y are most of the time oxygen atoms, X=O and Y=O’).256,257 

The “backbone” of this structure is constituted by a network of corner shared octahedra 

formed by B2X6 units. This interpenetrates a second network of A2Y units, where every 

oxygen atom is surrounded by four A atoms in a tetrahedral coordination. In the case of 

lead antimonate A=Pb2+ and B=Sb5+, while in the case of lead tin antimonate half of the 

B sites are occupied by Sb5+ and half by Sn4+.  

 

The pyrochlore structure tolerates a wide range of substitutions at the A, B and Y sites, 

as well as vacancies at the A and Y sites, which leads to a large diversity of electrical 

properties for the compounds belonging to this class.256 When it comes to the stability 

and light-fastness of artistic pigments, these electric properties play a major role. A 
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semiconducting behavior, in particular, is generally associated with a poor stability of 

the paint film.19,39,76,109,258,259 In the specific case of pyroantimonates with A=Pb2+, the 

information in literature is still very limited. Past authors have even questioned the very 

existence of a Pb2Sb2O7 mixed oxide in the pyrochlore structure,256,260,261 suggesting that 

the lattice would either present a rhombohedral distortion (if the composition is exactly 

Pb2Sb2O7) or a partial substitution of Sb5+ in the octahedral sites (stabilizing the cubic 

structure). The UV-Vis reflectance spectra of Naples Yellow reported in literature230,262 

seem to suggest a semiconducting behavior for this pigment. A steep absorption edge 

between 400 and 500 nm is in fact observed, in a similar fashion to other light-sensitive 

semiconducting pigments such as cadmium yellow (CdS) and chrome yellow 

(PbCrO4).109,230,259 This hypothesis is supported by the evidence that other 

pyroantimonates (e.g. Sn2Sb2O7, Cd2Sb2O7, Ag2Sb2O6) show a semiconducting 

behavior.263–266 With the replacement of Sb5+ by Sn4+ (in the B sites) causing an additional 

shrinking of the conduction band and an increase in the band gap.265 However, the 

extraordinary lightfastness of lead (tin) antimonate seems incompatible with the 

hypothesis of a semiconducting nature for this pigment.  

 

Several research questions remain therefore still open when it comes to the stability of 

this family of pigments. Is pure Pb2Sb2O7 actually stable in a pyrochlore structure? What 

is the explanation for the extraordinary stability of Naples Yellow, given the probable 

semiconducting nature of the pigment? What is the effect of the Sn4+ substitution on the 

optoelectronic properties and on the stability of the material? With these fundamental 

questions in mind, in-house synthesized lead antimonate yellow and lead tin antimonate 

yellow powder samples (further referred to as LAY and LTAY, respectively) were studied 

by means of a combined multi-faceted analytical and computational approach. The 

synergic experimental and theoretical strategy allowed to probe the chemical 

composition, crystalline structure, optoelectronic properties and photochemical 

behavior of the pigments, leading to fundamental insights on the intimate relationship 

between their composition and stability. 
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4.2 Materials and methods 
 

4.2.1 Synthesis 

 

The LAY and LTAY powders considered in this study were synthesized in-house in the 

laboratories of the Department of Economics, Engineering, Society and Business 

Organization of Tuscia University (Viterbo, Italy). The choice of the recipes for the two 

compounds was the result of an in-depth historical research and laboratory testing 

described in detail in the work of Agresti.232,237,267,268 Agresti et al. considered a wide 

selection of recipes for the production of Naples yellow, with a particular focus on those 

by Cipriano Piccolpasso,269 by Giambattista Passeri (Istoria delle Pitture in Majolica fatte 

in Pesaro, 1758270) and by Valerio Mariani da Pesaro.229,252 For lead tin antimonate yellow 

the recipes contained in the Danzica Manuscript244 as well as the modern recipes 

described by Cascales et al.271 were tested. 

 

The LAY sample selected for this study (sample PSAPZ1 in the PhD thesis of Agresti267 

and sample 21 in Agresti et al.232) was prepared according to the recipes by Piccolpasso 

Zalulino A and Castelli A: Sb 1 lb; Pb 1.5 lb; feccia 1 on; salt 1 on. Where 1 lb (Roman 

libra) = 327.168 g , 1 on (Roman oncia) = 27.267 g and feccia corresponds to lees. The 

LTAY sample considered in this study (sample APSA1 in the PhD thesis of Agresti267 and 

APSA in Capobianco et al.268) was synthesized following the optimized recipe and the 

recommendations in the work by Cascales et al.271: molar proportion Pb:Sn:Sb=2:1:1 in 

the starting oxides. The list of ingredients and the experimental conditions for both the 

pigments are summarized in Table 4.1. The pure grade chemicals employed in the 

synthesis were supplied by Sigma-Aldrich (St. Luis, Missouri), Acros Organics (New York 

City, New York) and MP Biomedicals (Santa Ana, California). The reagents were mixed in 

agate mortars and the obtained powders were put in a kiln on a terracotta tile for 5 

hours at different temperatures (Table 4.1). 

 
Table 4.1_Reagents and conditions employed in the synthesis of the LAY and LTAY samples. 

 

 Source Pb Sb Sn Flux 1 Flux 2 Conditions 

LAY Piccolpasso269 
Pb3O4 

4.91 g 

Sb2O3 

3.27 g 
- 

C4H4K2O6 

2.76 g 

NaCl 

2.76 g 

800 ˚C x 5 
h 

LTAY 
Cascales et 

al.271 

PbO 

8.90 g 

Sb2O3 

2.90 g 

SnO2 

3.00 g 
- - 

925 ˚C x 5 
h 
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4.2.2 SEM-EDX 

 

The samples were examined with a Field Emission Gun-Environmental Scanning Electron 

Microscope (FEG-ESEM) equipped with an Energy Dispersive X-Ray (EDX) detector (FEI 

Quanta 250, USA), using an accelerating voltage of 20kV, a take-off angle of 30°, a 

working distance of 10 mm and a sample chamber pressure of 10-4 Pa. Imaging was 

performed based upon secondary electrons (SE) and back-scattered electrons (BSE). EDX 

point spectra were acquired using a beam current of ~0.3 nA and a dwell time of 30 s 

per spectrum. The samples were previously coated with a thin carbon layer in order to 

obtain a conductive surface. 

 

 

4.2.3 STEM-HAADF and STEM-EDX 

 

STEM-HAADF (Scanning Transmission Electron Microscopy with High Angle Annular Dark 

Field detector) imaging and STEM-EDX (STEM with Energy Dispersive X-ray spectroscopy) 

spectrum imaging were performed using an aberration corrected FEI Titan 60-300 kV 

transmission electron microscope operating at an acceleration voltage of 300 kV. An 

aberration-corrected angstrom-sized probe with an electron probe current of 50 pA was 

used for atomic resolution imaging and 200 pA was used for EDS maps. For EDS mapping 

512 × 512 maps were acquired with a dwell time of 10 μs. Such spectra were acquired 

cumulatively for 12 minutes. The quantification of the EDS spectra was performed using 

Cliff-Lorimer method. Independent component analysis (ICA)272 of the spectrum images 

was performed using Hyperspy software. 

 

 

4.2.4 XRPD 

 

XRPD (X-Ray powder diffraction) measurements were performed using a Cu anode tube 

as X-ray source, operated at 40 kV and with 30 mA. The diffracted X-rays were detected 

by a Huber G670 Guinier camera. Of each sample four repetitions were recorded with a 

15 min measuring time each. The obtained diffractograms were summed per sample and  

further analysed using XRDUA, an in-house software package.211 
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4.2.5 µ-Raman 

 

μ-Raman (micro Raman spectroscopy) spectra were acquired with a Renishaw inVia 

multiple laser Raman spectrometer with a Peltier-cooled (203K), near-infrared 

enhanced, deep-depletion CCD detector (576x384 pixels) and coupled to a Leica optical 

microscope. Raman spectra were collected using an air-cooled argon laser (Stellar-Pro 

514/50) operating at 514.5 nm wavelength (green) in combination with a 1800 l/mm 

grating with a maximum laser output power of 50mW. The laser was focused onto the 

samples through a 50x objective achieving a spatial resolution of a few micrometers. A 

power density of 1.6 kW/cm2 and exposure times of 60 seconds were used. 

Measurements were repeated on different sample grains. Data acquisition was carried 

out with Renishaw WiRE 2.0 software. 

 

 

4.2.6 DR-UV-Vis 

 

Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) measurements were carried out 

with an Evolution 500 UV-Vis double-beam spectrophotometer with RSA-UC-40 DR-UV 

integrated sphere (Thermo Electron Corporation, USA). The pigment powders were 

mixed with KBr dried at 200°C (0.02 g of pigment powders in 0.98 g KBr) and 

homogenized in a mortar. The mixtures were then positioned in the DR-UV-Vis cell and 

measured in the 300 to 800 nm range. The Kubelka-Munk function F(R) was then 

calculated from the diffuse reflectance results273 and used as an approximation of the 

absorption coefficient α for the pigments considered. An estimation of the band gap 

energy from the experimental data was performed based on the Tauc relation274: 

 

(𝛼ℎ𝜈)
1
𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔) 

 

where α is the absorption coefficient of the material in m-1, which for small homogenous 

particles is assumed proportional to F(R) and independent on incident wavelength λ, hν 

is the energy of the incident photon in eV, n is a constant dependent on the nature of 

the band gap (n=1/2 for direct allowed transitions, n=3/2 for direct forbidden transitions, 

n=2 for indirect allowed transitions, n=3 for indirect forbidden transitions), A is a 

constant and Eg is the size of the optical band gap in eV. On the basis of the 

computational results, the optical band gap for LAY and LTAY was treated as indirect (i.e. 

n=2 in the Tauc relation used to calculate the experimental band gap). 
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4.2.7 Photo-electrochemical methods 

 

The electrochemical experiments were performed with an Autolab PGSTAT101 

potentiostat (Metrohm, Switzerland) and the software NOVA 2.1. Graphite working 

electrodes (Ø = 3 mm) were pretreated by mechanical polishing with a P600 SiC-paper 

to obtain a rough surface. To remove any adherent SiC-particles, the electrodes were 

rinsed with deionized water in an ultrasonic bath for 20 s. The working electrode (WE) 

was modified by drop-casting a 1.50 μL droplet of ethanol-pigment suspension (50 

mg/mL). After the evaporation of the solvent, a thin layer of the chosen pigment was left 

at the electrode surface. A saturated calomel electrode (SCE) and a glassy carbon 

electrode were used as the reference (RE) and counter electrode (CE), respectively. WE, 

with the pigment side oriented upward, CE and RE were positioned in an open container. 

The latter was filled with a 4 mL solution of electrolyte (1 mM NaCl solution or the 

nonaqueous ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]). 

The effect of light on the electrochemical response of the different pigments was tested 

by exposing the WE to alternating cycles of darkness (∼20 s) and illumination (∼20 s) 

using different 30 mW laser sources (blue, 405 nm; green, 532 nm; red, 655 nm). Both 

chronoamperometric measurements (CA, changes of current VS time upon illumination 

at a constant potential) and linear sweep voltammetry (LSV, current VS potential when 

the latter is slowly but constantly increased over time) were performed. The light-

chopped illumination conditions allowed for a fast and simple correction of the signal for 

background currents. The recorded photocurrent is a direct indicator of the 

photoactivity of the pigment considered, allowing for a relative comparison between 

different species. 

 

 

4.2.8 Computational section 

 

The density functional theory (DFT) calculations in this work were performed with the 

VASP code,275 using the projector augmented wave (PAW) method to describe electron-

ion interactions.276 The Cd 4d5s, Na 3s, O 2s2p, Pb 5d6s6p, S 3s3p, and Sb 4d5s5p 

electrons were treated as valence. The compounds studied using DFT methods are 

introduced as needed in the Results section. The total energy calculations and geometry 

optimizations were done using the Perdew-Burke-Ernzerhof (PBE)277 exchange-

correlation functional in the case of metals, and the Heyd-Scuseria-Ernzerhof (HSE06)278 

hybrid-functional in the case of semiconductors. The plane wave basis set energy cutoff 
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(optimized) was set to 450 eV, and total energies were converged to within 10-4 eV. 

Geometry optimizations were done using the conjugate gradient algorithm 

implemented in the VASP code, and forces were converged to within 0.05 eV Å-1. 

The formation energies of the compounds with Pb partially substituted with Na and/or 

with O vacancies (in neutral charge state) were calculated via279: 

 

𝐸𝑓[𝐷] = 𝐸𝑇[𝐷] − 𝐸𝑇[𝑃] + ∑ 𝑛𝑖𝜇𝑖
𝑖

 

 

where ET[D] (ET[P]) is the total energy of the defect (pristine) cell, and ni is the number 

of atoms of type i introduced (ni < 0) or removed (ni > 0) from the cell, with µi the 

corresponding chemical potential. 

 

 

 

4.3 Results and discussion 
 

4.3.1 Chemical and structural characterization 

 

The SEM/EDX analysis showed that the LTAY sample consists of a finely distributed 

powder (Figure S4.1 a), relatively homogenous in terms of both particle size (Φ≈0.1-2.0 

µm) and chemical composition (Table S4.1). Furthermore, XRPD spectroscopy confirmed 

the presence of one single cubic pyrochlore phase with a lattice parameter a=10.56 Å 

(Figure 4.1a).  This crystalline structure, together with the average chemical composition 

corresponding to the formula Pb2SnSbO6.5 (Table S4.1), matches the information 

available in literature on this pigment.255,280 

 

LAY, on the contrary, showed a more irregular size distribution (Φ≈0.1-20.0 µm, Figure 

S4.1 b) and a deviation from the ideal composition (Table S4.1). Two different pyrochlore 

phases with slightly different lattice parameters were in fact observed via X-Ray powder 

diffraction (Figure 4.1b). A similar behavior is observed by Dik et al.229 in in-house 

synthesized Naples Yellow samples calcinated at low temperatures (650˚C), and it is 

linked to changes in the Pb/Sb molar ratio. In the study by Dik, no metallic element other 

than Pb and Sb is present in the sample. In a different fashion, the change in the Pb/Sb 

ratio observed in the LAY pigment considered in this study is related to the substitution 

of Pb2+ by Na+ (originated from the NaCl used as a flux agent in the historical recipe 

followed for the synthesis). A significant and variable amount of Na is in fact observed in 
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all the pigment grains analyzed with SEM-EDX (Table S4.1) and while the molar ratio 

Pb/Sb is systematically lower than 1 (0.69±0.08), the ratio (Na+Pb)/Sb is much closer to 

1 (1.06±0.15). The high tolerance to substitution in the pyrochlore structure and the 

similarity in the ionic radii of Na+ and Pb2+,281 support the conclusion that the widespread 

presence of Na in the sample is caused by a partial substitution of Pb in the A sites of the 

lattice. The tendency of Na+ to substitute Pb2+ in the A sites is observed also in the 

naturally occurring mineral oxyplumboroméite (also known as bindheimite282), often 

referred to as the isostructural hydrated analogue of Pb2Sb2O7.257,270,280,283 On the basis 

of these results, the average stoichiometry of the LAY powder was calculated following 

the general recommendations by Atencio et al..257 The resulting average formula is 

Na0.74Pb1.38Sb2O6.75. 

 

Of the two phases experimentally observed in the LAY sample, the most abundant phase 

(≈55±10%) showed a good match with the diffraction pattern of bindheimite (PDF 42-

1355, a=10.40 Å), normally used as an XRD reference for Naples Yellow. The second 

phase (≈45±10%, cubic pyrochlore with lattice parameter a=10.505 Å), on the contrary, 

showed no perfect match with any reference compound. The presence of 

dishomogeneities in the composition of LAY was confirmed also by μ-Raman 

spectroscopy. The presence of two pyrochlore phases intimately mixed in the sample, in 

fact, leads to variations in the Raman spectra recorded on different LAY grains (Figure 

4.2). In particular, the ratio between the intensities of the peak at 198 cm-1 and the one 

at 228 cm-1 changes. These two bands have not been univocally identified but, as 

reported by Rosi et al.,280 additional bands in the Raman spectrum of lead 

pyroantimonates can be linked to the distortion of the SbO6 octahedra (very sensitive 

due to the rigidity of the Sb-O bond). In addition, different spectra show a shift of the 

most intense scattering peak at about 510 cm-1 towards lower values (≈500 cm-1), 

accompanied by a decrease in intensity and a broadening, with a shoulder appearing at 

around 455 cm-1. This peak can be ascribed to the totally symmetric elongation of the 

SbO6 octahedra (A1g mode). This confirms the relationship between the changes in the 

Raman spectra and the symmetry of the octahedral sites, suggesting a different degree 

of distortion of the crystalline lattice for the two phases. An increase in the lattice 

dimension and distortion of the octahedral sites in Pb pyroantimonates was observed in 

two cases before: when a different cation such as Sn4+, Zn2+, Fe3+ or Pb4+ partially 

substitutes Sb5+ in the B sites,280,283 or when high amounts of K2CO3 are used in the 

synthesis, causing K+ to enter the lattice.270 In our study, however, Na+ is the only 

additional cation present in detectable amounts. The effect of the Na+/Pb2+ substitution 

on the lattice structure has not been described in literature before, but it is likely to be 
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responsible for the structural changes observed. Given the strong relationship observed 

between the symmetry of the octahedral sites in Sb pyrochlores and their electronic 

structure,264,265 these changes will affect the overall properties of the pigment. 
 

 

 
Figure 4.1_X-Ray diffractograms for the a) LTAY and b) LAY samples. (*) Pb2SnSbO6.5 (PDF 39-928, a=10.56 

Å). (•) Bindheimite (PDF 42-1355, a=10.40 Å), (x) unidentified pyrochlore phase (a=10.505 Å). 
 

 

 
Figure 4.2_µ-Raman spectra of different grains of LAY. Insets: enlarged view of the two peaks at 198 and 

228 cm-1 (upper panel) and of the main band at around 510 cm-1 (lower panel) of spectra (a) and (g). 



Chapter 4 | Lead pyroantimonate artists’ pigments 
 

 

131 

Different binary combinations of compounds with a general formula NaxPb2-xSb2O7-x/2 

could translate into the experimental results obtained for LAY. According to the results 

of the DFT calculations (Figure S4.2), Na0.5Pb1.5Sb2O6.75 (LAY1) and NaPbSb2O6.5 (LAY2) are 

the two compounds that show the best combination between low formation energies 

and good correspondence with the experimental lattice parameters. The coexistence of 

these two Na-substituted lead pyroantimonate phases in the LAY sample was 

experimentally confirmed by means of high-resolution STEM-HAADF imaging and STEM-

EDX analysis (Figure 4.3 and Figure S4.3). The experimental EDS results show a good 

agreement with the stoichiometry of the two computed phases. Furthermore, the 

distribution of Na-rich and Pb-rich areas in the STEM-HAADF images, identified by means 

of independent component analysis (ICA), confirms how intimately mixed the two 

phases are in the pigment powder. 

 

 
 

Figure 4.3_a) STEM-HAADF image (at a magnification of 115 kX). The quantification of EDS spectra from 
the area within the green and red rectangles are respectively given in the table. b) EDX map from the same 

region in (a) showing a Pb-rich and a Na-rich phase identified by independent component analysis (ICA). 

 

 

It is extremely interesting to notice how the theoretical Pb2Sb2O7 pyrochlore phase is not 

present in the sample. This information is in contradiction with the literature about 

Naples yellow as an artists‘ pigment (Pb2Sb2O7 with a≈10.4 Å), but is in agreement with 

the computed information on this compound. The pure lead antimony mixed oxide, in 

fact, appears to be intrinsically unstable in the cubic pyrochlore structure (instability 

arising from a sharply peaked density of states at the Fermi level, Figure 4.4 and Figure 

S4.4), as previously suggested by other authors outside the field of conservation 

science.256,260,261  
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Figure 4.4_Computed density of states (a) and crystalline structure (b) for the Pb2Sb2O7 pyrochlore. The 

spheres represent single atoms in the structure: grey = Pb, brown = Sb and red = O. In evidence in green the 
charge density isosurfaces of the highly localized states at the Fermi level arising from the O’ atom at the 

center of the Pb4O’ tetrahedra. 

 

 

In addition, this phase shows a computed lattice parameter much larger than the 

literature value for this pigment (a=10.87 Å). These results therefore suggest that 

Pb2Sb2O7 is not the correct formula to describe the pyrochlore pigment commonly 

referred to as Naples yellow. Our computational and experimental approach 

demonstrates for the first time an alternative pathway for the stabilization of lead 

antimonate in a pyrochlore structure, with Na+ partially substituting Pb2+ in the A sites. 
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4.3.2 Optoelectronic properties and photostability 

 

Once completed the chemical and structural characterization of the pigment powders, 

the study of their optoelectronic properties was performed. As a starting point, it is 

particularly interesting to notice how the partial substitution of both Pb2+ with Na+ in 

LAY1 and LAY2 and Sb5+ with Sn4+ in LTAY have a similar effect on the overall 

stoichiometry and band structure for the pigments. First of all, we found that the sharp 

peak in the density of states at the Fermi energy in LAY (in the pyrochlore structure this 

compound would be metallic) arises essentially from highly localized O' p-states (O' is 

the O atom at the center of Pb tetrahedra) (Figure 4.4). Thus, compositional changes 

that allow to eliminate these states can lower the energy of the system and result in a 

stable compound. Because of their lower valency, the partial substitution of Sb5+ with 

Sn4+ in LTAY and of Pb2+ with Na+ in both LAY phases allows for the formation of O 

vacancies and, as expected, these occur preferentially at the O' sites for all the structures 

(Figure S4.5). As the states at the Fermi level are eliminated, these substitutions cause 

the resulting compounds to be semiconductors. 

 

In order to better understand the photostability of these semiconductors, their optical 

properties were studied both experimentally (DR-UV-Vis spectroscopy) and 

computationally using CdS as a reference yellow semiconducting compound. Both 

approaches showed a significantly lower absorption coefficient for the pyroantimonate 

pigments in analysis than for the reference semiconductor, with a less steep absorption 

edge in the visible region of the spectrum (Figure 4.5). This behavior is explained by the 

indirect nature of the computed band gap for all the pyrochlore phases (lower 

probability for the optical transition). Note that phonon-assisted transitions are typically 

not included in first-principles computational codes. Even though this type of optical 

transitions in indirect gap semiconductors are of second order, their effect is not 

negligible and contributes to the difference between the experimental and theoretical 

spectra. Further differences may arise from the non-perfectly homogenous and 

relatively large size of the particles (Φparticle>λ on average), which could increase the 

unwanted specular reflection contribution in the spectrum. 
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Figure 4.5_a) Experimental Kubelka-Munk function (proportional to the absorption coefficient) for LAY, 

LTAY and CdS and b) computed absorption coefficient for LAY 1 (= Na0.5Pb1.5Sb2O6.75), LAY 2 (= 
NaPbSb2O6.5), LTAY and CdS as a function of the energy of the incident light. 

 

In general, the size of the computed band gaps is consistent with the results of the optical 

measurements (Table 4.2 and Figure S4.6). Only in the specific case of Na0.5Pb1.5Sb2O6.75, 

a significant difference in size between the computed and experimental band gaps is 

observed. However, as shown in Figure 4.5b, the computed absorption at the threshold 

is extremely weak, and only becomes significant above ~2eV. This behavior is justified 

by the character of the bands in the vicinity of the valence band maximum and 

conduction band minimum for this phase (Figure S4.7). The upper lying valence bands 

are of p character, while the lower lying conduction bands are of dominant s character. 
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Thus, in principle optical transitions can take place. However, the former arise mainly 

from the 2p states of the O‘ atoms at the center of the Pb-Na tetrahedra, while the latter 

arise mainly from Sb 5s states. These atoms are only third neighbors in the 

Na0.5Pb1.5Sb2O6.75 structure (Figure S4.5c). Thus, the corresponding optical transition 

matrix elements are small, and the absorption is weak. Most likely too weak to be 

macroscopically observed and experimentally detected. 

 
Table 4.2_Nature and size of the experimental (Eg exp) and computed (Eg comp) band gaps for the 

pigments considered. 

 

 Composition Band Gap Eg exp  (eV) Eg comp (eV) 

LTAY Pb2SnSbO6.5 indirect 
2.22 

[indirect] 

2.36 

[indirect] 

2.91 

[direct] 

LAY 

Na0.5Pb1.5Sb2O6.75 indirect 
2.31[a] 

[indirect] 

0.42 

[indirect] 

0.56 

[direct] 

NaPbSb2O6.5 indirect 
2.31[a] 

[indirect] 

1.96 

[indirect] 

2.28 

[direct] 

CdS CdS direct 
2.40 

[direct] 

2.10 

[direct] 

[a] Experimental value for the mixture of two phases. 

 

 

The chrono-amperometric measurements under chopped illumination conditions (at the 

open circuit potential, OCP) showed a positive photocurrent (Iph) when the pigment-

modified working electrodes (WE) are exposed to light with hν > Eg (Table 4.3). This is a 

typical behavior for n-type semiconductors, due to minority carrier (h+) mediated 

oxidation processes taking place at the pigment surface (Figure 4.6).259,284,285 The 

absorption of a supra-bandgap photon causes in fact the excitation of one electron (e-) 

from the valence band (VB) to the conduction band (CB) of the semiconductor. This 

process leaves behind a positively charged hole (h+) in the VB, resulting in a displacement 

from equilibrium of the concentration of each charge carrier (e- and h+). In an n-type 

semiconductor, the amount of photo-generated e- does not alter significantly the total 
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concentration of majority carriers in the CB, while the amount of photo-generated h+ 

strongly increases the total concentration of minority carriers in the VB. For this reason, 

the quasi-fermi level defined for e- in this non-equilibrium condition (nEF
*) remains 

approximately the same as the general EF observed for the semiconductor in the dark. 

On the contrary, pEF
*(quasi-fermi level for h+ upon light exposure) drastically increases in 

energy compared to pre-illumination EF. This translates into a higher minority carrier-

related reactivity of the pigments upon light exposure. The presence of band bending at 

the pigment/electrolyte interface promotes the charge separation upon illumination, 

preventing the recombination of electron-hole pairs due to the existing electric field at 

the surface. N-type semiconductors most of the time present an upward band bending 

due to the accumulation of positive charges at the interface (mostly due to the transfer 

of e- to the solution during the equilibration of the respective Fermi levels in the dark).259 

In this case, the electric field at the surface forces the free holes formed upon 

illumination towards the external solution, while the photo-generated electrons are 

pushed away from the surface. This leads to minority carrier (h+) mediated oxidation 

processes taking place at the pigment surface upon illumination (Figure 4.6),259,284,285 

translating into an overall positive current in the cell.  

 

 
Table 4.3_Iph values measured for LAY, LTAY and CdS-modified electrodes in different light conditions and 

electrolytes at the OCP. 

 

 NaCl 1 mM Ionic Liquid 

 LOD[a] LAY LTAY CdS LOD[a] LAY LTAY CdS 

Iph (nA) 

RED 
0.2 <LOD <LOD 4±3 3.8 <LOD <LOD <LOD 

Iph (nA) 

GREEN 
0.2 1.6±0.3 3.6±0.5 34±8 5.1 <LOD <LOD 28±9 

Iph (nA) 

BLUE 
0.8 6.6±0.8 19±5 233±41 3.0 5.5±1.4 18±3 203±68 

[a] LOD=3*σblank, where LOD=limit of detection and  σblank=standard deviation of the blank.  
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Figure 4.6_Mechanism responsible for the anodic photocurrent observed on LAY, LTAY and CdS-modified 

WE upon illumination with Vis light. a) Energy levels alignment before illumination in an aqueous solution; 
b) effect of the absorption of light with different wavelengths. 

 

 

Comparable results are obtained in an aqueous electrolyte (1mM NaCl) and in an ionic 

liquid with a large potential stability window ([BMIM][BF4]). This confirms that the 

anodic photocurrent observed is the result of the h+-mediated self-oxidation of the 

pigment grains, and not of water oxidation. The significantly lower Iph observed for LAY 

ad LTAY in both media, however, confirms the extreme stability of these pigments 

compared to CdS. A small photocurrent, in fact, is the direct result of a much lower 

tendency of the pigments to be oxidized when exposed to light with hν ≥ Eg.259 The 

dependency of the Iph magnitude on the energy of the incident light is in agreement with 

the experimental size of the band gap and the absorption properties for all the pigments 

(Figure 4.5 and Table 4.2). In fact, the anodic Iph was higher in all samples when 

illuminated with a blue laser (3.06 eV), and progressively lower with a green (2.33 eV) 

and a red (1.89 eV) laser (Table 4.3). When an increasing positive over-potential 

(compared to the OCP) is applied to the WE, a clear increase in the relative anodic Iph is 

observed for both pyroantimonate pigments (Figure 4.7, Figure S4.8).  
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Figure 4.7_Iph (Blue and Green laser) dependency on the potential applied at the WE. Scan rate = 0.5 mV/s 

in 1 mM NaCl. 

 

 

A poor p-type conductivity in the pyrochlore phases is most likely responsible for the 

experimental results obtained. As observed in the computed band structures (Figure 

4.8), in fact, a clear difference in the degree of dispersion of the upper lying valence 

bands exists between these phases and CdS. In the pyrochlore pigments, these energy 

levels originate essentially from the same states, i.e. the p-states from the octahedral O 

atoms surrounding the Sb atoms. The very flat nature of these bands, as often observed 

for metal oxides presenting corner-sharing octahedral structures,286 translates into high 

h+ effective masses. An accurate calculation of these effective masses requires taking 

into account various factors, such as the multiplicity of concerned extrema in the 

Brillouin zone and possible temperature effects.287 In the present case, however, the 

band structures are relatively simple, with a single band at the valence band maximum 

(VBM) for all the phases except CdS, where degenerate bands are present. It is thus 

possible to have a good idea of the differences in effective mass among the compounds 

we study by considering the effective mass corresponding to the VBM along a high 
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symmetry line. In the case of CdS, there are two effective masses because of the 

degeneracy at the CBM, resulting in what are dubbed as light and heavy holes. Mobility 

in that case will obey to the average of these effective masses. The results are presented 

in Table 4.4. Since the carrier mobility depends directly on the inverse of the carrier 

effective mass, this material property results into a low minority carrier mobility for all 

the pyrochlore phases. Mobility which is likely to be further hindered by the presence of 

grain boundaries in the pigment powders.288,289  
 

 
Figure 4.8_Band character with respect to the atomic species present in the compounds considered. a) 

Na0.5Pb1.5Sb2O6.75 and b) NaPbSb2O6.5 (Blue=Sb, Green=Pb, Red=O; Na relative contribution is negligible). c) 
Pb2SnSbO6.5 (Blue=Sb, Green=Pb, Red=O; Sn contribution does not differ significantly from Sb). d) CdS 

(Green=S, Red=Cd). 

 

 
Table 4.4_Hole effective masses (in units of me) for all the phases considered. 

 
Phase VBM Effective mh 

Pb2SnSbO6.5 along the K- line 1.89 

Na0.5Pb1.5Sb2O6.75 at L 2.68 

NaPbSb2O6.5 at L 1.32 

CdS at  0.64[a] 
             [a]harmonic average of 0.40 (light hole) and 1.63 (heavy hole) 
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Since conductivity depends both on mobility and charge carrier concentration, the 

combination between low h+ mobility and low optical absorption coefficients explains 

the extreme stability of LAY and LTAY pigments. In fact, this means not only that less e-

/h+ pairs are formed upon light exposure in LAY and LTAY compared to CdS, but also that 

the photo-generated holes struggle to reach the surface and react before a 

recombination takes place. For this reason, when an external potential is applied driving 

the positive charges towards the surface of the pigment grains,259 a significant increase 

in Iph is observed. The similar lightfastness observed for LAY and LTAY can therefore be 

ascribed to the analogous effect of Sn and Na substitutions on the band structure of the 

pigments. These substitutions, in fact, affect mainly the position of the upper valence 

band energy levels, but only weakly their nature and dispersion. This translates into h+ 

mobilities which remain low and are not significantly affected by the nature of the 

substituent cation. The only difference observed in the valence band structures of Na- 

and Sn-substituted phases is the larger density of states near the valence band maximum 

for the latter (Figure 4.8 and Figure S4.9). This means that more electrons are potentially 

available for excitation near the band maximum, which explains the small experimental 

differences previously encountered: namely the slightly higher near-edge optical 

absorption (Figure 4.5), the slightly larger photocurrent at the OCP (Table 4.3) and the 

consequently smaller relative Iph increase with the applied potential for LTAY (Figure 4.7). 

Nonetheless, it is important to mention that also the different particle size observed for 

these pigments (Figure S4.1), slightly lower for LTAY, might account for their partially 

different photoelectrochemical behavior. A smaller diameter, in fact, might increase the 

chances of the photogenerated charges reaching the surface of the particles before a 

recombination takes place,290 hence explaining the slightly larger photocurrent observed 

for LTAY at the OCP (Table 4.3).   

 

For CdS, on the contrary, all the lighter photo-generated h+ are most likely capable of 

reaching the surface of the grains without the need for an external electric field. Hence 

the high Iph at the OCP, in agreement with the documented instability for this pigment in 

paintings,39,259 and the lack of a significant dependency on the potential applied at the 

WE. The slightly higher increase in Iph observed under green laser illumination compared 

to blue laser illumination for CdS is related to the fact that green light is absorbed less 

efficiently by the semiconductor. The e-/h+ pairs are therefore formed deeper in the 

semiconductor. Here the separation of the photo-generated free charges is less efficient, 

due to the lower influence of the electric field present only in the superficial space-

charge layer, and therefore the recombination is more probable (Figure 4.6b).55 When a 

positive over-potential is applied at the WE, however, the thickness of the space-charge 
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layer is increased.291 This makes the separation of the e-/h+ pairs generated by the 

absorption of green light more efficient, leading to the relative Iph increase observed 

experimentally. 

 
 
 

4.4 Conclusions 
 

The multi-faceted analytical and computational approach described in this chapter 

allowed to unravel the material properties behind the stability of lead pyroantimonate 

yellow pigments. First, meaningful insights were obtained on the intrinsic instability of 

stoichiometric Pb2Sb2O7 in the cubic pyrochlore structure. This confirms that the latter 

formula, extensively employed to describe the pyrochlore pigment commonly known as 

Naples Yellow, is not correct. Since accurately understanding the material composition 

is the first fundamental step for conservation, this information is crucial. 

 

The presence of a diverse range of substitutions in the lattice of both natural and 

synthetic lead pyroantimonates supports our findings. As shown in the present work, in 

fact, substitutions taking place both at the A and B sites of this pyrochlore lead to similar 

changes in its stoichiometry and electronic properties, ultimately stabilizing the pigment 

in a cubic structure. While substitutions at the octahedral sites are well documented, 

however, the effects of A-site substitutions are not yet studied in the literature. For the 

first time, our results demonstrate that the partial substitution of Pb2+ by Na+ in the A 

sites of the pyrochlore allows to stabilize the cubic lead antimonate mixed oxide. No 

evidence of the presence of Na in paintings and historical samples of Naples yellow is 

reported in literature, however this element is too light to be detected with the non-

invasive p-XRF or MA-XRF instruments often used to perform the analysis. As a next step, 

the laboratory analysis of paint microsamples is being planned in order to prove the 

presence of Na in historical Naples Yellow samples. Being able to confirm the link 

between the historical synthesis processes and the presence of different substituents in 

the pigment structure could represent an extremely useful tool for the attribution and 

authentication of historical paintings. 

 

Furthermore, this study unraveled fundamental information on the optoelectronic 

properties of lead pyroantimonates. The experimental and computational results, in 

fact, confirmed the hypothesis of a semiconducting nature for this class of pigments. 

However, the absorption of visible light by these semiconductors does not trigger self-
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corrosion mechanisms or catalytic degradation of the organic binding medium in contact 

with them. This behavior is the result of a combination of poor light absorption 

properties and low minority carrier (h+) mobility, preventing potential h+-mediated (self-

)oxidation reactions from taking place at the surface of the pigment grains. This confirms 

that the extreme stability of this family of yellow pigments is the result of intrinsic 

material properties, hence not depending on the medium in which the pigment is 

embedded (e.g. insulating glassy matrix in glass objects rather than siccative oil in easel 

paintings). This is in agreement with the information available in literature about the 

extreme stability of this family of pigments in different media. 

 

The results presented in this chapter represent a fundamental step towards a better 

understanding of the complex material properties and photochemistry of artists‘ 

pigments and of pyrochlore mixed oxides in general. Given the extraordinarily wide 

range of fields in which these mixed oxides find application, a better understanding of 

the effect of lattice substitutions on their optoelectronic properties is of capital 

importance. In addition, the methodology described in this study can potentially be used 

to probe the material properties of any semiconducting pigment in powder form, with 

applications also beyond the field of conservation science and cultural heritage. 

 

 

 

4.5 Supplementary information 
 

 

 
 

Figure S4.1_SEM backscattered electron image (BEI) of the powder samples: a) LTAY; b) LAY. 
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Table S4.1_SEM-EDX results for the LAY and LTAY sample. 

 

LAY Na Pb Sb Na + Pb 

Average (wt%) 3.0±1.6 49.9±4.9 42.8±4.7 45.8±5.6 

Average (mol) 0.13±0.07 0.24±0.02 0.35±0.04 0.37±0.07 

mol/molSb 0.37±0.18 0.69±0.08 - 1.06±0.15 

     

LTAY Pb Sn Sb Sn + Sb 

Average (wt%) 61.3±1.4 17.8±2.3 20.6±1.2 38.4±1.4 

Average (mol) 0.30±0.01 0.15±0.02 0.17±0.01 0.32±0.01 

mol/molPb - 0.51±0.09 0.57±0.03 1.08±0.07 

 

 

 

 
 

Figure S4.2_a) Stability triangle for the phases involved in this study. The light blue-gray area indicates the 
chemical potential ranges for which Pb2Sb2O7 is thermodynamically stable against precipitation of the 

competing oxides in the triangle. In these areas Na0.5Pb1.5Sb2O6.5 and NaPbSb2O6.5 will have a lower 
formation energy than Pb2Sb2O7 in sufficiently Na-poor conditions that nor Na2O or NaCl precipitate. The 

interval of Na chemical potentials for which this occurs at the vertices of the blue-gray area are indicated in 
the figure (all energies in eV). b) Experimental enthalpies of formation used in the calculations. c) 

Calculated formation energies, lattice parameters and band gaps for chemical potentials corresponding to 
point “A” in figure (a), as an example. 
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Figure S4.3_High-resolution STEM-HAADF Z-contrast image of the two pyrochlore phases in the LAY 
sample: a) Na0.5Pb1.5Sb2O6.5 along [141] zone axis and b) NaPbSb2O6.5 along [011] zone axis. The atomic 
columns showing darker contrast are assigned to be Na rich (Pb deficient). As expected, the density of 

these darker columns is higher in NaPbSb2O6.5. 

 

 

                                      
 

Figure S4.4_Computed band structure for Pb2Sb2O7 in a pyrochlore structure. The presence of highly 
localized states at the Fermi level suggests an intrinsic structural instability for this compound. 

 

Sb

Pb O
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Figure S4.5_Computed crystalline structure for a) Pb2Sb2O7, b) Pb2SbSnO6.5, c) Na0.5Pb1.5Sb2O6.75 , d) 
NaPbSb2O6.5. The spheres represent single atoms in the structure: grey = Pb, brown = Sb, purple = Sn, yellow 

= Na and red = O. 

 
 

 
 

Figure S4.6_Tauc plots with calculated band gap sizes for the indirect semiconductors LAY and LTAY (a) and 
for the direct semiconductor CdS (b). Green = LTAY, Black = LAY, Red = CdS. 
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Figure S4.7_Computed band character for Na0.5Pb1.5Sb2O6.75 with respect to a) angular momentum and b) 
atomic species. Na relative contribution to the band character is negligible and therefore it is not shown in 

(b). 

 

 

 
 

Figure S4.8_Linear sweep voltammetry under light chopped illumination conditions. Scan rate = 0.5 mV/s; 
electrolyte = 1mM NaCl. Results with blue and green laser for the pigments in analysis. 

 

 

 

 

 

 

 

d

p s

Sb

Pb O

a) b)



Chapter 4 | Lead pyroantimonate artists’ pigments 
 

 

147 

 
 

Figure S4.9_Computed total density of states near the valence band maximum for the pyrochlore phases 
considered. 
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Abstract 
 

In this section of this doctoral thesis, the focus is shifted to the study of a different family 

of artists’ pigments: the Geranium lake pigments. The reason to study these pigments 

lies in their intrinsic instability and, in particular, in their tendency to fade upon light 

exposure. Such a behaviour results in significant chromatic alterations for the paintings 

where these pigments are employed, with severe consequences on the value (well 

beyond the mere economic meaning of the word) of the work of art. In the past years, 

attempts have been made to understand the reactivity and decipher the degradation 

mechanism of these pigments. However, despite great efforts, a lack of agreement still 

exists in the literature on this topic.  

 

In a strive to make clarity in this rather complex field of research, in this chapter we take 

a step back, trying to first understand what kind of link might exist between synthesis 

conditions, composition and reactivity of these pigments. Our hypothesis, in fact, is that 

the lack of agreement in the literature could be a result of the reactivity often being 

studied for pigments synthesized in different conditions. While a similar overall 

composition and behaviour for these differently-synthesized pigments is assumed, and 

used as a base to draw interstudy comparisons, it is however not demonstrated. In 

Chapter 5, therefore, we systematically study the effect of changing the synthesis 

conditions first on the structure and composition of the pigments (First part of the 

chapter) and then on their reactivity (Second part of the chapter). 

 

From a chemical point of view, Geranium lake pigments are metallic complexes of the 

synthetic dye eosin Y. Given the application of such complexes in a wide variety of fields, 

including photovoltaics and photocatalysis, understanding the effect of the synthesis 

conditions on their structure and composition hold relevance well-beyond the field of 

conservation science.  

 

In particular, eosin Y complexes in Geranium lake pigments are normally Al- or Pb-based. 

Therefore, the first part of this chapter presents a thorough investigation of the structure 

and composition of in-house synthesized lake pigments containing these two metals, by 

FTIR, XRPD and Raman spectroscopy. The results clearly show changes in the 

coordination mode of the Pb complexes depending on the synthesis protocol, while the 

structure of Al complexes remains stable. In both cases, the formation of by-products 

during the synthesis is also demonstrated here for the first time (with their nature and 
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amount depending on the synthesis protocol). Additionally, a detailed band assignment 

of the FTIR and Raman spectra of eosin Y and Pb and Al complexes is described, providing 

novel insights on the interaction between the metallic ion and the xanthene moiety 

(chromophore). Such a thorough interpretation of the vibrational spectra holds great 

relevance for the analysis of historical paintings where eosin Y is bonded to metallic ions, 

but also for the study of other eosin Y-based materials finding application in different 

fields. Furthermore, this deep understanding of the FTIR spectra of Geranium lakes is 

also exploited, in the second part of this chapter, to better understand the reactivity of 

these pigments. 
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5.1 Introduction 
 

In virtue of its extraordinary photochemical properties, eosin Y (2′,4′,5′,7′-

tetrabromofluorescein) has been traditionally used as a phosphorescent probe or 

photosensitizer.292,293 Lately, this specific xanthene dye characterized by a vibrant red 

colour, is gaining attention due to its capacity to form complexes with metallic elements, 

finding applications in many different fields such as drugs detection,294,295 dye sensitized 

solar cells296–298 or artists’ pigments.299,300 

 

Eosin Y complexes used as pigments in paintings are better known as Geranium lakes. 

They were synthesized for the first time in the 19th century and, according to literature, 

they typically include Pb or Al ions (Pb-lakes and Al-lakes respectively). Thanks to their 

extraordinarily intense red hue, they rapidly gained popularity as artists’ pigments, 

finding their way into the palette of great masters such as Vincent Van Gogh and Paul 

Gauguin.17,23,301–303 However, when exposed to the environment, the vivid red tone of 

the Geranium lakes tends to fade, leaving a greyish material behind.16,304,305 Such a 

degradation may lead to severe changes in the appearance of paintings, with cultural, 

societal and economic implications as a result. Understanding how these pigments 

degrade is the first capital step towards defining the appropriate measures to protect 

these masterpieces, thus a task of maximum priority. 

 

Although previous studies provided valuable insights about the degradation reactions, 

there are still open questions regarding the precise reactivity of Geranium lakes and the 

factors influencing it.306–308 One of the reasons for such discrepancies might be linked to 

differences in composition caused by changes in the synthesis of these pigments. Thus, 

deciphering the link between synthesis and composition of these pigments is essential 

to allow a reliable comparison between published data and future studies. 

 

To synthesize Geranium lakes, a solution of dianionic eosin Y is prepared and mixed with 

a metallic salt to precipitate the complex. This protocol is generally followed, with some 

of the experimental parameters, in particular the pH of the initial solution and the 

amount of metallic salt added, changing from one paper to another.308–311 These changes 

are introduced in spite of the fact that an influence of pH and metal concentration on 

the nature of the synthesized products can be reasonably expected. Eosin Y is, in fact, a 

polyprotic acid (one phenolic group and one carboxylic group where pKa-COOH>pKa-OH),312 

hence the protolytic species present in the solution are strongly influenced by the pH. 
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Additionally, it should be also kept in mind that different tautomers can be found for 

each protolytic specie. The main tautomers are described in Figure 5.1.312 In principle, 

each protolytic specie may form different types of intermolecular bonds with the 

metallic ions, ultimately leading to different products. In addition, changes in pH may 

also lead to the formation of by-products. Excess Pb and Al ions can react with hydroxyl 

ions leading to the formation of precipitates, finally resulting in the contamination of the 

pigment and influencing the overall reactivity. The extent and nature of this 

contamination is evidently linked not only to the pH, but also to the amount of metal 

ions in solution. According to the literature, the stability of the complexes is linked to the 

photosensitizing properties of the precursor dye and to the lifetime/reactivity of its 

excited state.293,307 Such properties are typically affected by the microenvironment of 

the photosensitizer.313 Hence, it is likely that the changes in the structure of the complex 

and the overall composition of the pigment (i.e. presence of by-products formed during 

the synthesis) play a role in its stability. 

 

Previous research has given valuable insights on the chemical nature of Geranium lakes 

depending on the type (Pb or Al) and number (one or two) of metallic salts used, 

elucidating the formation of a bond between the carboxylic acid group of eosin Y and 

the metal ion.314 However, no systematic study exists on the effect of different synthesis 

conditions on the eosin Y-metal coordination and the overall chemical composition 

including the presence of by-products. A correlation between changes in the synthesis 

method and the composition of Geranium lakes has been previously hypothesized315 but 

not yet proven. 

 

A thorough characterization of the eosin Y-metal coordination and of the by-products 

formed during Geranium lakes synthesis under different conditions is therefore a first 

crucial step towards a better understanding the eosin complexes reactivity. To allow the 

analysis of a wide range of compounds and their inter- and intramolecular interactions, 

Fourier transform infrared (FTIR) spectroscopy is first addressed in this chapter. The 

interpretation of FTIR spectra can be complex in molecules such as eosin Y and Geranium 

lakes due to the presence of several bands, sometimes overlapping. To overcome this 

limitation, this research started with a detailed assignment of the FTIR bands to 

determine the spectral markers of each molecule. Such fundamental task was performed 

through the comparison of eosin Y, Al-lakes and Pb-lakes with molecules having similar 

structures, as well as with a range of reaction products appositely synthesized by 

modifying specific functional groups in the molecules in exam. FTIR spectra have been 

complemented with Raman spectroscopy, allowing to corroborate the assignment 
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proposed. Based on this meticulous assignment, a systematic study of the spectral 

changes associated with differences in the synthesis conditions was performed, focusing 

in particular on bands shifts and on the identification of by-products. 

 

In general, differences in the behaviour of Pb-lakes and Al-lakes are observed, with the 

former being much more sensitive to modifications of the synthesis protocol than the 

latter. Furthermore, the presence of Pb- or Al-containing by-products in the synthesized 

pigments is demonstrated for the first time, as well as their correlation with the synthesis 

protocol. In particular, lead carbonates were formed in Pb-lakes and amorphous basic 

aluminium was formed in Al-lakes. These products could alter the reactivity of the 

pigment, in particular when mixed with a binding media that contains fatty acids (such 

as drying oils), due to the formation of metal soaps, potentially compromising the 

integrity of paintings.54 Additionally, the proposed assignment of the FTIR and Raman 

bands from eosin Y and Geranium lakes spectra provides a fundamental reference for 

their identification in heritage objects, as well as for the monitoring of possible 

modifications in their structure. The accurate characterization of the eosin Y complexes 

and by-products in Geranium lakes discussed in this study also allowed to unravel the 

existence of an  interaction between the metal ion and the phenoxide ion, and thus the 

xanthene moiety, likely playing a role in the reactivity of the complexes. This is a 

fundamental insight for their conservation in paintings, but relevant also for any other 

research field in which eosin Y complexes are employed.  

 

 

 

5.2 Materials and methods 
 

5.2.1 Reagents 

 

To perform the band assignment, the spectrum of pure eosin Y (Sigma Aldrich, ~99% 

purity, ref. E4009) was compared to that of rhodamine B (Sigma Aldrich, ≥95%, ref. 

R6626) and fluorescein (J&K Scientific, 95%, ref. 916551). 

 

To prepare the complexes (Figure 5.5, Figure 5.6 and Figure 5.7), pure eosin Y was used. 

Solid eosin Y was solubilized in a solution of NaOH (Sigma Aldrich, 98%, ref. S5881) 

prepared at pH=12. If necessary, additional NaOH or an acid (H2SO4 (Sigma Aldrich, 

99.999%, ref. 339741) for the syntheses of Al-lakes and CH3COOH (Sigma Aldrich, 
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≥99.7%, ref. 695092) for the syntheses of Pb-lakes) was added until reaching the pH 

required (pHi). Afterwards, the metallic salt was slowly added to the solution to form the 

complex. For Pb-lakes, Pb(COOCH3)2·3H2O (Fluka, ref. 32306) was employed. For Al-lakes 

the results obtained with AlCl3·6H2O (Alfa Aesar, 99%, ref. A14437) and Al2(SO4)3·18 H2O 

(Sigma Aldrich, ≥98%, ref. 237086) were compared. Additional synthesis protocols were 

tested (Figure S5.6 and Figure S5.7) using eosin Y disodium salt (Sigma Aldrich, ≥85 % ref. 

E6003). The specific conditions used in each case are mentioned in the literature cited 

therein. 

 

 

5.2.2 FTIR spectroscopy 

 

FTIR spectra were collected with a spectrometer Bruker Alpha II equipped with a DTGS 

detector. Measurements were performed in transmission mode using KBr (Sigma 

Aldrich, FTIR grade, ref. 221864) pellets. A total of 128 scans was accumulated in each 

sample, using a resolution of 4 cm-1 and a wavenumber range between 4000 to 400 cm-

1. All spectra showed were not corrected in order to avoid any kind of distortion. 

 

 

5.2.3 Raman spectroscopy 

 

Raman spectra (Figure 5.2, Figure 5.4 and Figure 5.5) were collected with the micro-

Raman spectrometer InVia Renishaw equipped with a CCD detector. Measurements 

were performed with a 785 nm laser and a 50x/NA 0.5 magnification objective. For each 

spectra 50 seconds measurements were accumulated during 4 acquisitions. The energy 

used was 1% to avoid sample degradation. All spectra showed were not corrected in 

order to avoid any kind of distortion. 

 

The Raman spectra of the Pb by-products showed a broad band from fluorescence, 

therefore the Bruker Bravo PSSERS spectrometer (Bruker Optik GMBH, Ettlingen, 

Germany) was used (Figure 5.8). This device is equipped with two lasers (785 and 853 

nm) with sequentially shifted excitation to suppress fluorescence. Laser power level and 

time cannot be adjusted, but they are reported to be <100 mW and less than 1 min for 

a single analysis. Spectral range is 300–3200 cm−1 at 10–12 cm−1 resolution. 
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5.2.4 X-Ray powder diffraction 

 

The X-ray powder diffraction (XRPD) measurements were performed in transmission 

mode using a focused (0.3 mm x 0.3 mm) monochromatic Ag-Kα X-ray source (22 keV) 

operated at 50 kV and 0.88 mA while the emerging diffraction signals were collected 

with a PILATUS 200K detector. Multiple points on the powder surface were measured 

with an exposure time of 10 s per point. Calibration and integration of the diffraction 

signals was performed using the XRPDUA software package.211 

 

 

 

5.3 Results and discussion 
 

5.3.1 Foundations of a robust FTIR and Raman analysis 

 

Eosin Y and the corresponding Pb and Al complexes present FTIR and Raman spectra 

with several bands in overlapping spectral regions. Nonetheless, a reliable band 

assignment for Pb-lakes and Al-lakes is required in order to obtain novel insights about 

their structure and its changes depending on the synthesis conditions.  

 

The first step to determine the band assignment of Geranium lakes includes the in-depth 

interpretation of the FTIR and Raman spectra from eosin Y, since its molecular structure 

is well known. In solid state, eosin Y exists in two forms: lactone and quinoid (Figure 5.1) 

(the presence of the zwitterionic form is almost negligible312). These forms share many 

functionalities, namely the xanthene rings, the hydroxyl and the bromine groups, while 

they only differ in the structure of the carboxylic group. Pure solid eosin Y is composed 

mainly of lactone form with small amounts of quinoid form,316,317 while eosin Y 

complexes present only the quinoid form since the metal is bonded through the 

carboxylic acid group.314 Therefore, in order to compare the spectra of eosin Y and 

Geranium lakes, it is necessary to discriminate the bands specific to the lactone and 

quinoid forms from the bands of the shared structures. 
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Figure 5.1_Main tautomers and pKa of eosin Y. 

 
 

5.3.2 Analysis of the shared structures between quinoid and lactone forms 

 

In order to study the bands associated with the functionalities present in both quinoid 

and lactone forms, the spectrum of eosin Y was compared to rhodamine B and 

fluorescein (Figure 5.2). Fluorescein can be found in different forms: lactone, quinoid 

and zwitterionic, that can be distinguished by their colour and their specific markers in 

the spectra (Figure S5.1). In this case the quinoid form was used, which is characterized 

by a strong red colour (unlike the zwitterionic form or the lactone form) and the lack of 

the bands related to lactone or carboxylate groups.318 

 

 
 

Figure 5.2_Comparison of the IR and Raman spectra of different xanthene dyes eosin Y, fluorescein and 
rhodamine B. The structure of each compound is showed at the left, the star indicates the predominant 
form in eosin Y. The shared structures are marked in pink, green and blue. The structures only present in 

eosin Y are marked in grey. FTIR spectra is plotted in black lines, Raman spectra in dark red, a 
magnification of the region marked in orange is displayed at the right. The bands related to each structure 

are marked with the same colour (full areas for FTIR bands, striped areas for Raman bands). 
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All molecules have a xanthene group (Figure 5.2, structure highlighted in green), hence 

the bands that are present in all three spectra are linked to this functionality. The bands 

found only in the eosin Y and fluorescein spectra are probably linked to the hydroxyl, 

only found in these molecules (Figure 5.2, structure highlighted in blue). Finally, the 

bands only found in the spectrum of eosin Y are related to the structures present just in 

this molecule (Figure 5.2, structure highlighted in grey). The comparison of Raman and 

FTIR spectra, which have different active vibrations, helped to verify the proposed 

assignment. 

 

The xanthene moiety (Figure 5.2, structure marked in green) has aromatic groups and 

an ether. Regarding the aromatic groups, the C=C stretchings were identified in the 

region between 1650 to 1450 cm-1, specifically the bands at ≈1590, ≈1553 and ≈1465 cm-

1 (more intense in the FTIR spectra but in some cases also visible in the Raman spectra) 

and at ≈1640 and ≈1505 cm-1 (more intense in the Raman spectra but in some cases also 

visible in the FTIR spectra). The C-O-C stretching of the ether group is most probably 

associated to the band at ≈1245 cm-1, only noticeable in the FTIR spectra. Three 

additional bands at ≈865, ≈706 and ≈575 cm-1 are present in the spectra of all the three 

compounds, related to skeletal vibrations of the shared structure.319,320 Indeed, similar 

bands also appear in the spectra of rhodamine 6G, having the same xanthene moiety.321 

These assignments agrees with previous studies based on computational 

chemistry.322,323 

 

Previous research has linked the small bands at ≈1330, 1171 and 1113 cm-1 in the 

fluorescein spectra, with similar relative intensity, and only noticeable in the FTIR 

spectrum, to the xanthene moiety.318,324,325 In the spectra of eosin Y and rhodamine B, 

bands in similar regions can be observed too, associated to the same functional group. 

The band shifts observed in each spectrum (1331-1330-1343 cm-1; 1171-1171-1179 cm-

1; 1115-1113-1130 cm-1) can be explained by the different substituents of the xanthene 

in each molecule.  

 

The bands related to the hydroxyl group (Figure 5.2, structures marked in blue) appear 

at ≈3230 cm-1, linked to the O-H stretching, and at ≈1260 cm-1, linked to the C-O 

stretching / O-H deformation. Both bands are only present in the FTIR spectra of eosin Y 

and fluorescein since this Raman vibration is weak. However, some differences can be 

noticed in the O-H stretching region: the band from fluorescein is very broad and there 

is an additional peak at 3467 cm-1 in the spectra of eosin Y. The broader band of 

fluorescein is explained by the presence of two types of –OH (hydroxyls and carboxylic 
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groups), each one forming hydrogen bonds between them as well as with the ketone 

group: this wide range of interactions broadens the band. On the other hand, eosin Y has 

only one type of –OH (hydroxyls) which, in addition, are less prone to form hydrogen 

bonds due to the steric hindrance caused by the adjacent Br atoms. For this reason, the 

band of bonded –OH (3230 cm-1) is lower and narrower and there is also a peak at 3467 

cm-1 which is probably associated to the single-hydrogen bridges, that tend to appear in 

this region.326  

 

Finally, there are a few bands found only in the spectra of eosin Y (Figure 5.2, structures 

marked in grey). The clearest example is located at 1753 cm-1, related to the C=O 

stretching of the lactone group.319,320 Despite fluorescein and rhodamine B also 

containing carboxylic groups, the band related to the C=O stretching is expected to 

appear at a much lower wavenumbers, overlapped with the bands of aromatics. This 

agrees with the higher intensity of the bands at 1597 and 1587 cm-1 in the spectra of 

fluorescein and rhodamine B respectively, compared to the other bands related to the 

C=C stretching of the aromatic groups. The decrease of the wavenumber is explained by 

the conjugation of the C=O bonds and the higher number of intermolecular bonds of 

fluorescein and rhodamine B compared to eosin Y, whose –OH are less available as a 

result of the steric hindrance due to the Br atoms. Both effects contribute to decrease 

the wavenumber of the carbonyl peak.319 Additionally, there are two bands at 697 and 

613 cm-1, probably related to the C-Br stretching. The fact that these two bands are also 

present in the FTIR spectra of 2,6-dibromophenol, that contains similar C-Br bonds, 

supports this hypothesis.327 

 

 

5.3.3 Discrimination of the bands specific to quinoid and lactone forms 

 

In order to discriminate the bands related to lactone and quinoid forms, eosin Y was 

mixed with different solvents in order to modify the carboxylic group, monitoring the 

reactions by FTIR spectroscopy (Figure 5.3). Raman spectroscopy was not used here 

since most of the vibrations related to the expected changes are not Raman active.319,320 

In detail, pure eosin Y was treated with ethanol (Figure 5.3a) and with acetone (Figure 

5.3b) to alter the lactone group. Additionally, eosin Y was mixed with water and filtered 

to isolate the non-soluble fraction, corresponding to the weakly-polar lactone form 

(Figure 5.3c). The spectra of the modified compounds were compared to pure eosin Y 

(i.e. mainly lactone form with small amounts of quinoid form) (Figure 5.3d). 
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The expected reactivity was verified by focusing on the spectral region corresponding to 

the C=O stretching, where the changes are clear since there are no overlaps with bands 

related to other functional groups. In particular, when the lactone group (Figure 5.3, 

structure highlighted in green) is modified (spectra 3a and 3b), the intensity of the 

corresponding band centred at 1753 cm-1, decreases compared to pure eosin Y 

(spectrum 3d). After the reaction with ethanol (spectrum 3a) where the opening of the 

lactone and the esterification of the carboxylic acid (Figure 5.3, structure highlighted in 

grey) is expected, the band at 1753 cm-1 is broader. This is explained by the formation of 

the ester group, whose C=O stretching typically appears around ≈1730 cm-1.319,320 After 

the reaction with acetone (spectrum 3b), where the formation of the quinoid form is 

expected, two shoulders at ≈1703 and 1717  cm-1 appear. This change is related to the 

occurrence of the carboxylic group, whose C=O stretching typically appears around 

≈1700 cm-1 (Figure 5.3, structure highlighted in brown), and the ketone, whose C=O 

stretching appears normally at ≈1717 cm-1 (Figure 5.3, structure highlighted in 

pink).319,320 The ketone band is probably present also in the spectrum 3a, but it is hidden 

by other more intense bands. 

 

As it can be noticed, the C=O stretching related to the –COOH group from the quinoid 

form of eosin Y appears at higher wavenumber than fluorescein and rhodamine B (Figure 

5.2). Despite the C=O from all three molecules being conjugated, eosin Y cannot form as 

many hydrogen bonds as fluorescein and rhodamine B due to the steric hindrance of the 

–OH and ketone groups, which explains the higher wavenumber from the eosin Y 

band.319,320 Conversely, the band at 1753 cm-1 in spectrum 3c (pure lactone form) is very 

narrow. This can be explained by the presence of only one type of C=O. In spectrum 3d 

(pure eosin Y), the band at 1753 cm-1 is broader than in 3c because pure eosin Y contains 

mainly lactone form but also small amounts of quinoid form: quinoid form includes the 

C=O from both the carboxylic group and the ketone, so the related C=O stretching bands 

overlap with the band at 1753 cm-1 making it broader. 

 

Having confirmed the expected reactivity of eosin Y treated with different solvents by 

the band at 1753 cm-1, the additional bands associated to these molecular changes could 

be identified. In particular, the bands in the region below 1600 cm-1, typically more 

overlapped, are I) C-O stretching / O-H deformation of the carboxylic groups present in 

quinoid form, II) C=C stretching of the C=C bonds that appear in the quinoid form and III) 

bands linked to the hydroxyl group that appear mostly in the lactone form. 
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I) Regarding the carboxylic groups, spectra 3a and 3b show a decrease of the relative 

intensity of the band at ≈1212 cm-1 compared to other bands that do not change 

between lactone and quinoid form, such as the ones at 1467 and 1422 cm-1. This 

indicates the relationship of this band with the lactone form (Figure 5.3, structures 

highlighted in green), probably C-O st / O-H deformation of the lactone group. Indeed, 

this band is very small in fluorescein, where the lactone form is minor, and it is absent in 

rhodamine B, where no lactones are present, which can be deduced by their strong 

colour318,328 (Figure 5.2). Similarly, an increase of the shoulder at ≈1185 and ≈1171 cm-1 

can be noticed (spectra 3a and 3b respectively), most likely related to the same type of 

vibrations but for the ester group (Figure 5.3, structure highlighted in grey) and the 

carboxylic acid (Figure 5.3, structure highlighted in brown) formed.319,320  

 

 
 

Figure 5.3_Reactivity of eosin Y with different solvents followed by FTIR spectroscopy. The structure(s) of 
each sample is showed at the left a) eosin Y after reacting with ethanol, b) eosin Y after reacting with 

acetone, c) fraction of eosin Y not soluble in water, d) eosin Y. The predominant molecule in each case is 
marked with a star. The shared structures have been marked in the same colors that the associated bands 
in the spectra. A magnification of the spectral region marked in orange is displayed at the right, the bands 

written in red are present in all the samples. 

 
 

II) Regarding the C=C bonds (Figure 5.3, structures highlighted in yellow), spectra 3a and 

3b show an increase of the bands at 1602, 1572 and ≈1510 cm-1, presumably related to 

the C=C stretching of the new C=C bonds formed.  

 

III) Regarding the hydroxyl groups (Figure 5.3, structures highlighted in blue), the band 

at 1259 cm-1, previously related to the –OH group, slightly decreases in spectra 3a and 



 

162 

3b. Since the proportion of –OH is lower in the quinoid structure (main form in spectra 

3a and 3b), such a decrease is in good agreement with the band assignment formerly 

stablished. In a similar fashion, a decrease of the band at 1115 cm-1 in spectra 3a and 3b 

is also noticeable, that could be explained by the contribution of the -OH group to this 

band.  

 

During the experiments of Figure 5.3 no changes in the ether, the skeletal vibrations and 

the C-Br bonds are expected. As it can be seen, the bands previously associated to these 

functional groups are present in all the spectra (although some of them are now 

overlapped with neighbouring bands), which corroborates the stablished band 

assignment. 

 

 

5.3.4 Band assignment proposed for eosin Y and Geranium lakes 

 

The results of the experimental approach previously discussed (Figures 5.2 and Figure 

5.3) complemented with minor literature data,319,320 allowed to propose a novel band 

assignment for the FTIR and Raman spectra of eosin Y. This exhaustive interpretation is 

displayed in Figure 5.4, (experimental assignments in blue, assignments from literature 

in green).  
 

 
 

Figure 5.4_Eosin Y Raman and FTIR spectra with the proposed band assignment. Blue assignments are 
obtained from the comparisons of Figure 5.2 and Figure 5.3. Green assignments are obtained from the 

literature. A magnification of the spectral region marked in orange is displayed at the right. 
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Based on the band assignment of eosin Y and the bands related to its quinoid form, an 

assignment for the FTIR and Raman spectra of Geranium lakes complexes is also 

proposed (Figure 5.5). Al2(SO4)3  was used in particular to synthesize the Al-lakes, 

previous studies have reported indistinctively the use of Al2(SO4)3
314 and AlCl3,309,329 

indeed the FTIR and Raman spectra obtained for both compounds showed no significant 

differences (Figure S5.2). The lakes were obtained at pHi=10 and 0.8 g of reagent 

(Pb(COOCH3)2) for Pb-lake and pHi=12.2 and 0.8 g of reagent (AlCl3) for Al-lake in order 

to decrease the presence of by-products that may interfere with the interpretation of 

the FTIR spectra. However, the effect of these parameters will be discussed in the 

following sections. The spectra of the lakes were compared to eosin Y disodium salt, 

obtained from the solution of eosin Y before adding the metallic salt. 

 

The first noticeable change in the FTIR spectra of both synthesized lakes and eosin Y 

disodium salt (Figure 5.5) is the decreasing/lack of the bands at 1753 and 1212 cm-1 

related to lactone, due to the presence of the carboxylate group. This change confirms 

the relationship between these bands and the lactone group. Nevertheless, a small peak 

at 1753 cm-1 is still noticeable in the spectra of Pb-lake and Al-lake, demonstrating the 

presence of small amounts of eosin Y in lactone form in the products.  

 

Compared to the eosin Y FTIR spectra, two new peaks at ≈1555 and ≈1445 cm-1 can be 

observed. These are probably linked to the C=O stretching, asymmetric and symmetric 

respectively, of the newly-formed carboxylate group. These bands are broad due to the 

overlapping with other smaller peaks from the C=C aromatic groups at ≈1570, ≈1510 and 

≈1466 cm-1 previously mentioned. The presence of the C=C bands in the FTIR spectra is 

confirmed by the Raman spectra (Figure 5.5, red lines), where the C=O stretching 

vibrations are not active, and by their presence in the FTIR spectra a and b from Figure 

5.3, related to the quinoid form of eosin Y. Previous works assigned other bands to the 

C=O stretching of the carboxylate group based on  theoretical models,330 however 

carboxylate frequencies are influenced by many factors therefore they difficult to 

predict.331 Furthermore, the  attribution of the ≈1555 and ≈1445 cm-1 to the carboxylate 

group is additionally supported by three evidences: I) these vibrations are not active in 

Raman, and no bands can be detected at these frequencies in the Raman spectra, II) 

small shifts can be seen in the bands when different metals are bonded to eosin Y, which 

is explained by the differences in the electronegativity of the metallic ions and in the 

type of coordination between the metal and the ligand and III) the same carboxylate 

bands have been detected at similar frequencies (1600-1560 and 1400-1430 cm-1) in the 

spectra of zwitterionic fluorescein.318 
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Figure 5.5_Raman and FTIR spectra and proposed band assignment for a) Pb-lake, b) Al-lake and c) 
disodium salt of eosin Y. A magnification of the spectral region marked in orange is displayed at the right. 

 

 

Another intense band, present in all the FTIR spectra of Figure 5.5, is the one at ≈1340 

cm-1. In addition, small shifts in the position of this band are noticeable for the different 

compounds (1331, 1343 and 1350 cm-1), in the same direction and with similar 

magnitude as the ones observed in the C=O symmetric stretching of carboxylates (1434, 

1444, 1457 cm-1 respectively). Consequently, we propose to assign this band to the 

ketone interconverted with the deprotonated hydroxyl from the xanthene group 

(phenoxide ion), which is interacting with the metallic ion of the complex causing those 

small shifts depending on the electronegativity of the metal. The nature of the 

interaction between phenoxide ion and the metallic ion is not certain, one hypothesis is 

the formation of a metallic chelate, whose asymmetric and symmetric stretching would 

fall between 1608-1524 cm-1 and 1390-1309 cm-1 respectively.332 Thus, the asymmetric 

stretching would be overlapped and only the symmetric stretching could be 

distinguished. As it has been previously mentioned (Figure 5.2), this vibration would 

overlap the minor peak related to the xanthene group at 1340 cm-1. However, the 

contribution of the xanthene is expected to be very small here since, as it has been 



Chapter 5 | Geranium lake pigments: synthesis, structure and composition 
 

 

165 

previously noticed, its intensity is similar to the other bands related to this group at 

≈1176 and ≈1115 cm-1, which in this case are very low.  

 

The assignment of the ≈1340 cm-1 band to the phenoxide ion interacting with the 

metallic ion is supported by three evidences, namely I) the presence of a similar band in 

the FTIR spectra of deprotonated fluorescein, which has been assigned to the 

oxygenated groups from the xanthene moiety,318,324 II) the FTIR spectra of eosin B 

disodium salt (which contains Br and –NO2 substituents in the xanthene rings308): the 

additional –NO2 group is expected to create an steric impediment that decreases the 

interactions of phenoxide ion-metal, therefore the band has lower intensity and III) the 

interaction phenoxide ion-metal has been already detected in eosin Y adsorbed on 

titania.333 

 

The interaction metal ion-phenoxide ion, and thus with the xanthene chromophore of 

the eosin Y molecule, implies a potential influence of the metal on the properties of the 

fundamental and excited states of the complex. Such an interaction is in agreement with 

the differences in colour experimentally observed between Pb- and Al-lakes (Figure S5.3 

and previous works314,329). Given the close connection between light absorption, 

photosensitizing properties and stability of Geranium lakes, this evidence might also help 

explaining the differences in reactivity reported in literature for different eosin Y 

complexes.307,329,334 On the other hand, the spectra of the synthesized products allow to 

corroborate some band assignments previously proposed related to I) the aromatic 

groups (≈1616, ≈1600 and ≈1500 cm-1), the skeletal vibrations (≈880, ≈715 and ≈575 cm-

1) and the C-Br bonds (≈613 cm-1) in the FTIR spectra and II) the aromatic groups (≈1625, 

≈1505 and ≈1470 cm-1) in the Raman spectra. These groups are present in all mentioned 

compounds, so the fact that these bands are present in all spectra confirms the band 

assignment proposed. 

 

The FTIR and Raman spectral markers of eosin Y and lakes are summarized in Table 5.1. 

As it can be seen, both techniques allow the discrimination of eosin Y from the 

synthesized compounds. On the contrary, the Raman spectra from Al-lake, Pb-lake and 

eosin Y disodium salt are very similar, therefore FTIR spectroscopy is a more suitable 

technique to distinguish them.  
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Table 5.1_Specific markers of each compound in the FTIR and Raman spectra. The numbers in italics 
correspond to the precise values of these bands in previous works: a314, b335, c308, d330, e336 and f337. 

 

Eosin Y 
Disodium salt of 

eosin Y 
Pb-lake Al-lake 

 

FTIR Raman FTIR Raman FTIR Raman FTIR Raman Assignment 

1753 

1750 

a 

1753 

b 

1754 

d 

1747 

e 

       C=O st (lactone) 

  1457 

1453 a 

1455 c 

1458 f 

 1444  1434  C=O sts (carboxylate) 

  1350 

1352 c 

1350 f 

 1343  1331  probably related to 

ketone 

   1282  1287  1287 Skeletal vibration 

1211 

1209 

a 

1215 

d 

       C-O st/O-H def (lactone) 

 1205       Skeletal vibration 

1115 

1115 

a  

1113 

e 

       Skeletal vibration 

(xanthene) 

907 

906 e 
       Skeletal vibration 

(xanthene) 
  472 

469 c 

470 f 

 473  473  Skeletal vibration  

  448 

447 f 
 448  448  Skeletal vibration 

 400 

400 e 

 400     Skeletal vibration 

 390       Skeletal vibration 
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5.3.5 Characterization of Geranium lakes synthesized following different 

protocols 

 

Pb-lakes and Al-lakes are traditionally synthesized by first preparing a solution of 

dianionic eosin Y where the metallic salt is then added.308–311 For each type of lake, the 

synthesis was repeated changing either I) the pH of the solution before adding the 

metallic salt (pHi) with a fixed amount of metallic salt or II) the amount of metallic salt 

added with a fixed pHi. Since the pH affects the protolytic species of eosin Y present in 

the solution and the formation of by-products, the pH after the addition of the metallic 

salt was also measured (pHf). The obtained Geranium lakes were analysed by means of 

FTIR spectroscopy following the band assignment previously proposed. Raman 

spectroscopy was not considered here since the changes are linked to the carboxylate 

group, for which the vibrations are more active in the FTIR spectra. This allowed to 

systematically investigate potential changes in the lakes structure. The yield was 

calculated according to the molecular formula previously proposed314 considering eosin 

Y as the limiting reagent. The obtained values are >100% meaning that the molecular 

formulas used do not reflect the exact composition of the samples: since no other 

molecular formulas have been proposed, these results have been displayed for the sake 

of comparison and labelled as “% of Obtained Product” (%OP). 

 

It should be pointed out that, instead of using only one type of metallic salt, some 

historical recipes include another type of inorganic component in the synthesis (previous 

works309,311,314 and references cited therein), that could be also coordinated to the eosin 

Y molecule forming so called geranium bimetallic lakes, i.e. eosin Y coordinated to two 

types of metallic ions. However, since the previous analysis of the pigments produced 

following such recipes showed that eosin Y is coordinated to only one type of metal 

atom,314 geranium bimetallic lakes will not be considered in this study. 

 

 

5.3.6 Synthesis of Pb-lakes 

 

The results of the synthesis of Pb-lakes are displayed in Figure 5.6. The FTIR spectra of 

the obtained products show some variations (Figure 5.6, left side). On one hand, some 

products show a shoulder at ≈1450 cm-1 in the band at ≈1437 cm-1, previously associated 

to the C=O symmetric stretching from the carboxylate group. Previous reports,338 have 

stablished a relationship between the position of the bands related to C=O symmetric 
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and asymmetric stretching and the type of metal-carboxylate coordination. Specifically, 

if the distance between both bands in the complex is similar to the ionic compound (in 

this case the disodium salt of eosin Y, Figure 5.6c), the complex has bidentate bridging 

coordination, a bigger distance indicates a unidentate coordination and a smaller 

distance a bidentate chelating coordination. Therefore, since the C=O asymmetric 

stretching does not change (band at 1555 cm-1), the peak at 1437 cm-1 is expected to be 

related to unidentate coordination and the shoulder at ≈1450 cm-1 suggests the 

formation of bidentate bridging coordination. The band at ≈1335 cm-1 (related to the 

phenoxide ion) shows shifts similar to the ones observed in the carboxylate group, i.e. a 

shoulder at 1344 cm-1. This agrees with the hypothesis of a phenoxide ion-metal 

interactions previously mentioned: indeed, if this interaction takes place, a different 

coordination of the carboxylate-metal would affect the bands related to the phenoxide 

ion. Thus, the FTIR spectra highlight a clear link between the coordination of the Pb-lakes 

and the synthesis conditions. If a larger amount of Pb(COOCH3)2 is used, the proportion 

of bidentate bridging coordinated complexes is higher, probably explained by the 

greater number of Pb2+ ions available in the solution. In a similar fashion, a higher pHi 

leads to a bigger proportion of bidentate bridging coordinated complexes, most likely 

because the proportion of eosin Y totally deprotonated is larger, so it has more electrons 

available to form more bonds with the metal.  

 

The presence of by-products is linked to the shoulder at ≈1407 cm-1 since this band does 

not appear in the spectra of eosin Y, related compounds (Figure 5.4 and Figure 5.5) or in 

the spectra of the metallic salts used for the synthesis (Figure S5.4). The amount of by-

products formed strongly depends on the amount of metallic salt added, but also on the 

pHf of the synthesis. This is due to the fact that the solubility of Pb salts is higher at lower 

pH,339,340 so the by-product formed is re-solubilized if the pHf is low enough.  

 

As it can be seen, the pHf changes depending on the synthesis conditions (Figure 5.6, 

plots at the right). In general, when the metallic salt is added, in parallel to the formation 

of the eosin Y complex a reaction between OH- and Pb2+ takes place, leading to the 

precipitation of by-products and causing a diminution of the pH. Hence, when the same 

amount of metallic salt is added, a lower pHi results in a lower pHf. Consequently, the 

amount of by-product is smaller because it starts to solubilize (Figure 5.6, green spectra, 

the peak at ≈1407 cm-1 related to the by-product decreases). Similarly, higher amounts 

of Pb(COOCH3)2 (Figure 5.6, orange spectra) result in lower pHf, but also in a higher 

concentration of Pb2+ ions. Thus, the effect of the solubilisation of the by-product at low 

pH is compensated by the larger amount of by-product formed due to the higher amount 
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of Pb2+ ions, consequently the final amount is analogous (peak at ≈1407 cm-1 with similar 

intensity).  

 

 
 

Figure 5.6_Synthesis of Pb-lake depending on the pHi and the amount of Pb(COOCH3)2. Left: spectra of the 
compounds obtained with each type of synthesis, a magnification of the spectral region marked in yellow 
have been displayed. The %OP of each reaction is presented in the bar plot at the right, using the chemical 

formula previously published.314 Right: variations of the pHf depending on the synthesis conditions. Top 
(green line): pHf with different pHi and Pb(COOCH3)2=0.8g, bottom (orange line): pHf with different amount 
of Pb(COOCH3)2 and pHi=12. The conditions that increase the proportion of bidentate bridging coordination 

are marked with an arrow. 
 

 

It may seem that a low pHf is more convenient since this leads to a low amount of by-

products, so the obtained pigment is purer. However, it should be kept in mind that at 

low pHf, eosin Y starts to protonate. The fraction of protonated eosin Y is too low to be 

detected in the FTIR spectra, however, it can be seen that at low pHf the supernatant 

shows an orange tone (Figure S5.5), associated to the presence of eosin Y. In any case, 

the pHf does not decrease below 6-5.8 in all studied conditions, which is explained by 

the equilibrium established by the by-products formed and the solubility of Pb2+ which 

increases at low pH.339,340 Interestingly, the %OP of the Pb-lake synthesis (Figure 5.6, 

barplot) exceeds 100% in all cases, explained by the presence of the by-product and the 
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type of carboxylate-metal coordination. In fact, a bidentate bridging coordination 

translates into one atom of Pb per each ligand of eosin Y, which increases the total 

molecular weight compared to the previous formula.314 Consequently, a higher %OP is 

observed in the compounds for which the spectra shows a bidentate bridging 

coordination.   

 

Finally, other types of synthesis reported in the literature, with small additional 

variations in the procedure, were reproduced to verify if the results fit the trends 

previously observed (Figure S5.6).314 These syntheses start from a Pb(COOCH3)2 solution 

(pHi =6.1), where eosin Y disodium salt is added, and from an eosin Y disodium salt 

solution (pHi =6.5), where the metallic salt is added. In the latter, two different amounts 

of Pb(COOCH3)2 were used to verify its influence. As it can be noticed, the predominant 

form is the unidentate coordination, probably because the pHi is too low and thus the 

proportion of deprotonated eosin Y is limited. Therefore, the effect of pH is crucial: even 

when adding high amounts of Pb(COOCH3)2, in fact, the proportion of bidentate bridging 

coordination is lower compare to unidentate. Additionally, a synthesis at a very low pHf 

was also tested (spectrum d, Figure S5.6), by adding CH3COOCH3 to the final solution. As 

it can be seen, the predominant coordination mode is unidentate. Eosin Y is surely mixed 

with the obtained pigment but, unlike for Al-lakes, the bands cannot be seen in the 

spectra, due to the higher molar absorptivity of Pb-lakes. 

 

 

5.3.7 Synthesis of Al-lakes 

 

The results of the synthesis of Al-lakes are displayed in Figure 5.7. The plots at the right, 

showing the pHf depending on the synthesis conditions, present the same trends seen 

for the Pb-lakes (Figure 5.6), i.e. the pHf is lower when pHi is lower or when higher 

amounts of Al2(SO4)3 are used. Like in the synthesis of Pb-lakes, this is probably explained 

by the formation of a by-product of OH- and Al3+. However, the range of pHf obtained in 

the synthesis of Al-lakes, pHf ≈3.7, is lower and the range is narrower than in Pb-lake, 

which can be explained by the lower solubility of the Al3+ salts341 compared to Pb2+ 

salts.339 Due to the lower pHf, a higher formation of protonated eosin Y is expected, 

which agrees with the colour of the supernatants observed in all the performed 

experiments (Figure S5.5). 
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Figure 5.7_Synthesis of Al-lake depending on the pHi and the amount of Al2(SO4)3. Left: spectra of the 
compounds obtained with each type of synthesis using the same color code, a magnification of the spectral 
region marked in yellow have been displayed. The %OP of each reaction is presented In the bar plot at the 

right, using the chemical formula previously published.314 Right: variations of the pHf depending on the 
synthesis conditions. Top (blue line): pHf with different pHi and Al2(SO4)3 =0.8g, bottom (pink line): pHf with 

different amount of Al2(SO4)3 and pHi=12.2. 

 

 

Regarding the characterization of the obtained products by FTIR spectroscopy (Figure 

5.7, right side) no shifts can be seen in the position of the bands related to the 

carboxylate group, therefore the metal-carboxylate coordination does not change 

depending on the pHf in this case. Comparing the position of these bands with the Pb-

complex and the disodium salt of eosin Y, it can be assumed that the main metal-

carboxylate coordination of Al-lakes is bidentate bridging. However, since the band at 

1448 cm-1 is quite broad, it is feasible that other coordination modes exist in lower 

proportions and that the associated bands are overlapped with the one at 1448 cm-1. 

Besides the carboxylate bands, additional variations can be noticed in other regions, 

namely I) the increase of the bands at 1753, 1503, 1205 and 1115 cm-1 and the shoulders 

at ≈1570, 1418 and 1390 cm-1 at low pHf, that can be related to the growing amount of 

protonated (i.e. non-complexed) eosin Y, and II) the increase of broad bands at ≈1120 
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and ≈600 cm-1 at high pHf, probably associated to the presence of by-products of Al3+. 

Likewise Pb-lakes, at low pHf a lower amount of by-product and a higher amount of 

protonated eosin Y are generated. When it comes to the %OP of the synthesis of Al-lake 

(Figure 5.7, barplot at the right), it can also be observed that it is higher than 100%. 

Similarly to Pb-lakes, this can be explained by the presence of by-products and by the 

bidentate bridging coordination between the carboxylate and the metal, that would 

increase the molecular weight of the lake. Compared to the Pb-lake, the %OP is smaller 

due to the lower atomic weight of Al compared to Pb. 

 

Additional experiments were also performed in order to verify the effect of further small 

variations in the synthesis protocol observed in the literature (Figure S5.7).314 In the 

same fashion of Pb-lakes, the conditions tested include starting the synthesis with a 

Al2(SO4)3 solution (pHi =3.3), where eosin Y disodium salt is added, or with an eosin Y 

disodium salt solution (pHi =6.5), where the metallic salt is added. In the latter, two 

different amounts of Al2(SO4)3 were tested. As it can be seen, also in this case the 

coordination of eosin Y-metal does not change. Indeed, the FTIR spectra seem very 

similar to the ones obtained in Figure 5.7 with similar pHf, meaning that Al-lakes form 

the bidentate bridging coordination even when the proportion of deprotonated eosin Y 

is relatively low and independently of the amount of metallic salt used. However, the 

proportion of eosin Y increases dramatically at low pHf affecting severely the purity of 

the obtained lake. 

 

 

In conclusion, the carboxylate-metal coordination in Al-lakes is mostly bidentate 

bridging, while the proportion of unidentate or bidentate bridging coordination in Pb-

lakes depends on the synthesis conditions. For the first time, the formation of by-

products in both types of lakes is demonstrated: for Pb-lakes the amount of by-products 

decreases at low pHf due to the increase of their solubility in these conditions. In the 

case of Al-lakes, the by-products formed are less soluble and their amount is significant 

even at the lowest pHf tested. Additionally, protonated eosin Y is also found mixed with 

the obtained lakes when the pHf is low enough: its characteristic colour is noticeable in 

the supernatant at pHf <6 and its specific bands are distinguishable in the FTIR spectra 

at pHf <4. The different coordination modes of Pb-lakes may lead to differences in their 

reactivity, as it has been previously demonstrated in other type of complexes.342,343 

Additionally, the presence of by-products and eosin Y may also affect their chemical 

behaviour, especially since eosin Y degrades fast under specific conditions.293 
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Consequently, the type of synthesis of Geranium lakes may significantly affect their 

stability. 

 

 

5.3.8 Characterization of the by-products depending on the synthesis method 

 

The analysis of the FTIR spectra of Geranium lakes allowed to link some of the bands to 

the co-precipitation of by-products during the synthesis. The characterization of such by-

products is of great importance, since they might affect the purity of the pigments and, 

thus, their reactivity. 

 

The behaviour of the metal solutions was separately investigated to characterize the by-

products formed. In detail, the same conditions used to synthesize Al- and Pb-lake were 

reproduced without the presence of eosin Y in order to study the by-products formed 

depending on the pH. The obtained products were characterized by XRPD, FTIR and 

Raman spectroscopy.  

 

The by-products generated by Pb salts are displayed in Figure 5.8. Two different products 

were detected depending on the pHf: at pHf >11 a pale yellow precipitate is formed, and 

at 11>pHf >7 the precipitate is white. Below pH=7 the precipitate starts to re-dissolve. At 

both pH, the FTIR (Figure 5.8, black lines) and Raman (Figure 5.8, red lines) spectra show 

the spectral markers of lead (II) carbonate.344 In particular, the FTIR spectra of pH=8.2 

suggests the presence of plumbonacrite (Pb5(CO3)3O(OH)2), due to the presence of a 

band at 3430 and 865 cm-1 related to more than one site of OH- and CO3
2-, respectively, 

in the structure of the lead (II) carbonate. The presence of plumbonacrite is confirmed 

by the XRPD data (Figure 5.8, green line), although the XRPD shows also an unidentified 

crystalline compound in the by-product at pH=11.7. On the other hand, the XRPD 

analysis of the previously synthesized Pb-lakes (Figure 5.6) shows the presence of 

another type of lead (II) carbonate, specifically hydrocerussite (Pb3(CO3)2(OH)2) (Figure 

S5.8). This difference is probably explained by the lower amount of Pb2+ ions available 

during the synthesis, since they are partially complexed to form the Pb-lake. The 

generated by-product re-dissolved completely at pH<6. 

 

The by-products generated by Al salts are displayed in Figure 5.9. In this case, all 

precipitates are white but different spectral features are observed at different pHf. The 

FTIR spectra of the product obtained at pHf =9.1 shows the presence of bands related to 

amorphous basic aluminum carbonate,345 possibly dawsonite.346 At pHf = 6.7 the 
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spectrum is similar but the proportion of carbonate groups is lower since the related 

bands (1528 and 1418 cm-1) are less intense. Finally, at pHf =3.5, the bands related to –

OH groups (3450 and 1650 cm-1) are higher, indicating a higher proportion of this 

functionality. According to the obtained spectra, the presence of basic aluminium 

sulphates at pHf = 6.7 and pHf = 3.5 is feasible.347 In this case, the XRPD diffractogram 

show no bands, in agreement with the amorphous nature of the generated by-products, 

and the Raman spectra shows a broad band related to fluorescence, typically seen in 

aluminium compounds. The generated by-product was insoluble at the lowest pH tested 

(pH=3.5). The different solubility of the by-products agrees with the different pHf ranges 

observed for Pb-lakes and Al-lakes. 

 

 
 

Figure 5.8_Spectra of the by-products obtained in the synthesis of Pb-lake at different pH (11.7 and 8.2). 
Left: FTIR spectra are plotted in balck and Raman spectra in red (in order to avoid the fluorescence, two 

wavelenghts were used, 785 nm and 853 nm). Right: XRD diffractograms are plotted in green compared to 
the reference spectra of plumbonacrite (grey lines). 

 

 

The presence of Pb and Al compounds can play an important role in the reactivity of the 

pigments used in oil paintings. Lead carbonates are known to react with fatty acids from 

the binding media to produce lead soaps, the formation of Al soaps has also been 

observed.53,105,348,349 Metal soaps are associated with the formation of protrusions and 

cracks in the paintings.54 Thus, a higher proportion of these compounds would cause a 

higher damage to the paintings, that should not be confused with the reactivity of 

Geranium lakes themselves. Furthermore, the presence of white by-products mixed with 

the complexes might affect their long-term stability due to the scattering of the light, 

increasing their tendency to fade. Lead carbonates mixed in the paint film, in particular, 

have been found to promote such fading processes.329 
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Additionally, lead carbonates have been used in historical paintings as a white pigment, 

also in combination with Geranium lakes.17,302 Knowing that such compounds could also 

exist as impurities in the pigments is of great importance to accurately interpret and 

reconstruct the formulation of historical paints. This is a relevant information to 

understand the artistic choices and the painting technique of the artists who used these 

pigments, allowing to perform more accurate authentication and attribution of 

paintings.  

 

 
 

Figure 5.9_Left: FTIR spectra of the by-products obtained in the synthesis of Al-lake at different pH (9.1, 6.7 
and 3.5). Right: XRD diffractograms (plotted in green). 

 

 

 

5.4 Conclusions 
 

This chapter presented a thorough investigation of the structure and composition of 

eosin Y complexes based on Al and Pb, by FTIR and Raman spectroscopies and 

complementary techniques, with a particular focus on the effect of changes in the 

synthesis conditions. In the first place, the results further the understanding of the eosin 

Y-metal coordination with Al and Pb, showing a clear link between changes in the 

synthesis conditions and changes in such coordination. In detail, Pb-lakes show an eosin 

Y-metal unidentate or a bidentate bridging coordination depending on pHi and amount 

of metallic salt used. Al-lakes, on the other hand, present mostly a bidentate bridging 

coordination in all the synthesized products, nonetheless lower amounts of unidentate 

and bidentate chelating coordination might also be present, as suggested by the broad 

C=O symmetric stretching band. Furthermore, an additional interaction between the 

metal ion and the phenoxide ion, and thus the xanthene moiety (chromophore), is 

proposed for all the complexes. This interaction is of capital importance since it implies 
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a potential influence of the metal ion on the properties of the fundamental and excited 

states of the complexes, ultimately determining their reactivity. In addition, the evidence 

for a chromophore-metal interaction presented in this study supports the literature 

findings on the differences in colour and in reactivity for Al- and Pb-lakes. 

 

In both cases, the synthesized lakes also contain by-products mixed with the eosin Y 

complexes. Such by-products are detected and identified here for the first time. In detail, 

lead carbonates are observed in Pb-lake samples when the pHf is higher than 6. Below 

this value, lead carbonates are not present due to their solubility at low pH, however 

eosin Y starts to protonate and is found in the pigment powder. In the case of Al-lakes, 

amorphous basic aluminium carbonate was identified, with variable proportions of 

carbonate and OH groups. Since the pHf is low, around 3, the amount of eosin Y mixed 

with the synthesized lake is higher than for the Pb-lakes. Consequently, the Geranium 

lake pigments generated by the synthesis methods studied will always contain 

impurities. 

 

Additionally, a detailed band assignment of the FTIR and Raman spectra of eosin Y and 

Pb and Al-based Geranium lakes has been described. This band assignment has the 

potential to become a reference to better understand and monitor molecular alterations 

during the degradation of Geranium lakes and eosin Y complexes in general, as well as 

to more easily distinguish these molecules in unknown samples. This is of great 

importance not only for the analysis of historical paintings, but also for the study of any 

other material containing eosin Y bonded to metallic ions. Particularly, in all the 

applications in which the nature of the interaction between eosin Y and a metal/metal 

oxide surface could completely change the outcome of a photochemical process, such 

as dye-sensitized solar cells, removal of dyes from wastewater, or photocatalysis. The 

accurate characterization of the eosin Y complexes and by-products discussed in this 

study will ultimately help to understand their reactivity.  
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5.5 Supplementary information 
 

 

 
 

Figure S5.1_Main tautomers and pKa of fluorescein. The colors mentioned are based on previous 
literature.318 

 

 

 

 
 

Figure S5.2_Raman and FTIR spectra of aluminum based Geranium lakes prepared with I) Al2(SO4)3 and II) 
AlCl3. A magnification of the spectral region marked in yellow is shown on the right. 

 

 

 

 

II) IR

I) Raman

I) IR

II) Raman
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Pb-lake Al-lake 

pHi = 12 

0.8 g Pb(Ac)2 

pHi = 12 

0.8 g Al2(SO4)3 

 
pHf = 4.6 

 
pHf = 3.9 

 

Figure S5.3_Color of Pb-lake and Al-lake obtained at similar synthesis conditions. 

 

 

 
 

Figure S5.4_FTIR spectra of the metallic salts used to prepare the complexes a) Al2(SO4)3 and b) 
Pb(COOCH3)2. 
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Figure S5.5_Filtered supernatant of Pb-lake and Al-lake synthesis depending on the conditions. 
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Figure S5.6_FTIR spectra of the Pb-lakes obtained at other type of conditions. A magnification of the 
spectral region marked in yellow is displayed. 

 

 

 
 

Figure S5.7_FTIR spectra of the Al-lakes obtained at other type of conditions. A magnification of the 
spectral region marked in yellow is displayed. 
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Figure S5.8_XRD diffractograms of the Pb-lakes synthesized in Figure 5.6 corresponding to spectra I) and a). 
The graphs have been compared to reference spectra of hydrocerussite (pink lines).

Hydrocerussite

I)

a)
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Abstract 
 

In this second part of the chapter, preliminary information is obtained on the 

relationship between the synthesis-induced differences in composition just observed for 

Geranium lakes and their reactivity. The study of the natural ageing of some of the 

Geranium lake samples previously synthesized, chosen on the basis of significant 

differences in composition, is first presented. The molecular transformations associated 

with the degradation in natural light and dark conditions are monitored by means of 

FTIR, basing the interpretation of the spectral changes on the thorough band-assignment 

introduced in the first part of the chapter. Although not conclusive, these first results 

already highlight the fundamental role played by the amount and type of by-products in 

the pigments on their ageing kinetics. In addition, preliminary insights on the solubility 

of the eosin Y-based complexes in contact with aqueous electrolyte solutions, potentially 

relevant to understand their reactivity in paintings, are also presented. 
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5.6 Natural ageing of Al- and Pb-based Geranium lake 

samples 
 

As mentioned in the first part of this chapter, open questions still remain when it comes 

to the reactivity of Geranium lakes and the factors influencing it.306–308 One of the 

reasons explaining the discrepancies in the results in literature, could be traced back to 

the different synthesis conditions, leading to pigments with different composition in 

different studies. A different composition alone, however, does not always necessarily 

translate into different reactivities and fading kinetics. In order to verify if the differences 

in composition observed in the pigments, synthesized in the first part of this chapter, 

could lead to a difference in the degradation, the ageing of a selection of pigments was 

studied by means of FTIR spectroscopy. This selection includes Pb-lakes and Al-lakes 

synthesized following different protocols, which were demonstrated to influence the 

chemical composition of the obtained pigment. 

 

The in-depth interpretation of the FTIR spectra of Geranium lakes presented in the first 

part of this chapter served as a reference to monitor the molecular changes associated 

with the degradation. Raman spectroscopy was not employed in this case, since the 

previous results showed that this technique is less sensitive to changes in the 

coordination mode of Geranium lakes.  

 

Despite the fact that previous studies on the degradation of eosin Y-based pigments 

focused on the accelerated ageing by means of light,307,329 here the study of the natural 

ageing is proposed. Previous papers have in fact showed that differences may exist in 

the effects of these two different types of ageing.350,351 This might be explained by the 

fact that accelerated ageing cannot reproduce some of the phenomena observed during 

natural ageing, for instance the migration and aggregation of compounds, which can 

potentially influence the specific degradation processes. Thus, the study of the natural 

ageing of Geranium lakes is expected to provide a more complete understanding of their 

reactivity.  

 

Given the known influence of visible light on the degradation of Geranium lakes,302,307 

the pigments in analysis were aged both in dark and light conditions. In order to 

reproduce the ageing conditions in a museum environment, the samples were kept 

indoors at room conditions (1 atm, 20 °C). As a comparison, pure eosin Y was also aged 

in the same conditions of the synthesized lakes. 
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5.6.1 Samples and ageing conditions 

 

The Geranium lake samples to be naturally aged were selected based on the results of 

the synthesis and characterization described in the first part of this chapter. In particular, 

synthesis conditions leading to differences in the chemical composition of the final 

pigment were chosen. For Pb-lakes, whose composition is strongly influenced by the 

synthesis conditions, three different samples (Pb1, Pb2 and Pb3) produced with 

increasing amounts of metallic salt and pHi were considered. For Al-lakes, less 

dramatically influenced by the synthesis protocol, two synthesis conditions with 

different pHi and amounts of metallic salt were chosen (Al1 and Al2). The synthesis 

conditions are summarized in Table 5.2. 

 
Table 5.2_Synthesis conditions of the synthesized Pb and Al lakes exposed to natural ageing. 

 

Sample name Metal salt [g] pHi pHf %OP 

Pb1 Pb(COOCH3)2 [0.12] 6.5 5.6 116% 

Pb2 Pb(COOCH3)2 [0.8] 10 5.8 168% 

Pb3 Pb(COOCH3)2 [2.0] 12 6.6 206% 

Al1 Al2(SO4)3 [0.4] 12.2 4.1 114% 

Al2 Al2(SO4)3 [0.8] 10 3.7 111% 

 

 

The spectra of the analyzed Geranium lakes, before ageing, are displayed in Figure 5.10. 

Following the trends observed in the first part of this chapter, Pb-lakes show increasing 

amounts of lead carbonate when higher pHi and more metal salt are employed. This can 

be clearly noticed by the increase in the signal at 682 cm-1 (C-O stretching of CO3
−2), which 

is not overlapped by other bands and reaches a maximum in sample Pb3. Additionally, 

changes in the proportion of bidentate bridging coordination (shoulder at ≈1454 cm-1) 

compared to unidentate coordination (≈1435 cm-1) are also observed, with the Pb3 lake 

showing the highest contribution of the bidentate one. On the other hand, the slight 

increase in the shoulders at 1756 and 1429 cm-1 in Al2 compared to Al1, indicates the 

presence of a slightly higher content of eosin Y as a by-product in Al2. 
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Figure 5.10_FTIR spectra of the Geranium lake samples considered before the ageing. Green: Pb-lakes. Red: 
Al-lakes. 

 

 

The single Geranium lake samples were mixed with KBr, pressed into pellets and 

deposited on a glass surface for natural ageing. The degradation was monitored by 

means of FTIR over a period of 14 to 16 months. The experimental conditions for the 

analysis of the pellets were the same as described in the first part of this chapter (5.2 

Materials and methods). 

 

 

5.6.2 Data processing  

 

The analysis of the collected FTIR spectra lead to the detection of spectral markers of the 

degradation of Geranium lakes. In order to compare the degradation rate of each 

compound, kinetic plots were prepared by calculating the intensity of those spectral 

markers in each spectrum. In order to do so, the single FTIR spectra had to be first 

baseline corrected and normalized. The data processing was performed with the OPUS 

software (Bruker) and strongly relied on the insights obtained in the first part of the 
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Pb 2

Pb 3

Al 1

Al 2
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chapter on the FTIR spectra of Geranium lakes. The experimental parameters are the 

same for all the samples, in order to ensure the comparability of the datasets. 

 

The baseline correction was performed by selecting four constant points for all the 

spectra and applying the concave rubberband correction method. The number of points 

was minimized in order to avoid a distortion of the spectra that may interfere with the 

interpretation. The selected points are in regions were no bands have been previously 

detected, in particular: 3990, 2500, 1900 and 490 cm-1.  

 

In order to normalize the spectra, a reference band (or spectral range) remaining 

constant during the ageing (meaning that the related functional groups are not altered) 

had to be selected. For the eosin-based lakes, the most intense bands are the ones 

associated to the symmetric and asymmetric stretching of the carboxylate group. These 

band are expected to change during the ageing only if 1) the lakes are protonated and 

the COO-Metal bond is broken (which has not been previously reported) or 2) if changes 

take place in the coordination of the metal complex. In this second case, however, the 

changes in coordination would alter significantly the band of the C=O symmetric 

stretching (1450 cm-1), but not the one of the C=O asymmetric stretching (1555 cm-1) (as 

shown in the first part of this chapter). It is also true, however, that this second band 

overlaps with another band at 1555 cm-1 related to aromatics which, although small, 

might be altered during the degradation. Since changes in the molecular structure 

affecting this band would, most likely, affect also the other bands related with the ring 

stretchings of the aromatic rings (1616 and 1590 cm-1), the eventual instability of this 

band can be verified. For these reasons, the band at 1555 cm-1 was employed as a 

reference in the normalization of all the spectra. 

 

Finally, the intensity of each band was calculated by drawing a baseline between the 

valleys of the peak: the precise wavenumber was calculated by means of the second 

derivative.  

 

 

5.6.3 Preliminary results 

 

In order to interpret the changes in the spectra of Geranium lakes, eosin Y was also aged 

in the same conditions, since the two compounds present several common features in 

their structure.  
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The results of the natural ageing of eosin are shown in Figure 5.11. As it can be noticed, 

the variations associated with the ageing are localized in specific parts of the spectra. In 

particular, an increase in two shoulders at 3150 and 1384 cm-1 is observed. Among them, 

the band at 1384 cm-1 could be attributed to the absorption of CO2, however this 

explanation should be discarded since the other spectral markers of this compound, for 

instance the peaks at 2430 and 2400 cm-1 are not present.  According to the spectral 

range319,320 and the elemental composition of the molecule, the band at 1384 cm-1 may 

be related to the formation of C-O bonds (C-O deformation). This vibration is also present 

in C=O groups, but their presence can be discarded due to the lack of additional bands 

in the region of 1800-1700 cm-1 related to the C=O stretching. In the same fashion, CH3 

groups could be considered since they include a vibration in this spectral region (C-H 

deformation), however their presence is less probable as it would also imply the increase 

of the C-H stretching around 2900 cm-1, which is not noticeable. On the other hand, the 

band at 3150 cm-1 could be related to the formation of –OH groups (O-H stretching). 

Hence, the hypotheses that may be drawn are related to the formation of alcohols, 

either by the hydrolysis of the ether in the xanthene moiety or by the oxidation of a 

double bond.  

 
 

Figure 5.11_Natural ageing of eosin Y exposed to light. Top: FTIR spectra of non-aged eosin Y compared to 
eosin Y aged for 14 months. Bottom: magnification of the spectral regions where the main changes were 

detected. 
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It should be noticed that the changes in the spectra previously mentioned appear also in 

the samples aged in a dark environment, but the increasing of the bands is less obvious. 

Indeed, a significant effect of light can be clearly seen in the kinetic plots displayed in 

Figure 5.12 (the complete spectra are shown in Figure S5.9). The fact that the ageing is 

induced by light matches with the previous literature on eosin Y fading.293 

 

 
  
Figure 5.12_Changes in the intensity of the bands associated to eosin Y degradation during ageing in light 
(orange) and dark (red). Left: absorbance of the 1384 cm-1 band. Right: absorbance of the 3150 cm-1 band. 

 

 

After studying the ageing of eosin Y, the changes occurring in the spectra of the 

Geranium lake pigments during the ageing were investigated starting from the Pb-lakes. 

The results of the natural ageing of Pb1 are displayed in Figure 5.13. Three types of 

changes can be noticed in the collected data: I) alterations in the bands associated to the 

coordination mode (≈1450 and ≈1350 cm-1), II) increase of the bands at ≈3350 and ≈1630 

cm-1 related to the water adsorption due to the polar nature of the lakes and III) increase 

of the same bands observed during eosin Y ageing, namely ≈3150 and ≈1380 cm-1.   

 

In the first place, clear changes in the coordination mode can be observed already in the 

first weeks of ageing. In particular, a bidentate bridging coordination becomes 

predominant, although most probably a fraction of unidentate coordination remains 

since the peak is relatively broad. This change can be explained by the rearrangement 

and migration of the lake molecules during ageing. Based on this evidence, it can be 

assumed that the differences in coordination modes observed in pigments synthesized 

in different conditions will likely not play a role in the degradation, since the 

rearrangements of the structure will anyway tend to converge to a bidentate bridging 

coordination.  
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Figure 5.13_Natural ageing of Pb1 exposed to light. Top: FTIR spectra of non-aged Pb1 compared to Pb1 
aged for 16 months. Bottom: magnification of the spectral regions where the main changes were detected. 

 

 

In addition, the increase with ageing of the same bands previously associated with the 

ageing of eosin Y, implies that the degradation of the pigments is linked to the shared 

structure between the two molecules and, therefore, not to the bond with the metal ion 

nor to the quinoid structure. In particular, the increase in the bands at 3150 and 1384 

cm-1 could be assigned to the hydrolysis of the ether in the xanthene moiety, as 

previously suggested to explain the ageing of eosin Y. Although only preliminary, this 

seems like a plausible conclusion, since it is in agreement with results previously 

reported for the artificial ageing of  Geranium lakes307 and would also explain, due to the 

breakdown of the xanthene moiety (i.e. the chromophore), the well-known tendency to 

fade of this family of pigments.  

 

The molecular changes observed for Pb1 during the natural ageing in a dark 

environment, as well as the changes in all the other synthesized Pb-lakes, are very 

similar. The degradation rates, on the contrary, differ significantly. This is clearly 

illustrated in Figure 5.14.  
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Figure 5.14_Changes in the intensity of the band at 1384 cm-1 during the ageing for different Pb lakes. Left: 
Pb1 in light (orange) and dark (red). Right: Pb1-3 in light. 

 

 

In the first place, the central role played by light on the degradation of Geranium lake 

pigments is confirmed. As shown in Figure 5.14 (left), in fact, the increase in the intensity 

of the band at 1384 cm-1 is much slower in the dark also for the lake samples. This is in 

agreement with the hypothesis, advanced in the literature, of visible light causing the 

fading of Geranium lake pigments due to the break-down of the chromophore (i.e. the 

xanthene group).307  

 

In addition, clear differences can be also noted in the light-induced degradation rates of 

Pb-lakes obtained with different synthesis protocols. This is shown in Figure 5.14 (right), 

where the increase in the intensity of the peak at 1384 cm-1 appears much slower in Pb1 

than in Pb2 and, especially, Pb3. Interestingly, this trend clearly reflects the amount of 

lead carbonate present as a by-product in the samples. The pigments showing the fastest 

degradation rates, in fact, are also the ones with a more evident contribution of Pb-

carbonate in the initial FTIR spectrum (Figure 5.10). This evidence is extremely relevant 

for conservation purposes, since it suggests that the presence of Pb-carbonate by-

products, strongly dependent on the synthesis conditions, could negatively affect the 

stability of Pb-based Geranium lake pigments. 

 

The study of the ageing of Al-based Geranium lake pigments highlighted strong 

similarities with the Pb-lakes (Figure 5.15). In particular, although no changes in the 

coordination mode were detected in this case, the same increase in the bands at 3150 

and 1384 cm-1, previously tentatively linked to the breakdown of the xanthene moiety, 

was observed. Additionally, the increase of the water adsorption is also noticeable by 

the increase of the regions at 3350 and 1360 cm-1. 
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Figure 5.15_Natural ageing of Al1 exposed to light. Top: FTIR spectra of non-aged Al1 compared to Al1 
aged for 16 months. Bottom: magnification of the spectral regions where the main changes were detected. 

 

 

Furthermore, a certain influence of the synthesis method on the degradation rate was 

observed also in this case. In particular, Al1 showed a more significant increase in the 

intensity of the band at 1384 cm-1 during ageing compared to Al2 (Figure 5.16). It should 

be remarked that the content of eosin Y is higher in Al1, meaning that this by-product of 

the synthesis might help to slow down the degradation rate of the pigment.  

 
 

 
 

Figure 5.16_Light-induced degradation of Al-lakes: increase in the intensity of the band at 1384 cm-1 during 

ageing in light.  
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5.6.4 Conclusions and future perspectives 

 

In conclusion, these preliminary results clearly highlight the link existing between the 

synthesis protocols of Geranium lake pigments and their degradation kinetics. In 

particular, it was demonstrated that the amount of carbonate by-products in Pb-lakes 

and of non-complexed eosin Y in Al-lakes can affect the reactivity of the final products. 

On the other hand, the differences in the coordination mode observed in the synthesized 

Pb-lakes do not affect the degradation, since all the pigments considered tend to 

rearrange and converge to a bidentate bridging coordination during the first stages of 

the ageing. This evidence should raise awareness in the field on the capital importance 

of employing the same synthesis method(s) in order to ensure the inter comparability of 

degradation studies. Hopefully, a greater attention to this parameter will finally lead to 

an agreement in the literature on the degradation mechanism of these pigments in 

paintings. 

 

Additionally, the presented results demonstrated the suitability of FTIR spectroscopy for 

the study of the degradation of Geranium lakes. Since previous studies focused on the 

accelerated ageing of these pigments by means of light, the next step will be to monitor 

also this type of degradation by means of FTIR, providing a more complete 

understanding of the pigments’ reactivity. Furthermore, this work will be complemented 

by the study of the degradation of Geranium lakes in the presence of other painting 

materials, in order to obtain a full comprehension of their reactivity in historical 

paintings.  

 

 

 

5.7 Preliminary insights into the solubility of Geranium 

lake pigments 
 

The photo-reactivity of pigments in painting is often associated to the contact with 

moisture and electrolytes, e.g. due to the condensation of atmospheric moisture and 

solubilization of deposited PM or soluble by-products.43,64,109 Even though the pigment 

particles are normally embedded in a protective binding medium film, in fact, small 

amounts of aqueous solutions can penetrate into the paint layers during their ageing 

(e.g. for siccative oils, due to the formation of cracks and the increase in the polarity of 

the medium.64,352,353 Once in contact with the pigments particles, these electrolytic 
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solutions can catalyse redox reactions, triggering the degradation of the paint 

components.258 Furthermore, the presence of moisture can also lead to the solubilization 

and migration of soluble species, whether intrinsic to the painting or products of 

degradation, through the paint layers.354,355 

 

Geranium lake pigments are the product of a complexation and precipitation reaction 

taking place in an aqueous environment. In principle, when in contact with an aqueous 

solution, these complexes could be partially re-solubilized until reaching an equilibrium 

condition. This solubilization could influence the overall reactivity of the pigments and, 

in principle, cause their migration and/or favour the (photo)chemical reactions 

responsible for their fading in paintings. Moreover, the risk for contact with atmospheric 

moisture could be extremized by the hygroscopicity observed for the Geranium lake 

pigments during their natural ageing (Figure 5.13 and Figure 5.15). Nonetheless, in the 

literature no information is available on the behaviour of Geranium lakes in contact with 

water-based solutions. 

 

For these reasons, in this last section of chapter 5 some preliminary tests on the solubility 

of these complexes are presented. The pigments were first suspended in a water based 

electrolytic solution for a period of 24 hours in the dark. The supernatant was then 

characterized by means of ATR-FTIR and UV-Vis absorption spectroscopy.  

 

 

5.7.1 Materials and methods 

 

The in-house synthesized Geranium lake samples Pb2 an Al2 (Table 5.2) were considered 

in these preliminary tests. Eosin Y in lactone form (Sigma Aldrich, ~99% purity, ref. 

E4009) and eosin Y disodium salt (Sigma Aldrich, ≥85 % ref. E6003) were also analyzed 

as reference compounds. 

 

50 mg of the powdered pigments were mixed in the dark over a period of 24 hours with 

six different aqueous solutions: 1) distilled water; 2) distilled water with 0.1M NaCl; 3) 

0.02M Na phosphate buffer (PBS) at pH 5.8; 4) 0.02M PBS at pH 7; 5) 0.02M PBS at pH 7 

with 0.1M NaCl; 6) 0.02M Na borate buffer at pH 8. The resulting solution was then 

centrifuged and the supernatant separated, filtered (0.2 µm PTFE syringe filter) and 

analyzed. 
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The UV-Vis absorption spectra of the solutions were determined with an AvaSpec-

ULS2048CL-EVO spectrometer. The spectral range 250-900 nm was considered and the 

spectra were collected with an integration time of 2 ms and averaged over 1000 

acquisitions. The spectra were normalized based on the intensity of the absorption 

maximum in order to be qualitatively compared. 

 

The solution FTIR spectra of the supernatant were collected with a spectrometer Bruker 

Alpha II equipped with a DTGS detector and a diamond ATR accessory. A total of 128 

scans were accumulated in each sample, using a resolution of 4 cm-1 and a wavenumber 

range from 4000 to 400 cm-1. Given the large contribution of water and buffer solutions 

in the FTIR spectra of the samples (Figure 5.17), a blank spectrum was collected for all 

the water-based solutions considered and subtracted from the spectra of the 

corresponding samples. The background subtraction was performed with the software 

Omnic 9.2 (Thermo Fisher Scientific). 

 

 
 

Figure 5.17_Raw ATR-FTIR spectrum of the extract of the Al-lake sample in PBS at pH7: sample (red) and 
PBS background (blue). A magnification of the spectral region marked in green is displayed. 

 

 

5.7.2 Preliminary results 

 

In the first place, the visual observation of the solutions after 24 hours of contact with 

the solid shows the clear presence of colored products in solution (Figure 5.18). 

Nonetheless, a large amount of solid remains present, suggesting that only a fraction of 

the pigment might be solubilized. The only exception is the eosin disodium reference 

salt, known to be readily soluble in aqueous solutions 
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For eosin Y (lactone) and the Geranium lake samples, it is interesting to notice how the 

color appears more intense in the electrolyte-containing solutions than in distilled water. 

This might suggest an influence of the ionic strength of the solution and/or the presence 

of buffering agents on the interaction with the pigments.  

 

 
 

Figure 5.18_Visual appearance of the samples after 24 hours of contact with different aqueous solutions: 
eosin Y (Eo), eosin disodium salt (EoNa), Al-lake (EoAl) and Pb-lake (EoPb). 

 

 

The nature of the products in solution was investigated by means of UV-Vis absorption 

and ATR-FTIR spectroscopies. Due to the low concentration of products in solution in 

distilled water, below the detection limit of the techniques, no further characterization 

could be performed on these samples. 

 

The UV-Vis results (Figure 5.19) confirmed the presence of colored species in solution 

showing a major absorption band at ≈517 nm and a shoulder at ≈490 nm. These spectral 

features match the absorption spectrum of eosin Y in solution, with the main feature 

corresponding to the absorption of the chromophore, the substituted xanthene 

responsible for the red color, and the shoulder being ascribed to the dimerization of the 

dye in solution.356 Remarkably, the same optical properties are observed for all the 

samples in a specific solution, which suggests a similar chemical nature for the solubilized 

products. This hypothesis was verified by means of ATR-FTIR spectroscopy analysis in 

solution.  
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Figure 5.19_Normalized UV-Vis absorption spectra of the soluble fraction of eosin Y (Eo), eosin disodium 
salt (EoNa), Al-lake (EoAl) and Pb-lake (EoPb) in a) 0.1M NaCl, b) PBS pH5.8, c) PBS pH7, d) PBS pH7 + 0.1M 

NaCl, e) borate buffer pH8. 

 

 

The results, shown in Figure 5.20, confirmed the similarity of these species also from a 

molecular point of view. The region of the spectrum between 1600 and 1200 cm-1 is 
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considered in particular, due to the lower contribution of the medium and the presence 

of intense peaks from the species in solution (Figure 5.17). 

 

 

 
 

Figure 5.18_Background subtracted ATR-FTIR absorption spectra of the soluble fraction of eosin Y (purple), 
eosin disodium salt (red), Al-lake (green) and Pb-lake (blue) in a) 0.1M NaCl, b) PBS pH5.8, c) PBS pH7, d) 

PBS pH7 + 0.1M NaCl, e) borate buffer pH8. 

 
 

In this range, four main characteristic features are observed in the FTIR spectra collected 

(Figure 5.20), namely at ≈1560, ≈1450, ≈1350 and ≈1244 cm-1. Since these features are 

clearly present in the spectrum of solubilized eosin disodium salt, known to be ionic in 

nature and to dissociate into eosin Y dianion and Na+ cations in water, and based on the 



 

200 

thorough interpretation of the FTIR spectra of eosin Y-based compounds presented in 

the first part of this chapter, these vibrations are traced to the presence of deprotonated 

eosin Y in solution (dianion). In particular, these features are assigned to asymmetric 

(≈1560 cm-1) and symmetric (≈1450 cm-1) C=O stretching of the deprotonated 

carboxylate, to the stretching of the ketone interconverted with the deprotonated 

hydroxyl from the xanthene group (phenoxide ion) (≈1350 cm-1) and to the C-O-C 

stretching of the ether group in the xanthene (≈1244 cm-1). In the first part of this 

chapter, the position of the peaks at 1450 and 1350 cm-1 has been shown to be strongly 

dependent on the environment of the carboxylic group and the phenoxide ion, and in 

particular on the presence of metal ions interacting with these groups. The fact that no 

significant change in the position of these peaks is observed for different samples (i.e. 

different metals) in the same aqueous conditions, strongly supports the full dissociation 

of the metal complexes in solution into eosin Y dianion and metal cations. The shoulder 

observed at ≈1400 cm-1 in the spectra recorded in borate buffer at pH 8 (Figure 5.20e) is 

due to a residual contribution of the buffer (Figure S5.10). The small signals observed in 

general for eosin Y are related to the low solubility of the lactone form in water (as 

already shown in the first part of Chapter 5). 

 

 

5.7.3 Conclusions and future perspectives 

 

In conclusion, the preliminary tests conducted in this final section of the chapter allowed 

to obtain some first relevant insights into the solubility of Geranium lake pigments. 

In detail, the results showed how Pb- and Al-based complexes of eosin Y can dissociate 

when in contact with aqueous electrolyte solutions. The formation of dianionic eosin Y, 

confirmed by UV-Vis and ATR-FTIR spectroscopies by comparison with reference 

compounds, is particularly relevant. The deprotonated eosin Y, in fact, is a well-known 

photosensitizer and it is easily photo-oxidized in aerated aqueous solutions.356–358 Its 

possible formation due to the contact between moisture and pigment particles in 

paintings, therefore, could in principle be linked to the poor photostability of Geranium 

lakes. Furthermore, the solubilization and migration of eosin Y dianion in the paint layers 

could lead to further interactions between these and other species in the paintings, 

ultimately resulting in an increased instability. For example, such a process could play a 

role in the enchanced fadeing observed for eosin-based pigments when mixed with 

semiconductors in paintings (e.g. due to migration, adsorption on the surface and 

interaction with the semiconducting particles).306,334 
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In order to obtain a clearer picture of the factors influencing the solubility of Geranium 

lake pigments, further studies will be performed. In particular, the effect played by the 

nature of the electrolyte on the solubility of the eosin Y-complexes will have to be 

thoroughly investigated. Quantitative solubility studies for Geranium lake pigments 

obtained with different synthesis methods will also be performed, with the final aim of 

investigating a possible link between the solubility and the differences in the ageing 

kinetics observed for these species. 

 

 

 

 

5.8 Supplementary information 
 

 
 

Figure S5.9_Natural ageing of eosin Y in a dark environment. Top: FTIR spectra of non-aged aged eosin Y 
compared to eosin Y aged for 14 months. Bottom: magnification of the spectral regions where the main 

changes were detected. 
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Figure S5.10_ATR-FTIR spectrum of the region of interest for 0.02M borate buffer at pH8. A peak is visible 
at 1409 cm-1. 
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Abstract 
 

One of the most challenging aspects of the analysis of Geranium lake pigments is their 

identification in paint samples. Their detection is, in fact, often complicated by the poor 

conservation state of these pigments in paintings and by the fact that they were often 

employed in very small amounts in the first place, due to their extremely intense color.  

For these reasons, micrometric red particles are often all that remains in Geranium lake-

containing paintings. This poses extreme analytical challenges, in particular when it 

comes to the molecular characterization of such particles in heterogenous and 

microscopic paint samples. 

 

In this chapter, the potential of the recently developed optical photo-thermal IR (O-PTIR) 

spectroscopy to overcome these challenges and achieve the non-contact sub-micron 

molecular imaging of a paint microsample is tested. Based also on the promising results 

obtained with this technique on glass and metal samples in chapter 3, a fragment from 

Van Gogh’s painting L’Arlésienne (portrait of Madame Ginoux) is analyzed, in an attempt 

to chemically characterize a series of micrometric red organic particles found in the paint 

layers. The striking results obtained on this very small and challenging fragment, 

including the detection of Geranium lakes in the paint layers, failed with other state-of-

the-art techniques (SR-μ-FTIR and μ-Raman spectroscopy), clearly highlight the great 

potential of this method for heritage applications. Moreover, although no sample 

preparation is inherently necessary for O-PTIR, the technique proved highly efficient for 

the analysis of thin sections of embedded painting fragments. The suitability of this 

sample preparation for O-PTIR analysis underlines the compatibility of this technique 

with other commonly employed high-resolution characterization methods, hence 

opening to the possibility of a full integration of O-PTIR in multitechnique studies of 

cultural heritage objects. 
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6.1 Introduction 
 

The composition of cultural heritage objects tends to be highly heterogeneous. In 

addition to the main compounds, there are often materials present in a very low 

proportion which can be either intrinsic to the artworks359–362  or that can be traced back 

to the ageing of the object.363,364 

 

These minor components are often detected in samples from cultural heritage objects 

in the form of micrometric particles, sometimes <10 µm. Such particles can be related 

to the physical properties of the object (such as the color of specific regions)364–366 or to 

specific degradation processes (such as the migration and aggregation of 

molecules).54,105 The characterization of these species is therefore a fundamental 

requirement in order to understand the composition and physical properties of the 

object and/or to decipher possible degradation reactions, helping to find the appropriate 

conservation treatments to avoid bigger damages.  

 

Unfortunately, the identification of these micrometric particles can be extremely 

complex due to I) the wide diversity of materials present in the sample, including organic 

and inorganic materials with low and high molecular weight, II) the low proportion of 

particles compared to other materials of the painting and III) the limited amount of 

sample available for the analysis. Previous studies have shown the potential of high-

resolution techniques such as X-rays based methods to characterize inorganic 

particles.367,368 Nonetheless, there are still open questions regarding the most suitable 

method for the discrimination of the organic ones. For this purpose, former research 

applied micro Fourier Transform Infrared (µ-FTIR) spectroscopy and μ-Raman 

spectroscopy, that provide information on the molecular structure as well as the spatial 

distribution of the compounds. However, the resolution of µ-FTIR spectroscopy is low: 

the minimum size achievable is restricted by the diffraction limit to 5-10 µm2 depending 

on the wavelength, consequently the bands of the spectral markers of the particles are 

often too low to be unequivocally detected.369 On the other hand, Raman spectroscopy 

can reach a higher resolution (≥2 µm2), but it is often limited by the presence of 

fluorescence and the potential damage that might be caused on sensitive materials.370–

372 Lately, photothermal induced resonance (PTIR) has been applied to the analysis of 

paintings105,106: this technique uses an atomic force microscope (AFM) coupled to 

infrared spectroscopy providing a resolution up to 20 nm (size of the cantilever), which 

has been proved to successfully characterize organic materials in painting samples.105,106 
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However, this technique requires a continuous contact between the cantilever and the 

sample surface. In the case of painting fragments, this requirement is problematic due 

to brittleness of the materials: on one hand, during the handling of the samples small 

particles are often detached, these crumbles can remain on the surface disturbing the 

path of the cantilever and producing interferences in the collected data. On the other 

hand, the crumbliness of the materials makes it difficult to have a totally flat surface, 

with imperfections (detached particles, cracks or protrusions) that can alter the path of 

the cantilever and may lead to the damage of the thin section or the cantilever tip.  

 

In this chapter, we investigate for the first time the potential of optical-photothermal 

infrared (O-PTIR) spectroscopy for the analysis of micrometric organic particles in 

historical paintings. O-PTIR is a recently developed technique based on the thermal 

expansion of the sample induced by the irradiation with an IR laser, which is then 

measured using a visible probe laser. Thus, the spatial resolution is determined by the 

dimension of the visible laser, overcoming the diffraction limit that defines the 

resolution achievable by traditional FTIR spectroscopy. Besides its high resolution, 

typically well below 1 µm, O-PTIR measurements do not require a contact with the 

sample, avoiding the interferences with the detached particles or potential damages to 

the analyzed fragment. Moreover, the collected spectra are comparable to transmission 

FTIR measurements, allowing the comparison between the collected data and the 

extensive literature on FTIR spectroscopy applied to cultural heritage materials.104,373,374 

The technique was applied, in particular, to the identification of some micrometric red 

particles (≤2 µm diameter, Figure 6.1) observed in the paint layers of the painting 

L'Arlésienne (portrait of Madame Ginoux) by Vincent Van Gogh (Figure 1.10). The results 

obtained demonstrate the potential of O-PTIR for the molecular characterization of small 

painting fragments and the identification of micrometric organic particles. With the 

suitable sample preparation, in fact, O-PTIR provided high-resolution data on the 

particles and the painting stratigraphy in a non-destructive manner. Based on these 

results, it is therefore demonstrated that O-PTIR is a powerful technique that can be 

efficiently integrated in multitechnique studies, thus helping to complement and extend 

the information provided by other analytical methods. 
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6.2 Materials and methods 
 

6.2.1 Sample preparation 

 

The sample was extracted from the Vincent van Gogh’s painting L’Arlésienne (portrait of 

Madame Ginoux) (February 1890, oil on canvas, Kröller-Müller Museum [KM 

110.202/F541]), from a region where a pink colour could be observed. The fragments 

were embedded in epoxy resin (Resineco, ref TR KIT). Thin sections of 2 µm thickness 

were cut with a ultramicrotome Leica EM UC6 equipped with a diamond knife Diatome 

Histo at 45° (Leica, HI 7177). The thin sections were then deposited on pellets made with 

KBr (Sigma Aldrich, 221864-M FT-IR grade). 

 

 

6.2.2 O-PTIR 

 

O‐PTIR measurements (spectra and images) were collected on the mIRage Infrared 

Microscope (Photothermal Spectroscopy Corp.). Spectra were collected in reflection 

mode, 2 cm−1 spectral data point spacing, through a 40x, 0.78 NA, 8 mm working distance 

Schwarzschild objective. The pump IR source was a pulsed, tunable four‐stage QCL 

device, scanning from 800 to 1900 cm−1. The probe was a CW 532 nm visible variable 

power laser. To obtain a good signal‐to‐noise ratio to interpret the spectral difference, 

20 scans spectra were averaged at each point. The maps shown in Figure 6.2 were 

obtained with a spatial resolution of 450x450 nm2. 

 

 

6.2.3 SEM-EDX 

 

The samples were examined with a Field Emission Gun – Environmental Scanning 

Electron Microscope (FEG-ESEM) equipped with an Energy Dispersive X-Ray (EDX) 

detector (FEI Quanta 250, USA; at AXES and EMAT research groups, University of 

Antwerp), using an accelerating voltage of 20kV, a take-off angle of 30°, a working 

distance of 10 mm and a sample chamber pressure of 10-4 Pa. Imaging was performed 

based upon secondary electrons (SE) and back-scattered electrons (BSE). Elemental 

maps with a pixel size of 0.2 µm and a dwell time of 2.25 ms/pixel were collected using 

a beam current of ~0.5 nA. In order to remove the contribution of the underlying KBr 

pellet, EDX spectra were also recorded using an accelerating voltage of 10kV. Spectra 
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were acquired, using a beam current of ~0.5 nA and a dwell time of 60 s per spectrum.  A 

spectrum of the resin was recorded to prove that there is no contribution of the pellet. 

 

 

6.2.4 SR-μ-FTIR 

 

SR-μ-FTIR measurements were performed in SMIS beamline at Synchrotron Soleil 

(France) using a Thermo Fischer NEXUS FTIR spectrometer Nicolet 5700 attached to a 

microscope Continuum XL. Samples were analysed in transmission mode accumulating 

256 scans at 4 cm-1 spectral resolution, the wavenumber range is between 4000 to 800 

cm−1. Maps were collected with an aperture of 10x10 µm2 and a step of 5 µm. 

 

 

6.2.5 SR-μ-FTIR and O-PTIR data treatment 

 

SR-μ-FTIR and O-PTIR data were treated using the Quasar 1.0.0 software.209,210 The 

spectra shown in Figure 6.2, Figure 6.4, Figure 6.5 and Figure 6.7 have been normalized 

by the min-max method using the most intense band. To ensure a fair comparison, no 

smoothing, baseline correction or any other adjustment have been applied to the 

spectra. Spectral maps were generated by plotting the integrated area of selected peaks 

with a linear baseline computed using two wavenumbers at the feet of the peak. 

 

 

6.2.6 μ-Raman spectroscopy 

 

Raman spectroscopy measurements were performed by means of a Xplora Plus 

Microscope (Horiba) with a 100mW 785 nm laser, considering the effective range of 150-

1000 cm−1. At each point, five accumulations were collected during 10 seconds each one. 

The spectra presented have not been corrected in order to avoid any kind of distortion. 

 

 

6.2.7 OM 

 

Optical Microscopy (OM) of thin sections has been performed with a microscope Nikon 

Eclipse LV100 in dark field mode. 
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6.3 Results and discussion 
 

6.3.1 Potential of O-PTIR for the stratigraphic characterization of historical 

paintings 

 

The sample selected for these experiments comes from the historical painting 

L’Arlésienne (portrait of Madame Ginoux) by Van Gogh (Figure 1.10). Due to the high 

historical and artistic value of this painting, the extracted fragment is very small, 

≈200x200x25 µm3 (Figure 6.1, top). As it can be seen in the thin section displayed on 

Figure 6.1 (bottom), the stratigraphy consists of a bottom layer with the canvas fibers 

(≈10-20 µm thickness), a thin white ground layer (≈10 µm thickness) and finally a thin 

top paint layer with red particles (≈10 µm thickness). The presence of such thin layers, 

already noticed in other works from the same painter,17,375 poses great challenges for 

the characterization of the stratigraphy. 

 

 
 

Figure 6.1_Fragment of Van Gogh L’Arlésienne (portrait of Madame Ginoux) selected for the analysis. Top: 
fragment before embedding (front and back). Bottom: thin section of the embedded fragment. 

 

 

In order to verify the potential of O-PTIR for the analysis of paint fragments, it is essential 

to compare it with existing and established methods. In this case, the samples have been 

analyzed by µ-FTIR spectroscopy coupled to Synchrotron Radiation (SR-μ-FTIR 

spectroscopy): this technique provides a high resolution with a high signal-to-noise ratio 

and, for these reasons, it is widely employed for the molecular characterization of thin 

paint layers.376,377 The SR-μ-FTIR spectroscopy measurements have been performed in 

transmission mode, which provides the best spectral resolution, with a straight baseline 

and a reduced possible influence of spectral artifacts. The obtained results have been 

compared to O-PTIR, in order to verify the potential and the possible constraints of this 
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technique. The same thin section was analyzed with both methods, in order to ensure 

the comparability of the datasets (Figure 6.2). 
 
 

 
 

Figure 6.2_Analysis of the stratigraphy by SR-μ-FTIR and O-PTIR. Top: SR-μ-FTIR results of the area marked 
in green in the analyzed thin section displayed in the middle. Bottom: O-PTIR results of the area marked in 

yellow in the analyzed thin section. In each analyzed area a scheme of the stratigraphy is displayed (C: 
canvas, GL: ground layer, PL: paint layer, R: embedding resin) as well as the integration maps of the 
spectral regions corresponding to the specific compounds found in the sample and a representative 

spectrum of each material (LW: lead white, DO: drying oil). 
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The results obtained by SR-μ-FTIR spectroscopy are displayed in Figure 6.2 (top). Overall, 

the spectra are characterized by the high spectral quality (high signal to noise ratio and 

straight baseline) typical of SR-μ-FTIR. Among the collected data, five main types of 

spectra have been distinguished (Figure 6.2, top right corner, the full range of the spectra 

is displayed in Figure S6.1). The main pigment identified is lead white (2PbCO3·Pb(OH)2 / 

PbCO3), whose markers can be seen at ≈1390 and 1045 cm-1 (asymmetric and symmetric 

C-O stretching vibrations of CO3
2- anions respectively344). Additionally, there are smaller 

amounts of CaCO3, which is detected by the shoulder at 1453 and the small band at 874 

cm-1 (C-O stretching and bending of the CO3
2- anions respectively378). The band at ≈1734 

cm-1 is probably associated to the presence of a drying oil, which was most likely used as 

a binder. In some regions, this band shows a shoulder at ≈1709 cm-1 corresponding to 

the hydrolysis of the esters from the drying oil, which is a degradation reaction linked to 

its ageing. The presence of Pb and Ca has been confirmed by SEM-EDX, agreeing with 

the identification of lead white and CaCO3 (Figure 6.3). These painting materials have 

been previously identified in other paintings by the same artist.23,302,379,380  

 

 
 

Figure 6.3_SEM-EDX analysis of the thin section displayed in Figure 6.2. Left: BSE image. Right: elemental 
distribution maps. The elements marked in red are related to the KBr pellet where the sample is deposited. 

  

 

In addition, some spectra correspond to the presence of a protein (bands at ≈1660 and 

1543 cm-1, related to amide I and amide II respectively381) and cellulose (bands at 1114, 

1062 and 1037 cm-1, related to the C-O bending of the skeletal vibration of carbohydrates 

rings, HCHOH deformation and the skeletal vibration of the carbohydrate rings382). These 
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compounds are related to the support of the painting, in this case a canvas coated with 

a sizing,383 with the cellulose being linked to the textile fibers and the protein to the 

animal glue used as an adhesive. Finally, the spectra of the epoxy resin used to embed 

the sample can also be discriminated. It should be mentioned that the most intense 

bands (1512 cm-1 related to the C=C stretching of the aromatic groups and at 1247 cm-1 

related to the C-O deformation384) are also noticeable in the other displayed SR-μ-FTIR 

spectra: this is probably explained by the infiltration of the embedding resin into the 

sample during its preparation.  

 

Compared to SR-μ-FTIR, the spectra collected by O-PTIR (Figure 6.2, bottom right corner) 

display similar spectral features, allowing to discriminate most of the compounds 

previously mentioned. No band shifts are observed between both techniques and the 

relative intensities of the bands are similar: this can be clearly seen in the spectra of the 

epoxy resin, which is the only homogeneous compound (the fluctuations in the other 

spectra may be explained by the different composition of the precise analyzed spot).  

 

Furthermore, O-PTIR spectra do not always show the bands related to the embedding 

medium, contrarily to SR-μ-FTIR. Since the analyzed thin section is the same in both 

techniques, this difference is probably explained by the size of the analyzed area in each 

technique. The spot size of SR-μ-FTIR is large compared to the size of the sample, 

consequently the analyzed areas usually include regions outside the paint fragment, 

where there is only embedding medium, or regions close to the edge of the sample, 

where the embedding medium has infiltrated. Hence, the bands of epoxy resin appear 

in all the collected spectra. In an opposite fashion, the smaller spot size of O-PTIR allows 

to select areas far away from the edge of the sample, providing spectra not overlapped 

with the epoxy bands.  

 

The lack of the epoxy bands in the spectra helps to avoid their overlapping with the signal 

from other compounds, preventing the loss of spectral features and potentially allowing 

a more efficient discrimination of the different components. Consequently, the O-PTIR 

data are extremely useful for the analysis of highly heterogeneous samples, often the 

case for painting cross sections. Indeed, a shoulder at ≈1550 cm-1 is noticeable in the O-

PTIR spectra, probably related to the presence of metal carboxylates.54 In the SR-μ-FTIR 

data, this shoulder is overlapped with the band at ≈1510 cm-1 from epoxy resin, therefore 

the presence of metal carboxylates is less obvious. 
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The spectral markers of the identified compounds were integrated in order to obtain the 

spatial distribution of each substance (Figure 6.2, top and bottom left corners), the 

position of the displayed spectra in the integration maps is shown in Figure S6.2. Due to 

the lower resolution, SR-μ-FTIR maps are much less detailed, providing only the main 

distribution of the compounds: epoxy resin around the sample, protein and cellulose at 

the bottom of the stratigraphy and CaCO3, lead white and drying oil in the ground and 

paint layers. On the contrary, the maps calculated from O-PTIR spectra allowed to 

distinguish also the variations of the composition across the thin layers of the 

stratigraphy: the ground layer is composed mainly of drying oil and lead white, while the 

paint layer contains drying oil, lead white and CaCO3. Specifically, CaCO3 is distributed 

mainly in the middle of the stratigraphy. This distribution is in agreement with the results 

obtained by SEM-EDX (Figure 6.3). 

 

A consequence of the higher resolution of O-PTIR is the length of the measurements. 

Since the number of acquired spectra is larger, the required time for the analysis is much 

longer. In this case, the area analyzed by SR-µ-FTIR spectroscopy is 88x40 µm2 (Figure 

6.2, top) and took ≈3 hours, while the area analyzed by O-PTIR is 4.5x17.5 µm2 (Figure 

6.2, bottom) and took ≈10 hours. The slower data collection implies that the maps should 

be smaller and, hence, less representative. In this case, for instance, cellulose was not 

detected by O-PTIR. In addition, it should be remarked that the signal-to-noise ratio is 

slightly lower in O-PTIR compared to SR-μ-FTIR. In the higher range of the O-PTIR spectra 

the noise level is still low, although subtle features such as the shoulder at ≈1710 cm-1 

related to the degradation of the drying oil cannot be appreciated. However, the noise 

is more evident at lower wavenumbers: for instance, the band at 874 cm-1 related to 

CaCO3 cannot be distinguished in O-PTIR. Consequently, the highest potential of O-PTIR 

is achieved when this technique is implemented in a multianalytical approach, 

complementing its high resolution with faster or more sensitive techniques.   

 

In conclusion, these results confirm the suitability of O-PTIR for the high-resolution 

analysis of the stratigraphy of historical paintings. The obtained spectra are comparable 

to the ones obtained by SR-μ-FTIR allowing to identify the same type of compounds. 

Despite the lower signal-to noise ration of O-PTIR compared to SR-μ-FTIR, the smaller 

spot size provides spectra which are less overlapped, helping to better discriminate the 

compounds present in the sample. This higher spatial resolution offers accurate 

information on the distribution of materials, helping to better characterize the 

techniques used to produce the painting as well as its conservation state. It is clear that 
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such information can have great relevance for the analysis and conservation of historical 

paintings. 

 

Moreover, the results also demonstrated the great advantages of the preparation of thin 

sections for the analysis by O-PTIR. Although such a thin sample is not necessary for O-

PTIR (technically, no sample preparation is needed), the preparation of thin sections 

allows the compatibility of the obtained dataset with other complementary techniques, 

such as transmission SR-μ-FTIR spectroscopy and SEM-EDX, but also Raman 

spectroscopy or SR-µ-XRD,384,385 meaning that these techniques are fully compatible and 

can be implemented in the same multi-analytical approach. 

 

 

6.3.2 Application of O-PTIR for the identification of micrometric Geranium lake 

particles 

 

In the paint layer of the sample, small red particles of ≤2 µm diameter can also be 

observed (Figure 6.1). Their characterization is extremely relevant, since it can provide 

information on the source of the pink color of the sampled area of the painting. 

However, the analysis of these particles is challenging due to their small size and the 

presence of additional compounds in the same layer. 

 

Indeed, the analysis by SR-μ-FTIR spectroscopy (Figure 6.2) did not provide any spectral 

marker that may be related to this pigment, most probably due to the low spatial 

resolution of the technique. The size of the particles is in fact very small in comparison 

to the size of the analyzed spot, so the spectral markers are hidden below the spectra of 

the main compounds, whose bands cover broad spectral regions. Consequently, there 

are no noticeable bands that could be attributed to the material used as a red pigment. 

 

In order to improve the resolution, µ-Raman spectroscopy was also tested (Figure 6.4). 

The spectra collected around one of the red particles show the characteristic bands from 

lead white at 1048 and 104 cm-1 as well as a group of bands around ≈200 cm-1 probably 

related to the degradation products resulting from lead white.386 Moreover, a group of 

low-intensity bands can be seen at ≈1430, ≈1307 and ≈1249 cm-1 (Figure 6.4, bands 

marked in red). These bands are in a spectral region where some of the main signals of 

Geranium lake pigments appear, as it can be seen in the reference spectrum (Figure 6.4, 

spectrum in red), meaning that the presence of these pigments is compatible with the 
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results. However, the bands are low, broad and the maximums are slightly shifted 

compared to the reference. Moreover, in the same region the signals of other lake 

pigments employed by the same artist could be also present, such as cochineal.17,302,387 

Therefore, the identification of the type of red pigment cannot be unambiguously 

concluded based on these experimental results. 

 

 
 

Figure 6.4_Characterization of a red particle by µ-Raman spectroscopy. Top: particle selected for the 
analysis (left) and its magnification with the analyzed points in evidence, a-d (right). Bottom: Raman 

spectra collected at each point compared to a reference of freshly synthesized Geranium lake (red line, 
synthesis conditions described in Chapter 5 part 1, Figure 5.6, sample III). The peaks marked in red are 

presumably associated to Geranium lakes. 

 

 

Interestingly, the application of O-PTIR made it possible to overcome the limitations 

previously encountered with both SR-μ-FTIR and μ-Raman spectroscopies. This novel 

technique, in fact, allowed to unequivocally identify the red particles in exam as a type 

of Geranium lake pigment (Figure 6.5). The collected spectra (Figure 6.5, spectra in black) 

clearly show a good match with a reference spectrum obtained with the same technique 

(Figure 6.5, spectrum in red) for a Geranium lake reference pigment (Pb-lake, synthesis 

conditions described in Chapter 5 part 1, Figure 5.6, sample III). In particular, the bands 
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observed can be ascribed to the carboxylate group (≈1550 and ≈1460 cm-1) and to the 

xanthene and ketone groups (≈1605, ≈1351 and ≈1254 cm-1) of the eosin-metal complex 

(Chapter 5, Figure 5.5). It should be remarked that the spectra include also the bands 

from the other compounds of the painting previously detected: among them, lead white 

and lead carboxylates show bands at ≈1450 and ≈1550 cm-1 that overlap with the peaks 

of Geranium lakes, producing slight shifts in the bands. These shifts hinder the 

identification of the exact type of Geranium lake (Al- or Pb-based) on the basis of these 

vibrational data (as described in the systematic study presented in Chapter 5). 

Nonetheless, the low intensity of the band at 1045 cm-1, related to lead white, and the 

lack of an intense band at 1400, where lead carboxylates normally have a main signal, 

suggest that the intensity of the peaks related to both substances is low enough to still 

be able to confidently detect the presence of a generic Geranium lake pigment. It should 

be also mentioned that the minimum at 1359 cm-1 is probably an instrumental artifact 

linked to the chip transitions of the laser (Figure S6.3), however, this does not affect the 

presence of a clear shoulder at 1351 cm-1  linked to the composition of the sample. The 

fact that this shoulder and also the shoulder at 1605 cm-1 cannot be assigned to any 

other compound previously detected in the sample, and that the obtained spectra are 

clearly different from the IR spectrum of cochineal lakes,388,389 unequivocally confirms 

the presence of Geranium lakes in the painting in exam. Due to the overlap with the 

bands from other compounds it is not possible to map the distribution of Geranium lakes 

in the sample. Nonetheless, the selected spectra are located in the pink paint layer, 

clearly highlighting the link between the presence of Geranium lakes and the color of the 

paint film.  

The use of Geranium lakes has been previously observed in other paintings by Van 

Gogh.17,301,302,380,390 The presence of this family of pigments is normally deduced from the 

detection of Br in red colored areas, however the identification of the pigment molecules 

is difficult since they are normally mixed with drying oil containing similar functional 

groups, namely carboxyls, carbonyls and C=C bonds. In the case of the painting in 

analysis, the detection is even more challenging due to the co-presence in the same paint 

layer of lead white, lead carboxylates and CaCO3, whose intense bands at ≈1400, ≈1550 

and ≈1450 cm-1 respectively overlap with Geranium lakes. Hence, the molecular 

detection of Geranium lakes proves the great potential of O-PTIR for the analysis of 

micro- and nano-heterogeneities, even in adverse conditions. 
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Figure 6.5_Characterization of the red particles by O-PTIR spectroscopy. Top: region selected for the 
analysis (left) and its magnification with the analyzed points in evidence, a-b (right). Bottom: O-PTIR 

spectra collected at each point and reference spectrum of freshly synthesized Geranium lake (synthesis 
conditions described in Chapter 5 part 1, Figure 5.6, sample III) obtained with the same technique (red). The 

peaks marked in red correspond to Geranium lakes. 

 

 

In order to corroborate this interpretation, the same sample was analyzed by SEM-EDX 

(Figure 6.6) using a low energy (10 KeV) in order to decrease the penetration in the 

sample and thus avoid the interference from the KBr pellet used as the sample holder. 

Due to the low amount of pigment it has not been possible to map the presence of Br. 

Nonetheless, it is noticeable that the spectrum collected in the paint layer shows the 

presence of small amounts of Br (Figure 6.6c), while this element cannot be found in the 

ground layer (Figure 6.6b) or in the embedding medium (Figure 6.6a). Therefore, the 

presence of Br is specifically linked to the pink paint layer, which is in agreement with 

the presence of Geranium lakes in the painting. 
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Figure 6.6_Characterization of the paint layer by SEM-EDX. BSE image (left), the regions marked in red 
correspond to the areas where the EDX spectra (right) were collected. Specifically: a) embedding medium, 

b) ground layer and c) paint layer. 

 

 

Since Geranium lake pigments are well known to degrade in the presence of visible 

light,302,307 it is important to verify if the visible laser used by O-PTIR could causes any 

damage to the sample, potentially hampering further analysis by other techniques. This 

eventuality was tested by collecting a series of replicate O-PTIR analyses on the same 

spot of a reference sample (Figure 6.7). The results show that the final spectrum 

obtained after 22 repetitions (Figure 6.7, tf) is very similar to the initial one (Figure 6.7, 

t0), hence proving that O-PTIR has not caused a noticeable damage to this sensitive 

material. For this reason, the technique can be considered as non-destructive for the 

type of materials considered in this study. 

 

 
 

Figure 6.7_Study of the potential radiation damage on Geranium lakes during O-PTIR analysis. Initial 
spectrum (t0) compared to the spectrum after being irradiated during 22 consecutive accumulations (tf). 
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6.4 Conclusions 
 

In this study, the application of O-PTIR spectroscopy to the analysis of micrometric 

organic particles in historical paintings is presented for the first time. This technique 

allowed to non-destructively identify the red particles present in a small fragment of the 

Van Gogh painting L’Arlésienne (portrait of Madame Ginoux) as Geranium lake pigments. 

Due to the limited size of the particles and the presence of additional compounds, the 

other analytical techniques tested, namely SR-μ-FTIR and μ-Raman spectroscopy, were 

not able to unambiguously identify these species.  

 

The high spatial resolution offered by O-PTIR, which pushes the boundaries of traditional 

molecular spectroscopy by overcoming the diffraction limits of traditional FTIR, presents 

great advantages for the analysis of paintings and heritage objects in general. This 

allows, in fact, the high-resolution chemical characterization of the stratigraphy, even 

when only micrometric fragments are available. In particular, the results of this study 

demonstrated how O-PTIR does not only provide less overlapped spectra, helping to 

identify micro- and nano-heterogeneities in the samples, but also allows to decrease the 

size of the samples needed for the analysis. This presents clear advantages for the study 

and preservation of cultural heritage, maximizing the obtainable information while 

minimizing the sampling of the objects. Moreover, although no sample preparation is 

inherently necessary for O-PTIR, the technique appeared highly efficient for the analysis 

of thin sections of embedded painting fragments. The suitability of this sample 

preparation for O-PTIR analysis highlights the compatibility of this technique with other 

commonly employed high-resolution characterization methods, hence opening to the 

possibility of a full integration of O-PTIR in multitechnique studies of cultural heritage 

objects. 
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6.5 Supplementary information 
 

 
 

Figure S6.1_Full range of the SR-µ-FTIR spectra shown in Figure 6.2. 
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Figure S6.2_Position of the spectra displayed in Figure 6.2. 

 
 

 
 

Figure S6.3_Spectrum of the laser power used in the O-PTIR measured with the background sample 

(aluminized mylar). 
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Abstract 
 

It is commonly known that the conservation state of works of arts exhibited inside 

museums is strongly influenced by the indoor environmental quality (IEQ). Heritage 

institutions traditionally record and evaluate their IEQ by monitoring temperature, 

relative humidity, and -more rarely- light. However, smart use of technology enables 

monitoring other parameters that give a more complete insight in environmental ‘air 

aggressiveness’. One of this parameters is particulate matter (PM) and especially its 

concentration, size distribution and chemical composition.  

 

In this chapter, a selection of data sets are presented which were obtained in a 

measuring campaign performed in the War Heritage Institute in Brussels, Belgium. A 

continuous monitoring of PM concentration with a light scattering based particle 

counter was performed. In addition the daily mass concentration and size distribution of 

airborne PM was monitored by means of Harvard impactors. The chemical composition 

of sampled PM was inferred from the results of XRF and IC analysis. The insights from 

these datasets are combined with the results of traditional environmental monitoring 

(temperature, relative humidity and light intensity), and assessed against the 

recommended guidelines for conservation environments. By using an integrated 

approach based on the calculation of an IEQ-index, a straightforward methodology is 

introduced to evaluate and visualize the IEQ including also continuous PM monitoring. It 

is clear from the results of this study how including PM in IEQ analysis allows to identify 

potential risks for museum collections that remain invisible when only traditional 

parameters are considered.  
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7.1 Introduction 
 

In order to protect and conserve the relics of human history, it is important to address 

the environmental factors that may cause damage to museum collections and cultural 

heritage in general. Consequently, continuous indoor environmental quality (IEQ) 

measurements are a prerequisite to evaluate best practices in an exhibition or storage 

environment.  

 

Currently, the continuous evaluation of conservation environments is usually based on 

physical parameters only, such as temperature, relative humidity and the intensity of 

visible (Vis) and ultraviolet (UV) light.74,75,391–397 It is generally accepted that these 

parameters pose the largest threat towards hygroscopic and light sensitive objects, 

influencing also the conservation of general collections.398 Several commercial systems 

are available on the market to monitor these physical parameters. However, 

deterioration is also influenced by gaseous pollutants and particulate matter 

(PM).64,79,85,92,93,399 A large number of studies taking into account the average levels of 

these pollutants in conservation environments has been published through the 

years.77,91,99,215,400–407 However, only in few cases a continuous monitoring was 

performed.408–411 This can be explained for gaseous pollutants by the lack of suitable 

sensors for a continuous and sensitive monitoring. The commercially available sensors 

for common pollutants such as O3, NO2, SO2, H2S, formaldehyde and acetic acid412–421 are 

usually created for industrial applications and present limit of detections higher than the 

recommended levels in conservation environments.63 On the other hand, PM can rather 

easily be continuously monitored using airborne particle counters based on light 

scattering principles. Both precise and accurate sensors created for clean rooms 

monitoring and inexpensive sensors for home or office applications exist.119,422,423 

However, these systems are not yet employed to their full potential in cultural heritage. 

In this section of this PhD work, a system is presented that enables the continuous 

monitoring of temperature (ºC), relative humidity (%), illuminance of visible light (lux), 

UV light intensity (mW/m2) and PM concentration (number of particles/m3) in a 

simultaneous and synchronous way. Extended measuring campaigns were performed at 

two locations in the former Royal Museum of the Armed Forces and of Military History, 

or shorter Royal Military Museum, in Brussels, Belgium. The Royal Military Museum is 

integrated in the War Heritage Institute (WHI) since May 1st 2017.424 Since the risk 

associated with the presence of airborne PM in conservation environments strongly 

depends on the concentration and aerodynamic dimension of the particles,77,425 but also 
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on their chemical composition,11,64,399 the continuous monitoring is supplemented by an 

in depth chemical analysis of PM. The total mass concentration and chemical 

composition of fine (PM1, PM2.5) and coarse particles (PM10) is analyzed. This qualitative 

and quantitative analysis of PM allows to register sudden changes of the indoor 

environmental quality which are invisible with physical parameters. The available 

guidelines for conservation environments are then used to calculate an IEQ-index426 by 

combining the information of temperature, relative humidity and light exposure with 

that of PM. No univocal guideline has been found in literature prescribing an optimal PM 

concentration for conservation environments expressed in number of particles per unit 

volume. A mass per unit volume threshold is therefore considered and converted into 

number of particles/m3 values on the basis of site-specific empirical correlations. Taking 

into account the extreme variety of objects exposed in the museum, the ASHRAE 

maximum limit for general collection of 10 µg/m3 for PM2.5 is applied.74  

 

This first part of chapter 7 discusses in detail how and why continuous PM data should 

be included in indoor environmental quality studies. The versatile methodology 

discussed can be applied to the monitoring of the environmental quality in different 

types of indoor conservation environment. When the main concern is directed towards 

objects or materials with more specific needs, potentially dangerous conditions can be 

promptly recognized by simply changing the threshold values applied in the calculation 

of the IEQ-index. 

 

 

7.2 Materials and methods 
 

7.2.1 Sampling locations and campaigns 

 

The Royal Military Museum is located in the Parc du Cinquantenaire area in the city 

center of Brussels in Belgium (50°50'29.4"N 4°23'31.6"E). The building dates from the 

end of the 19th century. The collections of the Royal Military Museum, now integral part 

of the War Heritage Institute (WHI), illustrate ten centuries of military history ranging 

from medieval times up until this day. The more than 125,000 objects include amongst 

others uniforms and headgear, edged weapons and firearms but also paintings and 

sculptures, medals and music instruments. The museum building even houses airplanes, 

armored vehicles and artillery. The collections consist of an extremely wide range of 
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materials. The museum occupies five large exhibition galleries covering approximately 

40,000 m2. 

 

First, measurements were performed in one location from April 11 to April 24 in 2016, 

followed by a period in a second place from April 25 to May 9 in 2016. The first location 

is the central storage facility situated underground (further indicated as ‘storage’), the 

second location is the Historic Gallery, situated at the ground level of the Army museum 

and further indicated in the text as ‘gallery’ (Figure 7.1). 

 

 
Figure 7.1_Images of the sampling locations: the ‘Historic Gallery’ and the central alley of the storage 

facility with indication of the sampling unit (white box). 

 

 

The collection stored in the storage is a mixed collection, including paintings, textiles, 

leather, metal, stone and ceramic objects. The measuring equipment was located in the 

central alley of the storage. This space is equipped with a HVAC-system with two 

different types of filters (TL7U600 class F7 and TM9U600 class F9, AL‑KO KOBER SE, 

Germany) to control environmental conditions and PM levels. The storage is located 

above a highway tunnel and indirectly connected to it through a shared emergency exit. 

This connection could negatively affect the IEQ in this environment, potentially causing 

high levels of gaseous pollutants and particulate matter.  

 

The gallery was inaugurated in 1923 and is dedicated to the Belgian army between 1831 

and 1914. It houses a collection consisting of hundreds of oil paintings on canvas, 

uniforms, flags, weapons and musical instruments. The gallery has a large roof with a 

skylight that enables direct sunlight entering (Figure 7.1), causing a severe temperature 

increase on sunny days. In winter period the gallery is heated but no cooling nor humidity 

control are installed. This strongly influences the thermo-hygrometric conditions for the 

collection. The gallery is not equipped with an air filtering system, which also might affect 
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the PM levels. The objects are exhibited on the walls and in oaken display cases 

originating from the early 20th century. This type of display cases has a high air exchange 

rate, allowing infiltration of dust.89,427  

 

The very different environmental conditions in the two locations do not allow to obtain 

an overview of the conservation conditions in the whole museum, but represent an ideal 

context for testing the methodology discussed in this work. The “controlled” 

environment in the storage and the “uncontrolled’ environment in the gallery, in fact, 

ideally represent the two extremes of the possible range of conditions that can be found 

in this conservation environment. 

 

 

7.2.2 Monitoring of environmental parameters (temperature, relative 

humidity, Vis and UV light, CO2) 

 

The monitoring of environmental parameters was performed with a frequency of 15 

minutes during the sampling campaigns. For simplicity, and to underline the difference 

between these monitoring techniques and other PM sampling methods used, this “semi-

continuous” monitoring will be referred to as “continuous” throughout the rest of this 

chapter. Well-calibrated, commercial off-the-shelf sensors were connected to a multi-

purpose data logger (DataTaker DT85, Thermo Fischer scientific, Australia).428 Data was 

available online using a 4G network. Temperature, relative humidity and carbon dioxide 

(CO2) were measured with a GMW90 sensor (Vaisala, Finland),429 while the intensity of 

visible and UV light were measured with the sensors SKL310430 and SKU421431 (Skye 

Instruments, UK). For the light sensors, the orientation and distance from the light 

source have a substantial impact on the intensity. The sensors were placed in a vertical 

position to simulate vertically stored objects (e.g., paintings). To monitor the real light 

exposure, the sensors should be placed next to the object of interest. The monitoring 

unit and its sensors were placed on a table at a height of 1.10 m. This corresponds with 

the average height of the lower edge of exhibited paintings.432 
 

 

7.2.3 Sampling and analysis of particulate matter 

 

PM was monitored with a frequency of 15 minutes by means of a Lighthouse Handheld 

3016-IAQ continuous air particle counter (Lighthouse Worldwide Solutions, USA).433 This 
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device is designed to respect the ISO 21501-4 directives in terms of accuracy and 

precision for the measurement of size and concentration of particles suspended in air. 

Particles in the range of 0.3 µm – 10 µm are resolved into 6 particle size channels. Black 

carbon was continuously monitored using a Portable Aethalometer® Model AE42 

(Magee Scientific Corporation, USA).434 The concentration is deduced from the 

absorption of an 880 nm light bundle, black carbon being the only aerosol component 

that significantly absorbs at this wavelength.  

 

The monitoring campaign was supplemented by an in-depth analysis of PM mass. 

Different fractions of particulate matter (PM1, PM2.5, PM10) were sampled with 3 

different Harvard-type impactors (MS&T area sampler, Air Diagnostics and Engineering 

Inc., USA).116 PM2.5 and PM10 were collected on mixed cellulose ester filters (SKC MCE 

0.45 µm 225-1914, SKC Limited, UK), PM1 on Teflon membrane filters (Pall 7227 TK15-

G3M 37MM, Pallflex® Air Monitoring Filters, PALL Life Sciences, USA). All the fractions of 

PM were sampled for 24 hours, for the period of two consecutive weeks during each 

sampling campaign. The pumping units connected to Harvard impactors worked with the 

flow rate of 10 L/min for PM2.5 and PM10 and with the flow rate of 23 L/min for PM1. 

Changes in the average flowrate were monitored by means of a rotameter model P 

equipped with a 044-14-N tube (Aalborg Instruments & Controls, USA). Outliers based 

on the flowrate were identified with the interquartile range method and excluded from 

further considerations. The filters were weighed before and after sampling to obtain the 

mass of collected matter and calculate PM concentrations in µg per unit volume of 

sampled air. The gravimetric analysis was performed on an analytical microbalance MT5 

(Mettler, USA) with capacity: 5.1 g, readability: 0.001 mg, repeatability: 0.0008 mg and 

linearity: 0.004 mg. 

 

The elemental composition of the different fractions of PM was determined using a 

energy-dispersive X-ray fluorescence spectrometer (EDXRF-Epsilon 5, PANalytical, The 

Netherlands), equipped with a Gd X-ray tube (600W, 100 kV and 24 mA). Three different 

sets of settings were used to cover the entire range of elements of interest. Na, Mg, Al, 

Si, P, S, Cl, K and Ca concentrations were determined by using a Ti secondary target with 

an operating voltage, current and measuring time of respectively 25 kV, 24 mA and 500 

s. Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn and Ba concentrations were determined using  a Ge 

secondary target ( 75 kV; 8 mA; 1500 s). Finally a Mo secondary target (100 kV; 6 mA; 

1500 s) was used to determine the As, Se, Br, Sr, Zr and Pb concentrations. Then, the 

water-soluble fraction was ultrasonically leached in 8 mL of Milli-Q water allowing a 

quantitative analysis of positive and negative ions by means of ion chromatography 
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(Metrohm 883 basic IC plus, Switzerland). Metrosep C 6 -150/4.0 column was used for 

the analysis of cations, Metrosep Asupp5 – 250/4.0 for the analysis of anions. 

 

On the basis of x-ray fluorescence (XRF) and ion chromatography (IC) results the relative 

amounts of soil dust, sea salts, ammonium salts and mineral salts (soluble fraction of soil 

dust) in the different PM fractions was estimated. The method used is described in detail 

by Anaf et al..99 
 

 

7.2.4 Data evaluation  

 

Eventual anomalies and sudden perturbations of single parameters are thoroughly 

investigated in order to identify and interpret situations of potential risk for the museum 

objects. To deepen the understanding on the causes of anomalous behaviors the data 

obtained in the different indoor locations are assessed against the outdoor values for 

the corresponding period. 

 

The assessment of the IEQ is performed using an IEQ-index that combines the 

measurement data of temperature, relative humidity, visible light, UV, and PM2.5 into a 

simpler magnitude representing the degree of air aggressiveness for collections.426 This 

index is calculated based on thresholds already applied and well recognized by the 

cultural heritage conservation community; the ASHRAE standards for ‘Museums, 

Libraries, and Archives’ for temperature, relative humidity, and PM2.5 
74, and the 

Thomson standards for visible light and UV.1 

 

The ASHRAE standards propose a set of five control classes depending on the potential 

risk for a collection under specific thermo-hygrometric conditions (Table 7.1). These 

classes vary from situations with the lowest possible risk for most objects (class AA) to a 

considerably high risk of damage for most of the artefacts (class D). The specific IEQ-

index for temperature and relative humidity is defined by associating each of the 

aforementioned classes to a numerical value in each data point. The index range from 

100 to 0, as it covers the situations from the lowest to the highest risk of degradation or 

damage. Consequently, class AA corresponds to the maximum IEQ-index=100, A to IEQ-

index=80, B to IEQ-index=60, C to IEQ-index=40, and D to IEQ-index=20. Below class D 

(relative humidity larger than 75%) the IEQ-index will reach the minimum value of 0.  
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Table 7.1_Overview of the ASHRAE standards for temperature and relive humidity74 and their 
correspondence to the IEQ-index. 

 
 

ASHRAE Class Temperature Relative Humidity Remarks 

Class AA 

 

IEQ-index=100 

15-25°C 

Short 

fluctuations: 

±2°C. 

Seasonal 

adjustments: 

±5°C 

50% 

Short fluctuations: ± 

5%. No seasonal 

adjustments. 

No risk of mechanical damage to most 

artefacts and paintings. 

Class A 

 

IEQ-

index=80 

As 15-25°C 

Short 

fluctuations: 

±2°C. 

Seasonal 

adjustments: 

+5°C -10°C 

40-60% 

Short fluctuations: ± 

5%. Seasonal 

adjustments: ±10% 

Small risk of mechanical damage to high 

vulnerability artefacts; no mechanical 

risk to most artefacts, paintings, 

photographs, and books. 

A Short fluctuations: ± 

10%. Seasonal 

adjustments: No 

variation. 

Class B 

 

IEQ-index=60 

15-25°C 

Short 

fluctuations: 

±5°C. 

Seasonal 

adjustments: 

±10°C but 

<30°C 

40-60% 

Short fluctuations: ± 

10%. Seasonal 

adjustments: ±10% 

Moderate risk of mechanical damage to 

high-vulnerability artefacts; tiny risk to 

most paintings and photographs and no 

risk to most artefacts and books. 

Class C 

 

IEQ-index=40 

<30°C 25-75% High risk of mechanical damage to high 

vulnerability artefacts; moderate risk to 

most paintings, photographs, and tiny 

risk to most artefacts and books. 

Class D 

 

IEQ-index=20 

 ≤75% High risk of sudden or cumulative 

mechanical damage to most artefacts 

and paintings due to low humidity 

fracture, but high humidity delamination 

and deformations. Mold growth and 

rapid corrosion avoided. 
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The index for light and PM is evaluated based on the maximum allowed thresholds 

available in literature for general collections (not particularly sensible objects). The 

thresholds applied for light are 200 lux for visible light illuminance and 75 µW/lm (=15 

mW/m2) for UV.1 For particulate matter the guideline applied is 10 µg/m3 of PM2.5.74 The 

behavior of the IEQ-index for light and PM differs from the one of temperature and 

relative humidity due to the specific characteristics of these thresholds. Now the values 

equal or below the thresholds are considered acceptable (IEQ-index=100) and those 

above would imply IEQ-index=0; without any gradual transition between the two 

categories. 

 

The general IEQ-index in each data-point is set by the lowest value of the parameter-

specific indexes in that point. For example, a situation where it was measured a 

temperature of 20°C, with a short time fluctuation of ±2°C and seasonal adjustment of 

±5°C, a relative humidity of 50%, short fluctuations of ±5% relative humidity, no seasonal 

adjustment, and UV of 16 mW/m2 would translate in IEQ-index(temperature, relative 

humidity)=100, IEQ-index(UV)=0, and consequently IEQ-index=0.  

 

In order to facilitate the visualization, the evolution of the IEQ-index through time is 

represented by a colour map with a fixed scale of colours. The scale varies from red to 

blue conforming the index varies from 0 to 100. The IEQ-index calculation and graphical 

representation was performed using MATLAB R2017a (The MathWorks, Inc., 2017). 

 

 

 

7.3 Results and discussion  
 

First, a traditional interpretation of the environmental data is presented. The thermo-

hygrometric data and light values recorded in the storage are compared with the gallery. 

Subsequently, a diverse range of PM monitoring techniques are evaluated. Finally, in 

order to investigate the effect of the inclusion of particulate matter in indoor 

environmental quality monitoring, the IEQ-index is calculated for traditional 

environmental parameters both including and not including PM. 
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7.3.1 Environmental parameters (T, RH, Vis and UV light, CO2). 

 

The collected data streams are visualized using graphs (Figure 7.2). The information in 

the graphs is enhanced by adding a coloured zone that denote the acceptable range as 

defined by ASHRAE guidelines74 for temperature and relative humidity and by Thomson1 

for Vis and UV light intensity. ASHRAE classes take into account also short time 

fluctuations, in this case only the absolute limit values for temperature and relative 

humidity for classes As, A and B (from no risk to moderate risk only for high-vulnerability 

artefacts) are represented in the graph. 

 

Figure 7.2a shows the temperature trend at the two selected locations. The temperature 

in the storage is very stable due to the controlled environment, with a minor daily 

difference of ±0.3 °C. The gallery experiences more extreme daily temperature 

differences of ±3.7 °C. Figure 7.2b shows the relative humidity trends in both 

environments. The relative humidity in the storage is more stable compared to the 

gallery. Moreover, the average relative humidity is 47%, close to the 50% average 

recommended by ASHRAE.74 The relative humidity in the gallery on the other hand drops 

below 40% with an average of 30%, close to the lowest limit (25%) of ASHRAE class C 

(high risk for sensible objects and moderate to tiny risk for all other hygroscopic 

artefacts).74 The presence of daily fluctuations of ±8% also increases the risk of damage 

towards high vulnerability artefacts.74 The stabilizing effect of the HVAC in the storage is 

clearly visible in the temperature and relative humidity gradient in contrast to the 

uncontrolled environment in the gallery. 

 

Figure 7.2c and d show the light evolution of Vis and UV respectively. In the storage, 

visible light is originating from artificial lights with an intensity of 450 lux when switched 

on, zero when switched off. This light source emits 14.8 mW/m2 UV on average. The 

artificial light level, significantly higher than the maximum suggested threshold value of 

200 lux, leads to the exposure of the collection to potentially endangering conditions on 

a daily basis. UV levels are extremely close to the threshold. Even though these values 

are not strictly exceeding the recommended limit in this case, it is anyway important to 

remember that it is advised to keep UV radiation as low as possible.1 A further risk for 

the stored objects comes from the fact that lights in the storage remain switched on for 

long periods also during the night. This depends on security reasons connected to an 

increased terror threat after the 2016 Brussels bombings, unfortunately causing the 

unnecessary exposure of the objects to potentially dangerous levels of light. However, 

by simply changing the type of lamps installed, this danger can be easily averted. In the 
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gallery high values for illuminance and UV are reached during day time, with peaks above 

the suggested thresholds on a daily basis. An increase in the maximum Vis light is 

observed after 3/05, from an average of 514 lux to an average of 1039 lux. Temperature 

also presents a growing trend in the same days, from an average maximum of 21 ºC 

(before 3/05) to an average maximum of 28 ºC (after 3/05). The higher temperatures 

observed when more light is entering the building from the windows underlines the 

central role played by direct sunlight on the indoor environmental quality. 

 

To get an idea about human activity in the indoor environment, the CO2 level was 

monitored (Figure 7.2e). In the storage, the CO2 average level rises during weekdays but 

significantly decreases in the weekends (highlighted days in Figure 2). On the contrary, 

in the gallery the CO2 level variation is more irregular and no clear distinctions are 

present between weekdays and weekends. This depends on the presence of visitors in 

the museum also in the weekends, but also on the variation of outdoor levels of the gas. 

As an example, on May 1st the level of CO2 is extremely low compared to the previous 

days in the gallery, while on May 2nd an absolute maximum is observed. On both days 

the museum was closed to visitors, but on May 1st the outdoor level of CO2 is around the 

average for the period of analysis, while on May 2nd one of the highest values for whole 

2016 was registered in the surroundings of the museum (data from IRCELINE, monitoring 

stations 41WOL1 and 41002).435 The rate at which the CO2 level decreases when people 

are not present in the environment is linked to the air exchange rate between indoor 

and outdoor.436 The drop in concentration observed every night in the gallery appears to 

be much faster than the slow decrease registered in the storage, leading to the 

conclusion that the air exchange rate in the former is higher than in the latter. To our 

knowledge a threshold for CO2 levels in generic collections is still not defined, the 

concentrations observed in both environments remain anyway well below the threshold 

for humans of 1000 ppm.74 
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Figure 7.2_Physical parameters continuous monitoring in storage and gallery: a) temperature, b) relative 
humidity, c) Vis light illuminance and d) UV light intensity, e) CO2 concentration. Grey areas represent the 

suggested range for general collections. 
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According to the guidelines for the traditionally monitored parameters, the storage is on 

average better suited for preserving general collections compared to the gallery, 

strongly influenced by the outdoor environment. In general, the variations observed are 

mainly connected to day/night cycles, without allowing to clearly identify specific events.  

 

 

7.3.2 Average amounts of airborne particulate matter 

 

The deposition of particulate matter on cultural heritage materials has been proven to 

represent a concrete risk for their conservation.64,85,92,399 PM transport and deposition 

mechanisms are strictly linked to concentration and aerodynamic dimension of the 

particles, practically deciding the fate of the suspended matter.77,425 The threats 

associated with the presence of airborne PM in conservation environments therefore 

strongly depend on these factors.64 

 

Daily measurements of particulate matter over a period of two weeks were performed 

in storage and gallery via traditional Harvard impactors. Figure 7.3 shows the average 

concentrations of PM1, PM2.5, and PM10 for both locations. The average PM values in the 

storage are lower compared to the gallery. As it is clear from Figure 7.3, the PM 

concentration in the gallery reaches the outdoor levels of the corresponding PM fraction, 

confirming the close interaction with the outdoor environment. Also the average particle 

size distribution in the gallery matches the one outside, with similar percentages of PM10-

2.5 (31%, 39%), PM2.5-1 (36%, 31%) and PM1 (33%, 30%) in the total PM10 mass. The storage 

room is more protected from the outdoor environment, filtering particles and especially 

the coarse fraction. On average, in fact, PM10-2.5 represents only 7% of the total PM10 

mass in the storage, while PM2.5-1 and PM1 respectively represent 56% and 37%. The 

HVAC system installed in the storage is responsible both for the general lower PM 

content and for the different size distribution observed in this room. A very similar 

situation to the one registered in this HVAC controlled environment is observed by 

Ligocki et al.91 in three different museums where filtering HVAC systems are installed. 

Also in this case very similar concentrations of PM2.5 and PM10 are observed, showing the 

strong influence of air filtering systems in terms of coarse fraction reduction. 
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Figure 7.3_Daily average of a) PM1, b) PM2.5 and c) PM10 measurements in storage and gallery. The grey 
area represents the ASHRAE suggested maximum concentration for PM2.5 in general collections.74 N/A= 

data not available (flow rate outliers). 

 

 

Indoor to outdoor ratios (I/O) of mass concentrations of PM1, PM2.5 and PM10 were 

calculated for both locations (Figure 7.4). In the storage, the values observed are 

significantly lower than unity, except for some higher I/O values for fine PM at specific 

days. On the other hand, in the gallery the values for I/O ratios are closer to unity, 

indicating a high natural ventilation rate. This behavior appears very similar to the one 

observed by Ligocki et al.,91 with close to unity I/O ratios in two historical buildings not 

equipped with PM filtration systems (Sepulveda House and Southwest Museum, Los 

Angeles) and significantly lower values in HVAC-equipped museums (J. Paul Getty 

Museum, Malibu; Norton Simon Museum, Pasadena; Huntington Library, San Marino). 

This difference between storage and gallery underlines the close contact between the 
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latter and the outdoor environment, causing the variability in PM values to depend 

mainly on factors such as wind speed, wind direction and road traffic outside the 

museum. On the contrary, given the higher average level of protection from the outdoor 

environment observed in the storage, the presence of peaks can be attributed to indoor 

human activities. In detail, some extreme sudden variations from a quite constant trend 

are present on April 18, 19 and 22. Indoor, the temperature and relative humidity are 

mildly disturbed on those days and the CO2 levels are slightly higher compared to the 

other days, evidence that suggests the presence of people in the storage. During this 

week the floor of the storage was treated with a sealant and a number of objects were 

moved. These activities might have caused the increase in fine PM, exposing the 

collection to a potential threat undetectable by monitoring only conventional 

parameters. The monitoring of PM therefore constitutes an important tool for the 

assessment of the real risk level the stored objects are exposed to. 

 

 
 

Figure 7.4_Indoor/outdoor (I/O) ratios for PM1, PM2.5 and PM10 concentration in storage and gallery. 
N/A=data not available (flow rate outliers). 

 

 

7.3.3 Average chemical composition of particulate matter. 

 

The potential risk associated with airborne particulate strongly depends also on the 

chemical composition of the deposited material.11,64,72,77,85,259,399 In particular, the 

presence of airborne soil dust and black carbon has been linked to the soiling of works 

of art. The deposition of these particles on the surface of museum objects can lead to 
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the building up of dark deposits, which are difficult, expensive and often even impossible 

to remove safely.64,77,85 Other types of inorganic particles, such as ammonium salts, sea 

salts and Fe-rich particles, can also pose a chemical hazard to specific materials.11,72,259,399 

In this section the reconstruction of the abundances of different particle types in 

different PM fractions is introduced. 

 

First, the abundances of soil dust, sea salts, ammonium salts and mineral salts (soluble 

fraction of soil dust) in the different locations are calculated. The daily average results of 

the analysis of black carbon are also included in the chemical reconstruction of PM mass. 

Since in general both primary and secondary soot particles fall into the submicron size 

fraction,437,438 all the observed black carbon is considered to be part of PM1. Black carbon 

was not analyzed in the outdoor environment, therefore IRCELINE values (monitoring 

station 41R001)439 are used in order to allow a comparison. Considering the difference 

in position between museum and monitoring station these values are only an 

approximation of the real values.112 

 

The total inorganic and black carbon mass obtained from these results represents only a 

limited part of the total PM mass collected. This is due to the presence of organic dust 

and aerosol-associated water.91,99 In the storage, in particular, the unexplained mass 

accounts for over 90% of the total mass on average, with higher values in the fine 

fraction than in the coarse (Table 7.2). The low air exchange rate and the HVAC filtration 

system account for the extremely high content of organic aerosols in this environment.91 

On the other hand, in the gallery the percentage of unknown mass is lower, with a total 

average close to the one observed for the outdoor environment. Also in this case the 

values are higher for the fine fraction than for the coarse fraction. When compared to 

the outdoor results, the amount of unknown mass in the gallery appears slightly higher 

in all fractions. This suggests the presence of indoor sources of organic dust. The 

chemical composition of this fraction in museum environments has been linked before 

to the shedding of particles by visitors and to maintenance operations, such as vacuum 

cleaning and floor waxing.91 In order to have a complete vision of the indoor 

environmental quality in the museum, the nature of this organic fraction should be 

further investigated both in the storage and in the gallery. 

 

The results for the chemical reconstruction of the inorganic fraction of PM10-2.5, PM2.5-1 

and PM1 are presented in Figure 7.5, 7.6 and 7.7. Soil dust and all other species 

considered are present in much lower concentrations in the storage than in the gallery, 

reflecting the trend observed for the total PM amount. The relatively high 
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concentrations of inorganic PM and black carbon in the gallery compared to the storage 

confirms the important influence of the outdoor environment on the IEQ for this room. 

This close relation between the two environments is supported by the distribution of the 

single species in the different fractions. In particular, the fine fraction is mainly 

composed of ammonium salts and black carbon, with small amounts of sea salts in the 

PM2.5-1 fraction in both environments. In the same way, the coarse fraction contains soil 

dust, sea salts and mineral salts mainly. Soil dust is often carried indoor from the outside 

through shoes, in particular when outdoor relative humidity is high, and resuspended by 

human activities.99,440 A significant difference is observed only for the sea salts 

concentration, much lower in the gallery than outdoor. Black carbon concentration is 

also lower indoor, but the different location of museum and IRCELINE monitoring station 

could have influenced these results. 

 
Table 7.2_Percentage of unexplained mass in different PM fractions in storage, gallery and outdoor. 

 

 PM1 PM2.5-1 PM10-2.5 

Storage 96.7±0.9% 99.8±0.1% 93.5±4.5% 

Gallery 71±7% 81±9% 55±20% 

Outdoor 50±11% 68±8% 44±14% 

 
 

On the other hand, in the storage the very small portion of mass identified consists 

mainly of black carbon, ammonium salts and soil dust in the fine fraction and almost 

exclusively of soil dust in the coarse fraction. The relatively high content of soil dust is 

connected to the presence of people in the environment, while the other inorganic 

particles concentrations are efficiently reduced by the HVAC system installed.91 The level 

of soil dust appears to be relatively high compared to the other species also in the fine 

fraction. The absolute concentration in PM1 and PM2.5-1 remains anyway low compared 

to the one observed for the coarse fraction, where soil dust is usually more abundant.437 

The chemical composition of PM observed in the storage confirms the similarity between 

this environment and the HVAC-equipped museums studied by Ligocki et al.91 In both 

cases in fact extremely high percentages of organic matter and an inorganic fraction 

dominated by soil dust were observed. 
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Figure 7.5_Daily composition of the airborne inorganic fraction of PM1. N/A= data not available (flow rate 

outliers). 

 

 

 
Figure 7.6_Daily composition of the airborne inorganic fraction of PM2.5-1. N/A= data not available (flow 

rate outliers). 
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Figure 7.7_Daily composition of the airborne inorganic fraction of PM10-2.5. N/A= data not available (flow 

rate outliers). 

 

 

In order to further explore the origin of the inorganic aerosols observed inside the 

museum, Indoor/Outdoor (I/O) PM ratios are calculated. In Figure 7.8 and 7.9, the 

average daily indoor to outdoor ratios of soil dust, sea salts, ammonium salts and mineral 

salts in PM1, PM2.5 and PM10 are presented. As expected, in the well-insulated and well-

controlled storage the ratios are significantly lower than 1 on average. This value is 

exceeded only in precise events and only for certain species in the fine fraction. In 

particular an ammonium concentration slightly higher than the outdoor level on 18/04 

(I/O=1.2) is observed, together with an important soil dust enrichment on 18 and 19/04 

(I/O=13.5 and 12.8 respectively). This peak of material corresponds to the days in which 

a new floor sealant was applied in the storage, probably causing the resuspension of 

important amounts of particulate matter. The increase registered in the soil dust ratios 

is more drastic than the one for ammonium salts on these days. The very low 

concentration of soil dust in outdoor PM1 accounts for the relative difference observed 

for the two species. It is not clear if the event was caused directly by the sealing 

intervention or if the fine particulate suspension was caused by the movement of the 

stored objects. What is certain is that this perturbation of the preexistent equilibrium 

condition represents a potential risk for the stored objects, emphasizing the importance 

of including PM in the monitoring of indoor environmental quality.  
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Figure 7.8_Indoor/outdoor (I/O) ratios for a) soil dust and b) sea salts in PM10, PM2.5 and PM1. N/A=data 

not available (flow rate outliers). 

 
 



 

246 

 
Figure 7.9_Indoor/outdoor (I/O) ratios for c) ammonium salts and d) mineral salts in PM10, PM2.5 and PM1. 

N/A=data not available (flow rate outliers). 

 

 

In the gallery the situation appears different, with ratios generally closer to 1 for all the 

fractions. In particular, the ratios for the fine fraction tend to be higher than the ratios 

for PM10. This evidence is connected to the fact that PM1 usually infiltrates more 

efficiently than the other fractions through the building shell.77 In detail, soil dust 
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presents ratios on average slightly lower than 1, but significantly higher than 1 on 26/04 

for PM10 and PM2.5 and on 7 and 8/05 for PM1. Sea salts seem to enter less efficiently or 

to be less resuspended in the exhibition environment than soil dust, presenting lower 

I/O ratios especially for PM10. The introduction of soil dust through the shoes of visitors 

accounts for this difference in behavior.99 A single higher ratio can be noticed on 7/05 

only for PM1. Ammonium salts present a similar behavior to the one observed for soil 

dust. The ratios in the gallery are in general smaller than 1 while one single enrichment 

is present on 26/04 for PM1. Mineral salts are characterized by generally higher and 

extremely variable ratios; on average lower than 1 for PM1 and PM10 and slightly higher 

for PM2.5. Particularly high mineral salt I/O ratios in the gallery are present on 26/04 for 

PM2.5 and PM10 and on 7/05 for PM1. Generally speaking this situation confirms the 

dominant outdoor influence on the environmental quality of the gallery, with variations 

associated only to single discrete events the causes of which are difficult to identify. 

Knowing the type and dimension of the inorganic particles suspended in the gallery 

during these events can be an important tool for defining the best conservation 

strategies for the objects. 

 

Indoor/Outdoor ratios were calculated also for black carbon (Figure 7.10). The observed 

values remain approximately stable in both locations throughout the whole sampling 

period, with an average ratio of 0.04±0.01 in the storage and 0.31±0.08 in the gallery. 

The low average ratios confirm the absence of indoor sources. As a consequence, the 

closer contact of the gallery with the outside accounts for the 10 times higher ratios 

registered in this environment compared to the storage. Since elemental carbon enters 

the atmosphere mainly through incomplete combustion of fossil fuels and biomass,438 

the black carbon observed inside the museum is mostly produced by outdoor traffic. 

From this point of view, it is interesting to notice how the levels of elemental carbon in 

the storage are relatively low, even though this environment is indirectly connected to a 

highway tunnel. The efficiency of the storage insulation in preventing the contamination 

even from submicron sized outdoor particles is therefore confirmed. The role played by 

the filtration system in this case is probably secondary to the one played by the 

underground location of the storage. The black carbon I/O ratios appear in fact from 2 

to 10 times lower than the ones observed in HVAC-equipped museums by Ligocki et al., 

a difference that cannot be explained by a higher filtration efficiency given the state-of-

the art quality of the systems installed in these museums and the lower efficiency of 

filters in removing submicron particles.91 
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Figure 7.10_Indoor/outdoor (I/O) daily average ratios for black carbon in storage and gallery. 

 

 

7.3.4 Continuous monitoring of PM2.5 

 

The indoor concentration of PM2.5 in terms of number of particles per unit volume was 

continuously determined by means of Lighthouse Handheld 3016-IAQ particle counter. 

Continuous measurements allow to obtain much more detailed information about short-

time PM variations than daily average measurements. This makes it easier to identify 

sudden risks for museum collections as well as to reconstruct the sources of PM 

enrichments. An example is given in Figure 7.11, where the continuous data registered 

with the particle counter are compared to their daily average. Due to a malfunctioning 

during the measurements the data from 21/04 23:15 to 26/04 10:15 are missing. 
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Figure 7.11_Comparison between continuous monitoring and daily averages of PM2.5 with Lighthouse 

Handheld 3016-IAQ particle counter. N/A=data not available 

 

 

Before being able to implement the IEQ-index with continuous PM data, it is necessary 

to convert the PM2.5 threshold value for general collections (µg/m3)74 into an average 

number of particles/m3. For this reason, the daily average of Lighthouse results is 

compared with the mass data from Harvard impactors. Different results were obtained 

for the two different environments, with higher correlation in the storage (r=0.84) than 

in the gallery (r=0.57). In Figure 7.12 the centered daily average concentrations 

(Average=0, Standard deviation=1) for storage and gallery are presented. Because of the 

different correlation obtained, the standardization of the data was performed separately 

for the two sets. The better correlation observed for the storage is clear from the figure. 

This behavior is likely caused by the uncontrolled environmental conditions observed in 

the gallery, closer to an outdoor environment than to an indoor one. The response of 

light scattering based particle counters is a function not only of particle size, but also of 

particle refractive index and shape. In an outdoor-like environment particulate matter 

can present widely differing morphologies and chemical compositions, potentially 

causing changes in both optical properties and density.441 These factors lead to the poor 

correlation between particle counts and mass measurements observed in the gallery. 

For this reason, the calculation of a PM threshold expressed in counts/m3 in this 

environment is not feasible without introducing a substantial uncertainty. This makes it 

impossible to implement the IEQ-index with continuous PM data in a simple and 

accurate way. On the contrary, in the storage the good insulation from the outdoor 
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environment and the HVAC system installed grant a significant stability both from a 

physical and chemical point of view. These conditions produce the good correlation 

observed in this environment, allowing to convert the PM2.5 maximum threshold for 

general collections (10 µg/m3)74 into a site-specific counts/m3 PM limit value. In this 

specific case this mass threshold was chosen, but any threshold value can be selected 

according to the specific needs of the collection considered. 

 

 
Figure 7.12_Comparison between the standardized daily concentrations of PM2.5 obtained by Lighthouse 

particle counter and Harvard impactor. The data from the two locations are standardized separately. 

 

 

The result of the threshold conversion for the storage is 901043±171674 counts/m3. 

Given the significant standard error of regression, to prevent the underestimation of 

possible risks for the collection the greatest lower bound of the range of calculated 

values is considered. In other words, the difference between the average counts/m3 

calculated threshold and the standard error of regression is determined. The resulting 

value of 729369 counts/m3 is then used as final PM2.5 threshold. By applying this 

approximated limit value to the continuous PM2.5 data collected with Lighthouse, it is 

possible to include PM concentrations in the calculation of the IEQ-index. In this way, a 

continuous estimate of the risk associated to indoor PM levels can be taken into account 

when monitoring the environmental quality in an indoor location. The use of continuous 

PM data for the calculation of the IEQ allows to identify short time events and potentially 

dangerous situations for the collection, deepening the understanding of the 

conservation conditions. By using only the daily averages these events may remain 

hidden, in particular in a relatively clean environment such as the storage. 
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Further studies will be necessary to better understand the factors influencing the 

correlation between particle counters response and mass measurements, and 

consequently the range of applicability of this methodology. At this stage, the successive 

step has been to try to simplify and reduce the cost of this approach by substituting the 

expensive Lighthouse device with a low-cost laser particle counter. Different devices 

suggested for home or office applications are commercially available, but their effective 

precision and accuracy are still a matter of debate119,423 and will have to be preventively 

tested. Efforts in this direction are presented in the second part of this chapter. 

 

 

7.3.5 IEQ-index 

 

To visualize the evolution in time of the indoor environmental quality, the IEQ-index 

method426 is applied to the continuous data of the traditional environmental parameters 

and PM. In Figure 7.13 the environmental data are presented in terms of IEQ analysis 

with colour coding. This intuitive representation allows a fast evaluation of the indoor 

environmental quality compared to the selected threshold values. The first two bars in 

Figure 7.13a represent general IEQ indexes for the collection. In order to underline the 

effect of including PM analysis in the study of indoor environmental quality, these 

general indexes are calculated both including and not including particulate matter. In 

these bars, a specific time instant corresponds to the lowest IEQ value in that instant for 

the parameter-specific IEQ components. Therefore, red areas indicate that one or more 

parameters are potentially posing a threat to the objects. The separate bars per 

parameter (Figure 7.13b,c,d,e) allow to identify which parameter should be improved. 

Since the implementation of the index with continuous PM data was not possible in the 

gallery, an average IEQ-index is calculated by including the daily measurement of PM 

mass with Harvard impactors in this location. The inclusion of average values is not ideal 

and leads to a loss of short-term information, but it is sufficient to clearly visualize the 

strong influence of the inclusion of PM on indoor environmental quality evaluation. 

 

Generally speaking, the IEQ analysis highlights the presence of different conservation 

conditions in the two environments. In the gallery, in particular, the important outdoor 

influence causes the IEQ to assume very low values for all the considered parameters. 

This situation exposes the whole collection to a high risk of deterioration and damage. A 

better insulation of the building and the installation of a HVAC system capable of 

controlling temperature, relative humidity and PM infiltration rate would significantly 

improve the conservation conditions. Unfortunately, the dimension of the gallery makes 
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this type of intervention expensive and complicated. The risk associated with 

temperature and illumination can be anyway partially contained by limiting the access 

of direct sunlight (e.g. by covering with reflecting materials the southern facing side of 

the roof). 

 

On the other hand, in the storage low IEQ values are limited to light intensity and single 

PM events. Light sensitive objects should therefore not be stored in this room without 

accurately protecting them by covering and/or without preventively changing the light 

source to a lower intensity LED light. 

 

The inclusion of PM2.5 in the general IEQ index leads to different results for storage and 

gallery. In the storage, in fact, the inclusion of PM data does not cause visible changes. 

However, when considering the single IEQ bar for PM, the presence of potentially 

dangerous peaks of particulate can be observed on the days in which a floor sealant was 

applied in the room. Therefore, this data representation allows the museum personnel 

to easily recognize potential threats and to understand their possible causes. The 

detailed analysis of PM supporting the continuous monitoring and IEQ-index calculation 

allows to estimate more accurately the real risk on the basis of the type of particles 

observed. In this case a specific analysis of the organic fraction of PM would be also 

necessary. The information obtained should anyway lead to the development of safety 

measures to prevent high PM levels when maintenance operations are performed or to 

preventively protect the objects if this is not possible.  

 

On the contrary, in the gallery the inclusion of discrete PM2.5 data in the general IEQ 

index leads to a significant change in the results. The collection appears in fact to be 

under a constant threat when also PM is considered, even in periods in which only short 

events are taking place according to traditional environmental parameters. The 

introduction of this additional information underlines the importance of including PM 

data in IEQ studies. Without considering this parameter the collection would be 

considered safe, even in moments when PM levels could potentially endanger it. 

Nevertheless, the impossibility of implementing continuous PM measurements in the 

IEQ for this location strongly limits the amount of information obtainable with this 

method. The development of a methodology that can be applied even on the monitoring 

of uncontrolled environments is therefore of capital importance for the future.  
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Figure 7.13_Representation of the IEQ-index74 in storage (11/04/2016-21/04/2016) and gallery 

(27/04/2016-7/05/2016) using colour codes (red=higher risk for the collection, blue=lower risk): a) general 
indexes calculated combining all the considered parameters, PM included and excluded; b) temperature (T) 

and relative humidity (RH) combined, c) Vis light illuminance, d) intensity of UV radiation, e) PM2.5 
Lighthouse data (storage) and Harvard impactors data (gallery). 

 

 

7.4 Conclusions 
 

The present study showed how particulate matter is present in conservation 

environments in concentrations that can significantly and suddenly vary with time. The 

presence of sudden events could not be identified by temperature, relative humidity and 

light monitoring, suggesting the presence of many more risks for museum collections 

that remain invisible when only traditional parameters are considered. For this reason, 

it is important to include a continuous monitoring of PM concentration in the evaluation 

of indoor environmental quality. The methodology discussed in this work allows to 

implement PM concentrations in the IEQ-index calculation, easily recognizing potentially 

dangerous conditions for the collections. After recognizing in which periods the 

collection was at risk, one can further analyze the graphs and understand which 

parameters need to be improved. When it comes to PM, the chemical characterization 

of the particulate helps to deeper understand the real risk for the objects and the 
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reasons behind sudden increases in concentration. The implementation of PM in the IEQ 

calculation was not possible in uncontrolled environments, therefore the proposed 

method still needs to be perfected. However, reliable results were obtained when stable 

environmental conditions and a good insulation from the outdoor environment were 

granted (ideal conditions for a conservation environment). In conclusion, these results 

show why and how IEQ calculation methods should be discussed and implemented, not 

only in terms of PM levels. This, in fact, is not the only potentially endangering parameter 

excluded from traditional continuous IEQ monitoring. Also the inclusion of continuous 

data for gaseous pollutants, now hindered by the sensitivity of commercially available 

sensors, could allow to identify further threats to indoor cultural heritage.  
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Abstract 
 

In the first part of this chapter, we demonstrated how relevant the implementation of 

the continuous monitoring of pollutants in IEQ studies can be in order to visualize 

potential conservation hazards. However, some important obstacles remain on the way 

for pollutants continuous monitoring to become a routine operation in conservation 

environments. One of the main limitations to this approach is the high price of well-

calibrated monitoring devices (as opposed to T, RH and light sensors).  

 

Recent technological advancements made possible the development of a growing 

number of small, easy-to-use and low-cost sensors for the monitoring of PM and gaseous 

pollutants in industrial contexts and households. The possibility of characterizing the IEQ 

with high temporal resolution, along with the small size and low cost of those sensors, 

make them extremely appealing for the application in conservation environments. 

However, due to the frequent lack of detailed quantitative specifications, the 

independent field testing of these sensors is an essential prerequisite for the application 

to their full potential.  

 

In this study, five low-cost systems were tested in the context of a 7-months long 

monitoring campaign in the St. Martin’s church in Aalst, Belgium. The performances of 

two low-cost PM sensors (Dylos DC1100-Pro and Shinyei PPD20V) were evaluated by 

comparison with a more expensive and well-calibrated Lighthouse Handheld 3016-IAQ 

particle counter. Preliminary results on the performances of three gas sensors by 

Alphasense (NO2-A43F, OX-A431 and PID-AH2) were also obtained by comparison with 

the weekly data collected by means of Radiello® passive samplers. The differential 

response of the sensors on different climatic conditions and perturbation events was 

investigated. Generally speaking, the low-cost sensors tested showed extremely 

promising results, with advantages and disadvantages that are thoroughly discussed in 

this section of the thesis. The data presented ultimately demonstrate that a critical 

approach towards the choice and use of commercial sensors for gaseous and particulate 

pollutants in cultural heritage applications is fundamental. 
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7.5 Introduction 
 

It is widely acknowledged that the conservation state of works of arts is strongly 

influenced by the quality of their preservation conditions. When it comes to indoor 

cultural heritage, the overall environmental quality is ideally evaluated by considering 

both physical (e.g. temperature, relative humidity, intensity of visible light) and chemical 

parameters (e.g. concentration of gaseous pollutants and airborne particulate matter - 

PM).74,75,92,93,215,394,396–398 While several low-cost and relatively easy-to-use commercial 

systems are commonly used to monitor physical parameters with high-time resolution 

(seconds or minutes), discrete methods (days or weeks of sampling time) are 

traditionally employed for chemical pollutants (i.e. diffusive samplers for gas pollutants, 

impactors for PM sampling).77,215,400–402,405,407 However, by studying only average 

concentrations of pollutants, a large part of the information on short-time variations and 

sudden decreases in the indoor environmental quality (IEQ) are lost (as demonstrated in 

the first part of this chapter). The loss of this information results in knowledge gaps on 

the real risk cultural heritage materials are exposed to, hindering the recognition of the 

hazards causing an inferior IEQ and impeding the deployment of adequate preventive 

conservation measurements. 

 

Small, easy-to-use and low-cost sensors represent the future of IEQ monitoring.442 New 

technologies allow improvements in the development of smaller and more affordable 

sensors for the monitoring of PM and gaseous pollutants.114,115 Even though these 

solutions are usually not appositely designed for the application in museums and 

conservation environments, the small size and low cost make them extremely appealing. 

A large number of these new commercial sensors are continuously being produced and 

often commercialized without providing detailed quantitative specifications (e.g. the 

effect of T, RH, particle size distribution, PM concentration on the performance of the 

sensor) which are fundamental to define the applicability in a specific environment.115 

For this reason, the independent testing of low-cost PM and gas sensors both in 

controlled laboratory conditions and on the field is a crucial step towards the application 

to their full potential.443 A large number of studies tackled this issue in the past few 

years,114,115,119,120,423,443–460 but the questions about the reliability of these sensors for the 

application in different types of environments have only been partially answered.115 

 

This study contributes to the general need for information on the performances of 

commercial sensors for gaseous pollutants and PM, in order to fully understand their 
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advantages and limitations. Given the particular lack of information about low-cost PM 

and gas sensors in historical buildings and conservation environments, we tested two 

optical particle counters (OPC) and three gas sensors during a 7-months long monitoring 

campaign in the St. Martin’s church in Aalst, Belgium. The poor insulation of the historical 

building, together with the carrying out of construction and restoration works both 

inside and outside the church, allowed to test the sensors in a wide range of 

environmental conditions (e.g. high to low values of both temperature and relative 

humidity, dust events, infiltration of outdoor gaseous pollutants). 

 

 

 

7.6 Materials and methods 
 

7.6.1 Experimental design 

 

The field performances of two low-cost PM monitors and three low-cost continuous gas 

sensors were evaluated against reference methods. All the sensors were connected to a 

multi-purpose data logger (DataTaker DT85, Thermo Fischer scientific, USA), together 

with a GMW90 sensor for temperature and relative humidity (Vaisala, Finland). 

Temperature, relative humidity, airborne PM levels (particles/unit volume) and gas 

pollutants concentrations (ppb of NO2, O3, VOCs-volatile organic compounds) were 

measured in phase with a 15-minutes frequency. 

 

The responses of the PM sensors Dylos DC1100-Pro (Dylos Corporation, USA) and Shinyei 

PPD20V (SHINYEI Technology, Japan) were set against the high-time resolution data 

collected with a Lighthouse Handheld 3016-IAQ particle counter (Lighthouse Worldwide 

Solutions, USA). The well-calibrated Lighthouse particle counter is considered as the 

reference device. Due to the saturation of the internal HEPA filter, the reference counter 

had to be switched off and sent back to the producer for maintenance for approximately 

1 month (15/05/2018 – 21/06/2018) during the measuring campaign (12/2017 – 

07/2018). 

 

The preliminary results of the gas sensors NO2-A43F (NO2), OX-A431 (O3) and PID-AH2 

(VOCs) (Alphasense, UK) were compared to the average weekly data collected by means 

of Radiello® passive samplers (Fondazione Salvatore Maugeri, Italy). The Radiello® 

analysis of VOCs focused on seven volatile compounds that can be considered as markers 
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for different VOCs sources inside and outside the church (wooden furniture: α-pinene,461 

acetic and formic acid;63 traffic: toluene;462 polyethylene plastic used for temporary 

protection of the church interior: 2-ethyl-1-hexanol;463 industry: ethanol and 

ethylacetate464). The analysis of gaseous pollutants with Radiello® passive samplers is a 

well-established method and is considered in this study as the reference measurement. 

Given the relatively high cost of these samplers, only a preliminary investigation was 

conducted over a period of 6 weeks (21/12/2017–6/02/2018). 

 

 

7.6.2 PM sensors 

 

All the PM sensors considered are optical particle counters (OPC, Section 1.4.6 of this 

thesis). In general, different sensors employ slightly different technical solutions to 

measure the PM concentration over time. Table 7.3 gives an overview of the technical 

specifications of the particle counters considered.  

 

Most OPC perform a size discrimination of the airborne particles based on their 

scattering properties. In addition, some commercial particle counters allow to obtain 

information on PM mass concentrations (µg/m3). However, although number of particles 

(calculated from light scattering) and PM mass are intuitively related, the nature of this 

relationship is strongly affected by some properties that can vary over time, such as the 

chemical composition, the density, the shape and the optical properties of the 

aerosol.118–121  

 

The Shinyei PPD20V, further referred to as the Shinyei, is a simple low-cost sensor for 

the measurement of PM levels. Only a limited number of recent studies focused on the 

performances of Shinyei particle counters.114,120,444,456–460 Of these studies, most did not 

consider the PPD20V sensor used in the present work (only114,456), but the very similar 

PPD42V.120,444,457–460 All these publications tried to correlate the response of the counters 

with PM mass measurements. In these studies Shinyei PPD20V generally performs 

poorly (good correlation observed only for high concentrations in one out of three 

locations by Johnson et al.456), but no real information on how the counter would 

perform when compared with other particle counting monitors is collected. The only 

different study from this point of view is the one by Prabakar et al.,444 evaluating the 

performances of a Shinyei PPD42V against a Dylos 1100-Pro. A good correlation is 

observed between the daily average of the sensors outputs (R2≈0.81), but no 



 

262 

information on short-time variations and no comparison with a well-calibrated certified 

method is presented. 

 

The Dylos DC1100-Pro, here called the Dylos, is a low-cost sensor designed for the 

monitoring of PM levels in offices and homes. More information is available in literature 

on the performances of Dylos particle counters,119,423,444–451,465 but only few of these 

studies focused on the Dylos DC1100-Pro.119,444 As for the Shinyei, most of the published 

works compare the output of the counters with PM2.5 mass concentration results from 

reference methods. The work by Prabakar et al.444 is one of the few studies considering 

the direct response of this counter, but here, as previously mentioned, Dylos is used as 

a reference to evaluate the performances of a second monitor. In another study by 

Manikonda et al.,119 the number of particles detected by Dylos is compared both with 

mass measurements and with reference particle number concentrations in controlled 

laboratory conditions. In this last study, different correlations are observed depending 

on the type of particles considered (R2 from 0.67 to 0.99). To the authors’ best 

knowledge, no field study on the comparison between the direct output of Dylos 1100-

pro and a reference particle counter has been performed. In literature, Dylos particle 

counters are often used to obtain information on the mass concentration of airborne 

PM. In this study, the algorithm described in the context of the project “Air Quality 

Sensor Network for Philadelphia” of Drexel University466 was applied for the conversion 

of particle counts into mass data. A more detailed description is given in the supporting 

information (Section 7.10.1). 

 

The more expensive Lighthouse Handheld 3016-IAQ air particle counter (further 

indicated as the Lighthouse) was used as a reference. This monitor is designed to respect 

the ISO 21501-4 directives in terms of accuracy and precision for the measurement of 

size and concentration of particles suspended in air. Many examples of the application 

of this OPC in various indoor environments are available in literature.422,467–477 In 

addition, the Lighthouse instrument calculates PM2.5 concentration in μg/m3 as a direct 

mass output during the measurement. More information on the formula employed by 

the instrument for the conversion is given in the supporting information (Section 7.10.2). 

The direct mass concentration output of Lighthouse was used as a reference in the 

comparison with the Dylos mass data. 
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Table 7.3_Overview of the specifications of the three OPC used in this study, as found in the technical 

sheets of the devices. 

 

Specifics Shinyei PPD20V Dylos DC1100-Pro 
Lighthouse Handheld 

3016-IAQ 

Price c. $120 c. $600 c. $4500 

Dimension 8x6x2 cm 18x11x8 cm 22x13x6 cm 

Light source 
Infrared light-emitting 

diode 
Red laser diode (650 nm) Red laser diode 

Internal optics Plastic focusing lens None Multiple collection optics 

Detector 
Photo-diode. 

c. 45° from light source 
Photo-diode. 

90° from light source 
Photo-diode. 

Non-specified position 

Air sampling 
Convective 

(small 0.25 W resistor) 

Mechanical 
(low pressure computer 

fan) 

Mechanical 
(Vacuum pump) 

Level of sound None Fan makes some noise Pump makes noise 

Size 
discrimination 

c. >1 µm 
>0.5 µm (Fine channel) 

>2.5 µm (Coarse channel) 
>0.3 µm, >0.5 µm, >1 µm, 
>2.5 µm, >5 µm, >10 µm 

Counting 
accuracy 

Not specified Not specified 
50% >0.3 µm 

100% >0.45 µm 
Maximum PM 
concentration 

3.0*107 particles/m3 Not specified 1.4*108 particles/m3 

Output 
Analog voltage (c. 

#particles/unit volume) 
#particles/0.01ft3 #particles/m3 

Direct PM mass 
output 

No No Yes 

 

 

 

7.6.3 Gas sensors and Radiello® passive samplers 

 

The NO2-A43F NO2 sensor and OX-A431 O3 sensor by Alphasense (Table 7.4) are both 

electrochemical sensors based on a 4-electrode cell. Detailed information on the 

working principle of these sensors can be found on Alphasense website.478 Alphasense 

provides several formulas to calculate the gas concentration from the measured signals 

(voltages), leading to significantly different results and creating an overall confusion. This 

problem is addressed more in detail in the supporting information (Section 7.10.3), 

where more information on how the gas concentrations were calculated from the 

voltage outputs can be found as well. Only few recent articles studied the response of 

these sensors114,443,479–484 and to our knowledge no test in a historical building was 

performed. In general, the correlation observed between these sensors and reference 
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methods appears to be extremely variable. In addition, the response seems to be 

affected by cross-sensitivity problems and by a certain influence of relative humidity.443 
 

 

Table 7.4_Overview of the specifications of the three gas sensors considered in this study, as found in the 

technical sheets of the devices. 
 

Specifics NO2-A43F OX-A431 PID-AH2 

Price c. $ 150 c. $ 150 c. $ 400 

Dimension 2 cm Ø x 2 cm 2 cm Ø x 2 cm 2 cm Ø x 2 cm 

Type of sensor Electrochemical Electrochemical PID (UV lamp = 10.6 eV) 

Analyte NO2 NO2+O3 VOCs (non-selective) 

Cross-
sensitivity 

NO (strong +), H2S (weak -
), SO2 (weak +) 

NO (strong +), H2S (weak -
), SO2 (weak -) 

Non specified 

LOD Non specified Non specified 1 ppb isobutylene 

Linearity range 0 - 20 ppm 0 - 20 ppm 
1 ppb - 50 ppm 

isobutylene 

Output 
ppb (calculated from 

voltage) 
ppb (calculated from 

voltage) 
voltage (α total VOCs) 

Level of sound None None None 

 

 

The PID-AH2 sensor measures all volatile organic compounds (VOCs) in air by 

photoionisation detection (PID). Detailed information on the working principle of this 

sensor can be found on Alphasense website.478 No information could be found in 

literature on the application of this specific sensor for the monitoring of VOCs levels in 

indoor environments. Only the older model of this sensor (PID-AH), found recent 

application both as a detector for gas chromatography485,486 as well as in the 

environmental monitoring of specific compounds.487,488 However, the performances of 

the sensor have not been discussed in detail yet. 

 

As a reference, O3, NO2 and VOCs environmental concentrations were determined by 

means of Radiello® diffusive samplers (Fondazione Salvatore Maugeri, Italy). This 

sampling method is widely tested, commonly used  and trusted for the quantification of 

gaseous pollutants both in indoor and outdoor environments (here reported some 

review articles and recent studies,489–494 more can be found on Radiello website117). 
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These passive samplers allow an easy and noiseless sampling but are relatively expensive 

and require an extended sampling period. More information on the working principle of 

the diffusion tubes and on the experimental procedures employed for the quantification 

of the different analytes is reported in the supporting information (Section 7.10.4). 

 

 

7.6.4 Study location  

 

The results discussed below were collected over a period of approximately seven months 

(December 2017-July 2018) in the St. Martin’s church in Aalst, Belgium. The multi-sensor 

tool, together with all other devices and samplers previously described, were located at 

the organ loft at a height of around 7 meters (Figure 7.14b).  

 

The St. Martin’s church, prime example of late Brabant Gothic style, was built over a 

period of 180 years from 1480 onwards. This extremely voluminous building hosts a large 

and diverse collection of work of arts by Flemish painters and sculptors, including “The 

Pestlijders” by Peter Paul Rubens. The church is located in the very city center of the city 

of Aalst (50°56'16"N 4°02'28"E), a small center (80.000 inhabitants) less than 30 

kilometers north-west of Brussels. Therefore, the location is a typical urban 

environment, with the possible additional influence of industrial sites located in the 

immediate proximity (Tereos Starch & Sweeteners: wheat starch plant, Combined Heat 

Power plant and bioethanol facility) (Figure 7.14a). 

 

 
 

Figure 7.14_a) Satellite image of the city center of Aalst, Belgium. The St. Martin’s church is indicated by 

the yellow circle and the industrial production site of Tereos Starch & Sweeteners by the red area. b) 

Monitoring unit and sampling location. 
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In this type of environment, several outdoor and indoor pollution sources can exist that 

might affect the overall IEQ. Given the presence of large and non-well-insulated doors in 

the building, PM (both fine and coarse) and gases directly or indirectly produced by the 

outdoor traffic, household heating or industry may easily enter the building.77,78,464,465 

Indoor PM sources, such as the presence of visitors (coarse fraction) and the burning of 

candles (fine fraction), have been found to have a significant influence on the indoor 

environmental quality of churches,465,495 and will likely be relevant also in this case. In 

addition, the church underwent a series of building and restoration works during the 

sampling campaign that might have significantly affected the IEQ. Such extreme events 

during the sampling campaign allowed the authors to test their sensors in a wide range 

of environmental conditions. 

 

 
 

7.7 Results and discussion for the PM sensors 
 

7.7.1 Concentration time series 

 

A first comparison of the raw data of the three different particle counters showed clearly 

non-random distributions and similar concentration trends. As illustrated in Figure 7.15, 

a time shift between Dylos and the other two sensors was observed, as well as a clear 

loss of sensitivity for the Lighthouse particle counter over time. 

 

 
 

Figure 7.15_Concentration time-series data for the three particle counters (smaller channel for Lighthouse 

and Dylos) over three periods of approximately one month each: at the beginning of the campaign, 

immediately before changing the internal HEPA filter of Lighthouse and immediately after that. 
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With regards to the time shift, the Dylos counter showed an average delay of 6 hours 

and 45 minutes (± 45 minutes) compared to both Lighthouse and Shinyei. Of the two 

previous works considering Dylos DC1100-Pro, Prabakar et al.444 studied only daily 

averages of the data, potentially not being able to notice short time shifts, while 

Manikonda et al.119 considered higher time resolutions but still did not observe any 

delay. No clear correlation could be observed between the magnitude of the irregular 

delay and other parameters such as time, temperature, relative humidity and absolute 

PM concentration (│r│<0.3, Table S7.5). No clear explanation can therefore be found for 

the presence of this delay. In order to allow the comparison of the concentration values 

registered by the three sensors, the average time shift of Dylos was corrected (i.e. the 

data was shifted backwards of 6 h and 45 min). 

 

On the other hand, the loss of sensitivity of Lighthouse showed an exponential 

dependency from time. The decrease in the signal observed is a consequence of the 

instrumental design of the monitor. The internal HEPA filter, in fact, gets slowly 

saturated after a sampling time in an environment characterized by intense dust events 

(such as the church during restoration works). A correction for the sensitivity loss was 

performed during the data analysis. More details are given in the supporting information 

(section 7.10.6). 

 

 

7.7.2 Accuracy fine fraction 

 

The accuracy of the tested low-cost sensors was evaluated by direct comparison with 

the PM reference data (Lighthouse corrected for the sensitivity drift). In the first place, 

the particle number concentrations registered by Shinyei and Dylos (fine channel) were 

set against the results for the reference Lighthouse>0.5 µm channel. Then the relative 

error (RERR) was calculated according to Equation 7.1, and the correlation between its 

magnitude and parameters such as temperature, relative humidity and absolute PM 

levels was investigated in order to verify the possible influence of environmental 

parameters on the differential response between sensors. 

 

𝑅𝐸𝑅𝑅 =
𝑃𝑀𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑃𝑀𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑃𝑀𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
                                             (7.1) 
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Where  𝑅𝐸𝑅𝑅 is the relative error at a specific time t, 𝑃𝑀𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the PM 

concentration registered by the low-cost counter considered at the time t and 

𝑃𝑀𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is the concentration registered by Lighthouse at the time t. 

 

In the scatter plots in Figure 7.16 it clearly appears how a generally good correlation 

between the instrumental responses can be observed. The main difference between the 

two low-cost sensors lies in the nature of this correlation. Dylos, in fact, presents a linear 

correlation with the Lighthouse data, with an angular coefficient relatively close to the 

unity. The average ratio Dylos/Lighthouse=0.71±0.26 reflects the high similarity between 

the results of the two particle counters. 

 

 
 

Figure 7.16_Comparison between the concentration data measured by the tested sensors and the 

reference PM data (Lighthouse>0.5 µm corrected for the sensitivity drift): a) Lighthouse VS Dylos>0.5 µm, 

linear fit; b) Lighthouse VS Shinyei, exponential fit; in red Lighthouse below 5.0*107 particles/m3 VS Shinyei, 

linear fit. 

 

 

On the contrary, Shinyei data show a clear deviation from linearity at high PM 

concentrations (the best fit for the experimental data is a logarithmic function). The 

direct link between the underestimation of the PM levels by Shinyei and the absolute 

PM concentration in the environment is confirmed by the relatively high negative 

correlation coefficient observed between RERR and the PM reference (Table 7.5). The 

tendency of Shinyei to systematically underestimate the real concentration for high PM 

levels is the consequence of a saturation of the counter, meaning that most of the 

particles present are not converted into a visible signal above a certain PM 

concentration. This drawback of the instrumental design is mentioned by the 

manufacturer itself, indicating a nominal upper limit of the linearity range of 3.0*107 

particles/m3.496 The response plateau showed by Shinyei is located at approximately 700 

counts/m3, corresponding to a PM concentration of ≈4.0/5.0*107 particles/m3 
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(Lighthouse reference data) and being therefore in good agreement with the nominal 

limit mentioned by the manufacturer. Up to this concentration, the Shinyei shows a good 

linear correlation with the reference data (Figure 7.16b). 

 
Table 7.5_Correlation between the relative error (RERR) of Shinyei (set against Lighthouse reference 

data>0.5 µm) and time, temperature (T), relative humidity (RH), size distribution (fraction of PM larger 

than 1, 2.5, 5 and 10 µm) and total concentration of PM > 0.5 µm. 

 

SHINYEI Time T 
Lighthouse  

0.5-1/0.5 

Lighthouse  

0.5-2.5/0.5 

Pearson’s r 0.01 0.02 -0.16 -0.10 

p value 0.03 0.03 0.00 0.00 

     

 
RH Lighthouse>0.5 

Lighthouse  

0.5-5/0.5 

Lighthouse  

0.5-10/0.5 

Pearson’s r -0.01 -0.71 0.05 0.05 

p value 0.24 0.00 0.00 0.00 

 

 

The absence of a correlation between the relative error of Shinyei and the registered 

temperature is particularly interesting. The convective flow that the low-cost counter 

exploit to draw particles into the scattering chamber, in fact, is supposed to be 

influenced by the ambient temperature, being dependent on the temperature gradient. 

Most likely, the temperature changes observed in the church (6-28˚C) are not extreme 

enough to cause a visible effect. A similar behavior is reported by Holstius et al.,457 who 

found no temperature effect on the experimental output of a Shinyei PPD42V (same 

sampling mechanism as the PPD20V) during mild temperature changes (20-30˚C). Only 

in more extreme temperature conditions (Min=-3.5˚C), a temperature dependency was 

observed for this particle counter by Gao et al..459 

 

In terms of absolute response, the values registered by Shinyei are much lower than the 

reference values (Average Shinyei/Lighthouse=2.1*10-5±0.7*10-5). The huge difference 

in sensitivity is related to the fact that the low-cost counter gives a response in terms of 

analog voltage changes and not directly in terms of number of particles per cubic meter. 

According to the manufacturer the two properties are directly proportional (and the 

experimental data seem to confirm this suggestion), but the proportionality coefficient 

is not further expressed. The low response of Shinyei is therefore probably related to the 
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presence of a low proportionality coefficient linking the registered changes in voltage 

and the number of airborne particles. 

 

For Dylos, on the other hand, only a limited correlation was observed between the RERR 

and the absolute PM concentration (Table 7.6). The absence of a clear significant 

correlation of the error with all the considered parameters does not allow to identify 

one specific mechanism. In general, the different design and components of the 

instruments can be considered responsible for the slightly different behavior. The 

presence of an irregular time shift between the two counters likely plays a role in the 

loss of correlation as well. It is anyway interesting to notice how changes in the size 

distribution of the airborne particulate matter do not seem to affect the accuracy of the 

response of the counters.  

 
Table 7.6_Correlation between the relative error (RERR) of Dylos > 0.5 µm (set against Lighthouse reference 

data) and time, temperature (T), relative humidity (RH), size distribution (fraction of PM larger than 1, 2.5, 

5 and 10 µm) and total concentration of PM > 0.5 µm. 

 

DYLOS Time T 
Lighthouse  

0.5-1/0.5 

Lighthouse  

0.5-2.5/0.5 

Pearson’s r 0.33 0.31 -0.22 -0.22 

p value 0.03 0.03 <0.01 <0.01 

     

 
RH Lighthouse>0.5 

Lighthouse  

0.5-5/0.5 

Lighthouse  

0.5-10/0.5 

Pearson’s r 0.06 -0.46 -0.10 -0.08 

p value 0.24 <0.01 <0.01 <0.01 

 

 

 

7.7.3 Accuracy coarse fraction 

 

At this point, in order to test the accuracy of Dylos also in counting coarse particles, the 

data of the >2.5 µm channel of this counter were set against the reference 

Lighthouse>2.5 µm channel. In a similar fashion as for the finer particles channel, the 

relative error was calculated (Equation 7.1) and its dependency on various 

environmental parameters was investigated. 
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The results are extremely similar to the ones previously observed for the fine fraction, 

with a good linear correlation with the Lighthouse reference data and a slope relatively 

close to the unity (Figure 7.17). The average Dylos/Lighthouse ratio=0.72±0.25 is 

extremely similar to the one already observed for the finer size channel (0.71±0.26). The 

performance of Dylos in terms of accuracy is therefore comparable for the two fractions. 

Furthermore, the good correlation observed for both size channels means that the 

scattering-based size discrimination of the low-cost counter is comparable to the one of 

the more expensive Lighthouse. 

 

 
Figure 7.17_ Comparison between Dylos and Lighthouse corrected coarse fraction data (>2.5 µm). In 

evidence the linear best fit. 

 

 

Also in the case of the coarse fraction there seems to be no univocal factor behind the 

deviation from linearity of the counter (Table 7.7). A partial role could be played by time, 

temperature and relative humidity (all factors correlated with each other) but the 

coefficients are too small to truly recognize an interdependency. A certain influence of 

relative humidity on the light scattering properties of the particles could be expected,497 

especially when it comes to hygroscopic species such as coarse salt particles and to 

extreme RH changes like the ones observed in the church (25-90%). If the reference 

counters algorithm actually corrects for changes in the relative humidity (it is not 

mentioned by the producer but the counter has an integrated sensor for T and RH), 

changes in RH could actually justify a loss of correlation.454 However, a correlation factor 

of 0.51 (r2 =0.26) alone is not enough to explain the mechanism behind the discrepancies 

between Dylos and Lighthouse results. 
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Table 7.7_Correlation between the relative error (RERR) of Dylos > 2.5 µm (set against Lighthouse reference 

data) and time, temperature (T), relative humidity (RH), size distribution (fraction of PM larger than 5 and 

10 µm) and total concentration of PM > 2.5 µm.  

 

DYLOS Time T 
Lighthouse  

2.5-5/2.5 

Pearson’s r -0.50 -0.55 0.21 

p value 0.03 0.03 <0.01 

    

 
RH Lighthouse>2.5 

Lighthouse  

2.5-10/2.5 

Pearson’s r 0.51 -0.41 0.16 

p value <0.01 <0.01 <0.01 

 

 

7.7.4 Mass results comparison 

 

In a similar fashion as previously observed for the particle number concentration results, 

the relative accuracy of the PM mass values obtained with Dylos was evaluated by 

comparison with the Lighthouse’s mass results. In the case of PM mass results, however, 

it is impossible to objectively define which one of the counters is giving the best estimate 

of the real PM2.5 concentration. The Lighthouse instrument, in fact, only respects specific 

regulations concerning particle counting, and not mass measurements. In addition, the 

principle the particle counters are based on is different than the one of the instruments 

measuring the mass of specific PM fractions. The counters, in fact, separate the particles 

into size channels based on their optical properties, and therefore on the basis of an 

“optical” diameter. This property is certainly related to the aerodynamic diameter used 

to define the different PM class of particles, but the two dimensions does not necessarily 

coincide.115,441 

 

In Figure 7.18, the scatter plot of the PM0.5-2.5 mass data is presented. For continuity, a 

“relative error” of Dylos compared to Lighthouse was calculated (Equation 7.1) also in 

this case, but the meaning here is that of a relative difference between values rather 

than a real error against a reference. A certain linear interdependency is present 

between the two datasets, but the correlation appears to be much lower than previously 

observed for the particles number data. Another interesting difference is the module of 

the slope of the linear fit, much lower now than in the previous cases. Even though the 

starting particle number data are extremely similar in terms of both relative and absolute 
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values, the two approaches lead to significantly different PM0.5-2.5 mass results. This type 

of result did not come unexpectedly, given the different starting assumptions made in 

the two cases and the apparent absence of a humidity correction factor in the Lighthouse 

algorithm. However, RH does not seem to play a role in the deviation from linearity 

(Table 7.8). 

 
Figure 7.18_Comparison between Dylos and Lighthouse corrected coarse fraction data (>2.5 µm). In 

evidence the linear best fit. 

 

 

Table 7.8_Correlation between the relative error (RERR) of Dylos PM0.5-2.5 mass results (set against 

Lighthouse PM0.5-2.5 mass data) and time, temperature (T), relative humidity (RH) and total concentration 

of PM0.5-2.5. 

 

DYLOS Time T RH 
Lighthouse  

PM0.5-2.5 

Pearson’s r 0.35 0.35 -0.08 -0.35 

p value <0.01 0.03 <0.01 <0.01 

 

 

In conclusion, the lack of a good correspondence between the mass measurements of 

the two counters constitutes a solid warning on the highly approximate nature of these 

results. In this case, the values measured by Lighthouse appear too high to be accurate. 

The concentrations measured by Dylos are still extremely high, in particular for a 

conservation environment (up to 20-fold the highest suggested ASHRAE threshold for 

general collections74), but surely more realistic. The advertised possibility of using these 

optical particle counters as PM mass monitors might be extremely temping for 

conservators, given the opportunity to directly compare high-time resolution data with 
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literature thresholds (as of today, no PM thresholds for conservation environments 

expressed in terms of particle number concentration has been defined). The new results 

presented here help understanding how different counters and different assumptions 

made in the conversion of particle counts into mass values can lead to completely 

different results, making any interpretation potentially misleading.  

 

 

 

7.8 Preliminary results for the gas sensors 
 

7.8.1 Reference data (Radiello®) 

 

Over the six weeks of analysis relatively low concentrations of gaseous pollutants were 

observed. This is particularly true for O3, where 4 out of 6 total measurements showed 

results below the limit of detection indicated by the manufacturer (2ppb for one week 

of exposure).117 Due to the low concentrations, most of the triplicate analysis (5 out of 

6) presented a relative standard deviation higher than the 7% indicated by the 

manufacturer (between 12 and 25%). The low concentrations are good news from the 

point of view of the conservation of the work of arts present in the church,63 but they 

make the comparison with the continuous sensor extremely difficult and subject to a 

high uncertainty. 

 

NO2 levels, on the other hand, were always higher than the limit of detection indicated 

by the manufacturer (1ppb for one week of exposure)117 but lower than the suggested 

threshold for conservation environments.63 The higher concentrations translated into 

more precise results (relative standard deviation between 6 and 8%), allowing a more 

efficient comparison with the electrochemical sensor. 

 

The analysis of VOCs proved the presence of extremely low concentrations in this 

environment. The only gas considered showing values always higher than the 

experimental LOD was toluene, for all the other six gases only 8 triplicate measurements 

showed meaningful values (1 acetic acid, 1 ethanol, 1 ethyl acetate, 3 α-pinene, 2 2-

ethyl-1-hexanol, none formic acid). The reference concentrations can be found 

summarized in Table S7.6.  
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7.8.2 Sensors response 

 

The concentration time series obtained with the gas sensors tested over the seven 

months of sampling are shown in Figure 7.19. It is immediately clear how the data appear 

very noisy, to the point that for the VOCs sensor PID-AH2 no features can be clearly 

distinguished (a part for an unexplained gradual decrease of the experimental noise in 

March-April). The lack of a clear signal is likely a result of the very low VOCs levels in the 

environment (as demonstrated by the reference measurements).  
 

 
 

Figure 7.19_Concentration time series over the whole sampling campaign for the low-cost gas sensors 

considered. 

 

 

In a different fashion, the NO2 and O3 sensors showed a clearly non-random response, 

which allowed to calculate corresponding concentration values. However, as clearly 

visible in Figure 7.19, negative concentrations were often obtained. This is especially the 

case for the O3 sensor, showing concentration values below zero in over 50% of the 

collected data points (median=-0.2 ppb). The NO2 sensor, on the contrary, returns 
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negative concentrations only less than 2% of the time. The presence of this large amount 

of physically impossible concentration values for O3 is likely a consequence of the 

methodology used to quantify the concentration. The cross sensitivity of the sensor for 

NO2, in fact, makes it necessary to calculate and subtract the contribution of this gas 

from the final signal. This additional data treatment introduces extra uncertainty and, 

potentially, systematic errors affecting the accuracy of the results.  

 

 

7.8.3 Average weekly accuracy 

 

After studying the concentration trends over the whole sampling period, the weekly 

average sensors’ data for a period of 6 weeks were compared with the reference 

Radiello® results in order to obtain preliminary information on the sensors’ accuracy 

(Figure 7.20). The error bars in Figure 7.20 represent the standard deviation of the three 

replicate measurements for Radiello. 

 

 
 

Figure 7.20_ Comparison between the weekly average concentrations of NO2 (a) and O3 (b) registered by 

Alphasense and Radiello. 
 

 

The results for NO2 present a promising linear correlation, with a slope extremely close 

to the unity (Figure 7.20a). This indicates a good average accuracy for the NO2-A43F 

sensor. The O3 sensor, on the contrary, showed a much lower correlation, although the 

slope of the linear best fit remains close to one. The lower correlation between the 

response of the sensor and the reference values is probably a consequence of the lower 

environmental concentration for this gas in the church. This translated into both higher 

uncertainty for the reference measurements and higher noise influence on the sensors 

output. 
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7.9 Conclusions 
 

7.9.1 PM sensors 

 

The two low-cost PM sensors tested in this study showed a generally accurate response 

when compared to a reference particle counter. These positive results translate into a 

great potential for the application of these sensors in the IEQ monitoring of churches 

and historical buildings in general. Since some drawbacks were also observed, it is 

fundamental to be well-aware of the presence of both advantages and disadvantages 

when one specific sensor is selected. Positive and negative characteristics of all the 

sensors considered are summarized in Table 7.9. 

 

In detail, the Dylos DC1100-Pro showed high accuracy and sensitivity in comparison with 

the reference counter for both size channels. The main drawback observed for this 

monitor was the presence of an irregular time delay when compared with Lighthouse. It 

was not possible to identify any clear correlation between the size of the delay and any 

of the experimental properties measured. This could constitute a problem when a high 

time resolution is needed in order to understand the causes behind a specific PM event.  

In general, however, the agreement observed between the two counters in an extremely 

wide concentration range (1.3*106-3.2*108 particles/m3), together with the absence of 

changes in sensitivity over time and in a wide T and RH range, make Dylos a good 

candidate for the monitoring of PM levels in historical buildings even for long periods. 

Pairing a low-cost Shinyei to the Dylos could be sufficient to verify the presence of large 

time shifts in the data, being this second sensor not affected by time delays. 

 

In addition to the absence of time shifts, the Shinyei PPD20V showed no clear negative 

effect of T and RH on the sensor’s response, contrarily to what expected given the 

convective nature of the air stream entering the counter. However, the Shinyei also 

systematically underestimates high environmental PM concentrations. From a practical 

point of view, this could lead to a wrong perception of the real risk artistic objects are 

exposed to, due to an underestimation of the severity of the most intense PM events. 

Furthermore, the sensor’s output is not directly expressed in terms of number of 

particles/m3, making the cross calibration with a well-calibrated monitor necessary to 

obtain information on the absolute PM concentrations. In general, the response of 

Shinyei could be considered reliable for environmental concentrations of particles larger 

than 0.5 µm below 5.0*107 particles/m3. If detecting the presence and the magnitude of 
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intense PM events is the aim of the study, however, relying on Shinyei PPD20V alone 

could lead to significant errors. The use in combination with a second different sensor, 

such as Dylos 1100-pro, could allow to both calibrate the Shinyei and detect deviations 

from a linear response at high concentrations, while at the same time recognizing 

possible time delays in the Dylos’ response. 

 

Even the reference Lighthouse Handheld 3016-IAQ, in any case too expensive to be used 

for routine PM monitoring in historical buildings, showed important limitations for the 

application in this type of environment. When high PM concentrations are present even 

for short periods of time, in fact, the internal HEPA filter tends to get saturated in a 

matter of few weeks. This leads to a decrease in the true sampling rate of the instrument, 

resulting in an underestimation of the PM concentration close to 50% after only 3 weeks 

and reaching 90% approximately 3 months from the starting of the measurement. 

Changing the internal filter allows to restore an ideal response, but any intense PM event 

can trigger again an exponential decrease in sensitivity with time. These results should 

suggest caution in the employment of this monitor for periods longer than 2-3 weeks in 

environments characterized by high-PM events, even short in time (few hours). 

 

In conclusion, the synergic use of Dylos and Shinyei could represent the best solution for 

the monitoring of PM particles number concentration in an historical building potentially 

subject to intense PM events. The combined use of these sensors could in fact allow to 

both calibrate the Shinyei and detect deviations from a linear response at high 

concentrations (with Dylos), while at the same time recognizing possible time delays in 

the Dylos response (with Shinyei). This relatively low-cost solution (≈700$) did not show 

any loss of sensitivity problems over the 7 months of sampling, overcoming even the 

limits of the more expensive Lighthouse unit (≈4500$). Given the positive results 

obtained in this study, it could be now interesting to test these sensors in a “cleaner” 

environment (e.g. a museum with state-of-the-art air filtering systems), pushing the low-

cost sensors towards their limit of detection. Furthermore, even though counters like 

Dylos and Lighthouse allow to obtain direct PM mass data (µg/m3), the large 

experimental difference observed between the counters should be a reminder of how 

highly approximated these results are. Different assumptions about the mass, shape, 

density and optical properties of the measured particles, in fact, lead to significant mass 

differences even when the starting particle number data are similar. Extreme caution 

should therefore be exercised when using PM mass data directly obtained from optical 

particle counters. 
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Table 7.9_Summary of the advantages and disadvantages of the PM sensors considered in this study. The 
information in bold is directly derived from the comparative study. 

 

PM Advantages Disadvantages 

Dylos DC1100-
Pro 

- Low-cost (≈600$) 
- Relatively small (18x11x8 cm) 
- 2 different size channels 
- Can be connected to a data 

logger 
- High sensitivity and accuracy 
- Wide linearity range 
- No obvious influence of T and 

RH on the response 

- Irregular time delay in the 
response 

- Slight underestimation of PM 
concentrations (71%±26% of 
the real value) 

Shinyei PPD20V 

- Low-cost (≈120$) 
- Small (8x6x2 cm) 
- Can be connected to a data 

logger 
- Immediate response (no 

experimental time delay) 
- Linear response to PM for 

low concentrations (up to 
approx. 5.0*107 particles>0.5 
µm/m3) 

- No influence of T and RH on 
the response 

- Approximate cut-off size (<1 
µm) 

- No size discrimination 
- Deviation from linearity at 

high PM concentrations 
(underestimation) 

- Need for a cross-calibration 
with a well calibrated 
monitor to obtain absolute 
PM concentrations 

Lighthouse 
3016-IAQ 

- Relatively small (22x13x6 cm) 
- 6 size channels 
- Accurately calibrated 

according to ISO regulations 
(100% counting efficiency for 
particles >0.45 µm) 

- High-cost (≈4500$) 
- Need to manually save the 

data (3000 memory slots) 
- Sensitivity drift in high PM 

environments 

 

 

7.9.2 Gas sensors 

 

The positive and negative characteristics emerged from the preliminary testing of the 

three low-cost gas sensors are summarized in Table 7.10. The NO2-A43F NO2 sensor by 

Alphasense showed a promising linear response when compared with reference Radiello 

data (R2=0.92, slope=0.84). Given the relatively small amount of data points available, 

further studies should be conducted to confirm these results. The correlation observed, 

together with the relatively low influence of random noise on the instrumental output, 

are nonetheless very positive results regarding the reliability and average weekly 
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accuracy of the Alphasense NO2 sensor. Studies on the accuracy of the data at high time 

resolution will be also a necessary step towards the exploitation of these gas sensors to 

their full potential in conservation environments. 

 
Table 7.10_Summary of the advantages and disadvantages of the methods for the study of gaseous 

pollutants. In bold the information directly derived from this preliminary comparative study. 

 

GASEOUS 
POLLUTANTS 

Advantages Disadvantages 

NO2-A43F 
(NO2) 

- Low-cost (≈150$) 
- Small (2Φx2 cm) 
- Can be connected to a data 

logger  
- Good linear response and 

accuracy with NO2 weekly 
average concentrations 

- Multiple protocols to convert 
sensor response into 
concentration values (might 
introduce errors) 

OX-A431 
(O3) 

- Low-cost (≈150$) 
- Small (2Φx2 cm) 
- Can be connected to a data 

logger 
- Approximately linear 

response even at low O3 
concentrations (weekly 
average) 

- Multiple protocols to convert 
sensor response into 
concentration values (might 
introduce errors) 

- Underestimation of the real 
concentration for low PM 
levels (negative output) 

PID-AH2 
(VOCs) 

- Low-cost (≈400) 
- Small (2Φx2 cm) 
- Can be connected to a data 

logger 

- No visible signal in these 
experimental conditions (low 
environmental VOCs 
concentration) 

RADIELLO® 

- Small tube (8x8x6 cm) 
- Widely tested and employed 
- Accurate and precise 

- Relatively expensive (≈350$ 
for a package of 20) 

- Long sampling time 
(days/weeks) 

- Cartridges must be stored in a 
fridge 

- Labour intensive processing in 
well-equipped lab 

 

 
The low environmental concentrations of O3 caused problems both to the OX-A431 

Alphasense sensor and to the Radiello passive samplers. In the first case a general 

underestimation of the real concentration for low O3 levels was observed, resulting in 

negative concentration values. In the case of Radiello, high levels of standard deviation 
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were observed for most of the data points. This situation resulted into a worse, but still 

promising, linear correlation between sensor’s output and reference concentrations 

(R2=0.60). Since the concentrations observed are below the LOD of the reference 

method, however, more laboratory and field studies need to be performed in order to 

obtain more meaningful data. 

 

The raw output of the PID-AH2 Alphasense sensor for the analysis of total VOCs 

appeared dominated by the presence of random noise. No meaningful signal could be 

isolated. The extremely low environmental concentrations of VOCs in the church are 

likely responsible for this poor performance. In conclusion, despite the promising results, 

much more laboratory and field testing will be necessary before being able to exploit 

these gas sensors to their full potential in cultural heritage applications.  

 

 

 

7.10  Supplementary information 
 

7.10.1 Particle counts to mass conversion (Dylos) 

 

In literature, Dylos particle counters are often used to obtain information on the mass 

concentration of airborne PM through assumptions and approximations. However, the 

manufacturer only presents an approximate conversion chart taped on the back of the 

instrument itself (Table S7.1).  

 
Table S7.1_Chart taped on the back of the Dylos DC1100-Pro: indoor environmental quality (IEQ) based on 

PM levels (for households) and number of particles to mass concentration conversion. 
 

IEQ Number of particles (counts/ft3) PM mass (µg/m3) 

Bad > 7000 > 47 

Mediocre 5000 - 7000 33 - 47 

Acceptable 3000 - 5000 20 - 33 

Good 1000 - 3000 7 - 20 

Very good < 1000 < 7 

 

 

In order to obtain PM2.5 mass concentrations, Dylos tech support suggested to divide the 

difference between the raw counts for the two size channels (>0.5µm - >2.5µm) by 100, 

but also advised us to consider the results as nothing more than a crude approximation.  



 

282 

The results calculated in this way did not match the tabulated values showed in Table 

S1. In this study, a more complex algorithm for the conversion of Dylos DC1100-Pro or 

DC1700 data into mass measurements, described in the context of the project “Air 

Quality Sensor Network for Philadelphia” of Drexel University,466 was used. The complete 

formula, based on general assumptions on particles size and density based on the 

research of Lee et al.498 and Tittarelli et al.499 and taking into account also a humidity 

correction factor, is: 

 

𝑃𝑀0.5−2.5  (
𝜇𝑔

𝑚3
) =  𝑛 × 𝑚 × 3531.5 × 𝑅𝐻 × 

 

Where n is the number of particles larger than 0.5 μm measured by the Dylos 

(counts/0.01ft3), m is the average particle mass calculated from average volume and 

density (assumed to be 5.89*10-7 μg ), RH is the experimental relative humidity (%) and 

ε is a tabulated humidity correction factor.466 The results calculated with this formula 

perfectly match the conversion values mentioned in Table S7.1. 

 

The empirical relationships observed by Semple et al.447 and Han et al.449 are sometimes 

also used in literature to derive mass concentration from raw Dylos data.423,500 Given the 

site specificity of these models we decided to not consider them in this study. A more 

accurate algorithm taking into account changes in density and refraction index of 

particles was developed by Northcross et al..445 However, this option requires a custom 

modification of the monitor and additional analysis on the composition and properties 

of PM, which defeats the purpose of this study to test low cost and easy to use solutions 

to directly monitor PM levels. 

 

 

7.10.2 Particle mass measurements (Lighthouse) 

 

According to the manufacturer, the conversion of number of particles in the single size 

channels into PM mass concentrations by the Lighthouse Handheld 3016-IAQ air particle 

counter is based on the following equation: 

 

𝑃𝑀 (
𝜇𝑔

𝑚3
) =  

𝜋

6
× 𝑑3 × 𝛿 × 𝛼 × 𝑛 × 10−4 
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Where d is the minimum diameter of the particles in the size channel considered (μm), 

δ is the average particle density (assumed to be 1.5 g/cm3), α is the absorption 

coefficient (assumed to be 1) and n is the concentration in number of particles registered 

by the instrument in the size channel considered (counts/ft3). This equation assumes the 

particles to behave, from an optical point of view, as white Teflon spheres with uniform 

density and constant radius.  

 

The results manually calculated with the suggested formula, however, did not match the 

direct mass output of the instrument, showing an approximately linear relationship 

(R2=0.995) with a slope of 1.2*10-3 (Figure S7.1). The non-perfectly linear relationship 

indicates that some non-constant factor is responsible for the observed mismatch. The 

direct mass concentration output of the instrument (and not the calculated values) was 

used for the comparison with the Dylos counter since those values are the ones most 

likely used for further interpretation by the average user of the counter. 

 

 
 

Figure S7.1_Comparison between the direct mass concentration output and the calculated concentration 
values for Lighthouse. A slight difference between the theoretically coincident datasets can be observed. 

 

 

7.10.3 Calculation of NO2 and O3 concentrations from the raw output of the low-

cost sensors 

 

According to the manufacturer (Alphasense), the voltage generated by the gas sensors 

Vgas due to the gas can be calculated using four different algorithms. All the algorithms 

introduce temperature-dependent correction factors: nT, kT, k'T or k''T. 
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𝑉𝑔𝑎𝑠 = (𝑉𝑊𝐸 − 𝑉0,𝑊𝐸) − 𝑛𝑇 × (𝑉𝐴𝐸 − 𝑉0,𝐴𝐸) 

𝑉𝑔𝑎𝑠 = (𝑉𝑊𝐸 − 𝑉0,𝑊𝐸) − 𝑘𝑇 × (𝑉0,𝑊𝐸 𝑉0,𝐴𝐸⁄ ) × (𝑉𝐴𝐸 − 𝑉0,𝐴𝐸) 

𝑉𝑔𝑎𝑠 = (𝑉𝑊𝐸 − 𝑉0,𝑊𝐸) − (𝑉0,𝑊𝐸 − 𝑉0,𝐴𝐸) − 𝑘′𝑇 × (𝑉𝐴𝐸 − 𝑉0,𝐴𝐸) 

𝑉𝑔𝑎𝑠 = (𝑉𝑊𝐸 − 𝑉0,𝑊𝐸) − 𝑉0,𝑊𝐸 − 𝑘"𝑇 

 

Where VWE and VAE are the measured voltages of working electrode (WE) and auxiliary 

electrode (AE), and V0,WE and V0,AE are the “zero” voltages of WE and AE. The 

temperature-dependent correction factors, as well as zero voltages and sensitivities are 

described for each sensor in an accompanying certificate. The suggested algorithms for 

both A type and B type sensors are given in Table S7.2. The relevant tabulated values 

used in the calculation of Vgas for the two sensors used in this study are listed in table 

S7.3 and S7.4. 

 

From the voltage generated by the gas Vgas the corresponding gas concentration Cgas in 

ppb can be calculated with: 

𝐶𝑔𝑎𝑠 =
𝑉𝑔𝑎𝑠

𝑆𝑔𝑎𝑠
 

 

where Sgas is the WE sensitivity given as mV/ppb and tabulated in Table S7.3. The gas 

sensor OX-A431 detects both ozone and nitrogen dioxide (Vgas = VO3+NO2). The gas sensor 

NO2-A43F measures only nitrogen dioxide. Ozone concentration can be calculated using 

the sensors together. The sensitivity of the OX-A431 towards NO2 SNO2 is given in the 

accompanying certificate (Table S7.4). 

 

𝐶𝑂3 =
𝑉𝑂3+𝑁𝑂2 − 𝑆𝑁𝑂2 × 𝐶𝑁𝑂2

𝑆𝑂3+𝑁𝑂2
 

 

 
Table S7.2_Suggested algorithms for all the A type and B type gas sensors by Alphasense. 

 

 Suggested algorithm Alternative algorithm 

 A-type B-type A-type B-type 

CO 1 1 4 2 

NO2 1 1 3 3 

OX 3 1 1 3 

H2S 2 1 1 2 

SO2 4 4 1 or 3 1 or 2 

NO 3 2 4 3 
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Table S7.3_Look-up table for the temperature correction factors for the sensors considered in this study 
(suggested algorithms). 

 

Sensor Algorithm Factor -

30°C 

-

20°C 

-

10°C 

0°C 10°C 20°C 30°C 40°C 50°C 

NO2-

A4 

1 nT 0.8 0.8 1.0 1.2 1.6 1.8 1.9 2.5 3.6 

 3 k'T 0.2 0.2 0.2 0.2 0.7 1.0 1.3 2.1 3.5 

OX-A4 1 nT 1.0 1.2 1.2 1.6 1.7 2.0 2.1 3. 4.6 

 3 k'T 0.1 0.1 0.2 0.3 0.7 1.0 1.7 3.0 4.0 

 
 

Table S7.4_Technical specifications of the sensors considered (from Alphasense). 

 

Variables in mV Symbol NO2 A43F OX-A431 

WE electronic zero V0,WE 295 407 

WE sensor zero at 23°C  10 0 

AE electronic zero V0,AE 300 401 

AE sensor zero at 23°C  2 1 

WE sensitivity (mv/ppb) Sgas 0.211 0.369 

Sensitivity NO2 (mV/ppb) SNO2 0.211 0.246 

 

 

Both the recommended algorithms for the two sensors considered in this study were 

tested. The results are shown in Figure S7.2. 

 

 
 

Figure S7.2_Technical Gas concentration time series (ppb) calculated from the voltage output of the 

sensors according to the algorithms suggested by Alphasense. a) NO2-A4 and b) OX-A4. 
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For the NO2-A4 sensor, the NO2 concentrations calculated according to algorithm 1 were 

considered (as recommended by the manufacturer) in the successive steps of the study.  

For the OX-A4 sensor, on the contrary, the algorithm suggested by Alphasense (number 

3) resulted in a predominantly negative concentration output. For this reason, the results 

of algorithm 1 for this sensor were used in the successive steps of the study. 

 

 

7.10.4 Radiello®: experimental procedure 

 

The gaseous analyte diffuses inside a microporous polyethylene body and it is then 

selectively adsorbed on a chemisorbing cartridge. Following Radiello directives a 4,4’-

dipyridylethylene coated silica gel cartridge was selected for O3, a triethanolamine (TEA) 

coated microporous polyethylene cartridge for NO2, a stainless steel cartridge packed 

with activated carbon for VOCs. In addition, acetic and formic acids were analysed using 

the same TEA coated cartridge used for NO2. The exposure of 4,4’-dipyridylethylene to 

ozone and water leads to the formation of 4-pyridaldehyde. This is consequently 

condensed through reaction with 3-methyl-2-benzothiazolinone hydrazone (MTBH) 

obtaining a yellow colored azide solution. The O3 average concentration in the sampling 

period is hence determined by means of UV-Vis spectrometry (azide absorbance at 430 

nm). NO2 is selectively adsorbed on the TEA coating as nitrite anion. The contamination 

from particulate matter is prevented by the external diffusive body. The anions are then 

extracted in 5 ml of Milli-Q water for one hour and then analyzed with ion 

chromatography (IC). Acetic and formic acids concentrations were calculated from the 

acetate and formate content in this same extraction. The applied method is described in 

detail by Kontozova-Deutsch et al..501 The carbon disulfide displacement extraction and 

FID gas chromatography analysis of VOCs were performed by the Environmental 

Research Centre of Padua of the Fondazione Salvatore Maugeri – IRCCS.  

 

The analyses were conducted in triplicates and the results presented in the form of 

average and standard deviation between the three measurements. For every batch of 

cartridges, two units were left unexposed (kept in the original packaging in the darkness) 

and analyzed as experimental blanks (in total two batches and four blanks per cartridge 

type). 
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7.10.5 Time-shift in PM monitoring (Dylos) 

 
Table S7.5_Correlation between the magnitude of the time shift between Dylos and Lighthouse and other 

experimental parameters. 

 

 Time 
T 

(°C) 

RH 

(%) 

Dylos 

> 0.5 µm 

Lighthouse 

> 0.5 µm 

Pearson's r 0.19 0.14 -0.12 -0.27 -0.30 

p value 0.15 0.29 0.36 0.04 0.02 
 

 

7.10.6 Correction of sensitivity drift (Lighthouse) 

 

 

 
Figure S7.3_Comparison between the raw data of the tested sensors and the reference counter: a) 

Lighthouse>0.5 µm VS Dylos>0.5 µm; b) Lighthouse>0.5 µm VS Shinyei; c) Lighthouse>1 µm VS Shinyei; d) 
Lighthouse>2.5 µm VS Dylos>2.5 µm. In evidence the decrease of the slope of the linear correlation over 

time due to the loss of sensitivity of Lighthouse. 

 

 

In order to proceed with the study, the Lighthouse data were corrected for the loss of 

sensitivity by quantifying its dependency from time (by comparison with Dylos). The 
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choice of using the Dylos and not the Shinyei counter for the correction of the sensitivity 

drift of the Lighthouse is based on the empirical evidence of a linear correlation (with a 

slope decreasing with time) between the first and the latter (Figure S7.3a). Shinyei, on 

the other hand, does not show a clear linear correlation with the reference particle 

counter (Figure S7.3b,c), both when considering the size channel corresponding to the 

nominal cut-off size (>1 μm) and when considering also smaller particles (>0.5 μm). In 

this regards, it is particularly interesting to notice how the response of Shinyei seems to 

correlate better with the smaller Lighthouse channel, indicating a real cut-off size 

probably smaller than the nominal one496 (Figure S7.3b,c). 

 

 
 

Figure S7.4_Linear decrease of the logarithm of Lighthouse/Dylos weekly average ratio (>0.5 μm) due to 

the loss of sensitivity of Lighthouse over time. Black: original filter; red: new filter. 

 

 

In Figure S7.4, the logarithm of the ratio of the average weekly concentration registered 

by Lighthouse and Dylos is plotted against time. The decrease observed is a consequence 

of the saturation of the internal HEPA filter of Lighthouse, leading to a loss of sensitivity. 

In order to proceed with the study, the sensitivity drift of this counter was corrected by 

defining and ideal average Lighthouse/Dylos ratio (average weekly Lighthouse/Dylos 

ratio for the first two weeks of measurement and the first two weeks after replacing the 

internal filter) and correcting the experimental ratios for the linear decay of 

log10(Lighthouse/Dylos) with time. The corrected Lighthouse response was then finally 

calculated from the corrected experimental ratio at a given time. The resulting response 

was assumed to be the best representation of the real PM concentration in the 

environment and it was therefore used as a reference in the evaluation of the 

performances of the low-cost particle counters. 
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The same approach was used for the sensitivity drift correction of both Lighthouse >0.5 

μm and Lighthouse>2.5 μm data (Figure S7.3d), which were then used as PM reference 

for the comparison with Shinyei and Dylos fine channel (>0.5 μm) and with Dylos coarse 

channel (>2.5 μm) respectively. 

 

 

7.10.7 Radiello® VOCs results 

 
Table 7.6_Average weekly concentration (µg/m3) and standard deviation (3 measurements) of VOCs 

measured by means of Radiello® diffusive samplers. The experimental limit of detection (LOD=3*standard 

deviation of the blanks) in µg/m3 is also reported for the different compounds. 

 
Start 
date 

Form Ac Stdev Acetic Ac Stdev Ethanol Stdev 
Ethyl 

Acetate 
Stdev 

21/12 <LOD  <LOD  <LOD  <LOD - 

30/12 <LOD  <LOD  <LOD  <LOD - 

8/01 <LOD  <LOD  <LOD  0.722 11% 

15/01 <LOD  <LOD  <LOD  <LOD - 

23/01 8.57  35.14 18% 0.77 - 0.854 - 

30/01 13.00  34.76 22% 2.08 9% 0.339 11% 

LOD 3.71  9.58  0.67  0.311  

         

 Toluene Stdev α-pinene Stdev 
2-ethyl 1-
hexanol 

Stdev   

21/12 0.52 17% 0.16 21% 1.09 14%   

30/12 0.30 8% <LOD  0.22 13%   

8/01 1.72 8% 0.37 8% <LOD -   

15/01 0.70 19% <LOD  <LOD -   

23/01 1.01 50% <LOD  <LOD -   

30/01 1.03 35% 0.32 8% <LOD -   

LOD 0.20  0.10  0.12    

 

*red=only 1/3 measurements > LOD; orange=only 2/3 measurements > LOD 
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This doctoral thesis was centered on the application of a wide range of analytical 

strategies to explore different aspects of the complex and multifaceted issue of the 

conservation of tangible cultural heritage. By starting from the fundamental concept of 

the intrinsic materiality of heritage objects, and with the final aim of preventive 

conservation in mind, specific case studies and un-answered research questions were 

tackled, in an attempt to fill some of the relevant knowledge gaps remaining in this 

extremely wide field of research. Since the conservation and degradation of cultural 

heritage are two faces of the same coin, this attempt translated into a strive to deepen 

the understanding of the two main actors playing a role in the degradation processes: 

the object and its conservation environment. 

 

In detail, in this PhD work a selection of unexplained material-environment interactions 

was considered, from cases in which well-studied materials do not behave as expected, 

to specific materials whose properties are still not univocally understood. In addition, in 

the final steps of this research, the focus was shifted from the material-environment 

interaction to the analytical characterization of specific materials and to the monitoring 

of the conservation environment, testing innovative analytical strategies and 

methodological approaches in order to overcome existing limitations. 

 

 

Enclosed gardens 

The first case study considered is represented by a series of historical heritage objects: 

the enclosed gardens of Mechelen (Museum Hof Van Busleyden). Five of these shrines, 

in the occasion of their restoration, were the subject of a detailed analytical investigation 

within the ArtGarden project (KIK-IRPA, University of Antwerp, KU Leuven). In the 

context of this PhD work, novel insights on specific material-environment and material-

material(-environment) interactions were obtained, through the application of multiple 

analytical methods. 

 

One of the features that first caught the eye of the conservators working on the enclosed 

gardens was how hundreds of round and leaf-shaped metallic sequins appeared 

extremely shiny, in contrast to the high degree of degradation observed for other pieces 

and materials. An in-depth chemical, morphological and metallographic characterization 

of these objects revealed the reason for their extraordinary stability to be a combination 

of high-quality materials (i.e. medium Zn content, low impurities) and optimal surface 

properties (i.e. low roughness and homogenous micromorphology), ultimately 

emphasizing the central role of the manufacturing process on the long-term behavior of 
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historical brass. Finally, this section of this doctoral thesis showed how brass can still 

present unaltered aesthetical properties after a five-century long exposure to the 

environment, even when the Zinc content is above the arbitrary 15% limit that 

conventionally defines alloys at high risk of dezincification. Such information, holding a 

clear relevance well beyond the field of conservation science and cultural heritage, 

represents a significant step towards a deeper understanding of the long-term behavior 

of α-brass in an indoor environment. 

 

At this stage, further relevant information could be obtained by systematic reactivity 

studies aiming at a more quantitative understanding of the link between surface 

roughness and micromorphology and the degradation of brass. The use of 

electrochemical methods (e.g. electrochemical impedance spectroscopy or corrosion 

measurements) and/or the artificial ageing of mock-up brass objects, for example, could 

certainly lead to relevant outcomes for conservation purposes (and not only). 

 

After confirming the extraordinary stability of the metallic sequins in the enclosed 

gardens and the tarnishing (but not corrosion nor loss of structural properties) of the 

metallic wires, the attention was focused on a very small selection of metallic objects 

(sequins and wires) appearing completely corroded. Such a severe corrosion, with 

complete loss of structural properties, arose in fact surprise given the “mild” nature of 

the environment represented by the enclosed gardens (indoor and partially enclosed) 

and the striking contrast with the exceptional preservation state previously described. 

Understanding what kind of interaction caused such a severe form of degradation was 

of foremost importance for conservation purposes, in order to highlight potential future 

risks for the remaining brass objects. The thorough observation of the corroded objects 

and their surroundings allowed to tentatively trace back the corrosion to a possible 

interaction between the metal and some weathered glass beads. The two materials were 

probably in close contact but, given the extreme corrosion and loss of structural 

properties of the metallic elements, the original position was not always certain. 

 

In order to verify this hypothesis, in Chapter 3 of this PhD work a selection of analytical 

methods was employed to identify markers of glass-induced metal corrosion on the 

surface of both metal and glass objects. The complex three-dimensional geometry and 

limited amount of degradation products on the surface of the glass beads, made 

necessary the application of novel or not routinely employed characterization methods 

(such as O-PTIR and µ-CT). The proposed multi-analytical approach allowed to 

unequivocally recognize glass-induced metal corrosion processes as the main cause for 
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the severe corrosion of the selected brass objects in the enclosed gardens. The presence 

and distribution of basic copper formate and mixed K, Zn salts on the surface of both 

glass and metal, in fact, confirmed the initial hypothesis of a chemical interaction at the 

glass/metal interface driven by the formation of K-rich alkaline liquid films on the surface 

of the weathered potash glass in analysis. This clearly indicates how, even objects 

normally extraordinarily stable in indoor environmental conditions, can completely 

corrode when their (micro-)environment is modified. 

 

For the purpose of conservation, conditions of T and RH potentially resulting in moisture 

condensation on the surface of glass should be avoided in the future. A particular focus 

should be also kept on the evolution of the conservation state of brass objects in the 

proximity of potash glass decorative elements in the enclosed gardens. Moreover, the 

results of this study also allowed to obtain first clear insights into the huge potential for 

the application of novel O-PTIR spectroscopy for the non-invasive molecular 

characterization of cultural heritage objects. 

 

 

Pigment (in)stability and reactivity  

Chapter 4 and Chapter 5 studied the (photo-)reactivity of two different families of 

pigments, putting particular emphasis on the role played by chemical composition and 

structural properties on their overall stability.  

 

Naples Yellow and lead tin antimonate yellow 

The pyroantimonate pigments Naples Yellow and lead tin antimonate yellow are 

recognized as some of the most stable synthetic yellow pigments in the history of art. 

However, this exceptional light-fastness is in contrast with experimental evidence 

suggesting that this class of mixed oxides is of semiconducting nature. Semiconductors 

are, in fact, often associated to instability in paintings, in particular in the presence of 

light, moisture and soluble particulate matter (PM).  

 

By means of a combined multi-faceted analytical and computational approach (photo-

electrochemical measurements, UV-Vis diffuse reflectance spectroscopy, STEM-EDS, 

STEM-HAADF and density functional theory calculations), both the semiconducting 

nature and the lightfastness of these pigments was demonstrated. Poor optical 

absorption and minority carrier mobility were identified as the main properties 

responsible for the observed stability. The role of lattice substitutions on the overall 

properties of the pigments was evaluated in particular, obtaining novel crucial insights 
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into the role played by Na atoms in the stabilization of the otherwise intrinsically 

unstable Pb2Sb2O7 pyrochlore. The results of this work ultimately represent a 

fundamental step towards a better understanding of the complex material properties 

and photochemistry of artists‘ pigments and of pyrochlore mixed oxides in general. 

Given the extraordinarily wide range of fields in which these mixed oxides find 

application, a better understanding of the effect of lattice substitutions on their 

optoelectronic properties is of capital importance.  

 

As a next step, the laboratory analysis of microsamples of historical paintings would be 

relevant in order to better characterize the lattice substitutions eventually present in 

historical Naples Yellow samples (and in particular the presence of Na). Being able to 

confirm the link between the historical synthesis processes and the presence of different 

substituents in the pigment structure could represent an extremely useful tool for the 

attribution and authentication of historical paintings. In addition, the combined 

analytical and computational approach described in this section of the PhD can 

potentially be used to probe the material properties of any semiconducting pigment in 

powder form, with applications also beyond the field of conservation science and 

cultural heritage. 

 

Geranium lakes 

The name Geranium lake refers to a family of red metal-organic pigments based on metal 

complexes (normally Al or Pb) of the synthetic dye eosin Y. One of the most characteristic 

features of these materials is their intrinsic instability and their tendency to fade upon 

exposure to the environmental agents, and in particular to light. Such a degradation may 

lead to severe changes in the appearance of paintings, with grave cultural, societal and 

economic implications as a result. In Chapter 5, the effect of different synthesis 

conditions on the overall composition of Geranium lake pigments (Al- or Pb-based), and 

in particular on the structure of the eosin Y-metal complexes and on the formation of 

byproducts, was systematically investigated. The natural ageing of the powdered 

pigments obtained with different synthesis methods was then monitored, with the aim 

of identifying possible differences in their behavior. 

 

The first fundamental outcome of this study was a detailed band assignment of the FTIR 

and Raman spectra of eosin Y and Pb and Al complexes, relevant both for the 

characterization of eosin Y-based species (in paintings as well as in several other fields) 

and for the monitoring of the molecular changes induced by the degradation of 

Geranium lake pigments. On this basis, the experimental results clearly showed changes 
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in the structural properties and chemical composition of the pigments depending on the 

synthesis protocol. In particular, the coordination mode of the carboxylate moiety of the 

Pb complexes appears extremely sensitive to the pH and amount of reagents in the 

synthesis, while the structure of Al complexes remains more stable. Additional 

fundamental insights into the eosin Y-metal coordination were also obtained, with a 

possible interaction between the metal ion and the phenoxide ion, and thus the 

xanthene moiety (chromophore), observed for all the complexes. This interaction is 

extremely relevant since it implies a potential influence of the metal ion on the 

properties of the fundamental and excited states of the complexes, ultimately 

determining their photo-reactivity. Furthermore, in both cases the formation of by-

products was also observed. Such by-products, mostly metal carbonates and eosin Y, are 

detected and identified here for the first time. 

 

Based on these outcomes, in the second part of Chapter 5 preliminary results on the 

natural ageing of the synthesized Geranium lake pigments were obtained. The 

monitoring of the natural ageing of pigments synthesized with different protocols clearly 

highlighted the role played by light on the degradation, and the link existing between 

the composition of Geranium lake pigments and their degradation kinetics. The strong 

influence of the synthesis on the composition of the pigments can therefore reflect into 

different reactivities for the final products. In particular, the presence of by-products of 

the synthesis, especially for Pb-based lakes, should be taken into account as a potential 

risk for the pigments. This evidence should raise awareness in the field on the capital 

importance of employing the same synthesis method(s) in order to ensure the inter 

comparability of degradation studies. Hopefully, a greater attention to this parameter 

will finally lead to an agreement in the literature on the degradation mechanism of these 

pigments in paintings. 

 

In addition, some first relevant insights into the solubility of Geranium lake pigments 

were also obtained. The results showed how Pb- and Al-based complexes of eosin Y can 

dissociate when in contact with aqueous electrolyte solutions. The formation of 

dianionic eosin Y, confirmed by UV-Vis and ATR-FTIR spectroscopies by comparison with 

reference compounds, is particularly relevant. The well-known high reactivity of 

deprotonated eosin Y in solution, and its possible formation due to the contact between 

moisture and Geranium lake particles in paintings, in fact, could in principle be linked to 

the poor photostability of these pigments. In order to obtain conclusive results on the 

factors influencing the solubility of Geranium lake pigments and on the role played by 
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this property on their stability in paintings, however, further studies will have to be 

performed. 

 

The role of the painting medium, excluded for simplicity from these initial investigations 

on the reactivity of the pigments, will certainly have to be thoroughly studied (also in 

relation to the presence of reactive by-products such as lead carbonate in Geranium 

lakes). Moreover, the possible solubilization and migration of dianionic eosin Y in 

paintings could be the starting point to understand the information, reported in the 

literature, on the role played by semiconducting pigments in enhancing the fading of 

Geranium lakes. Photoelectrochemical studies can be performed in order to decipher 

the nature of this potential interaction. 

 

 

O-PTIR spectroscopy for the analysis of paintings 

One of the most challenging aspects of the analysis of Geranium lake pigments is their 

identification in paint samples. Their detection is, in fact, often complicated by the poor 

conservation state of these pigments in paintings and by the fact that they were often 

employed in very small amounts in the first place, due to their extremely intense color. 

For these reasons, micrometric red particles are often all that remains in Geranium lake-

containing paintings. This poses extreme analytical challenges, in particular when it 

comes to the molecular characterization of such particles in microscopic paint samples. 

 

Chapter 6 of this PhD work focused on testing the potential of the novel optical photo-

thermal IR (O-PTIR) spectroscopy to overcome these challenges and achieve the non-

contact sub-micron molecular imaging of a paint microsample in thin section. The 

striking results obtained on a small fragment from the painting L’Arlésienne (portrait of 

Madame Ginoux), by Vincent Van Gogh, clearly highlight the great potential of this 

technique for the study of micrometric particles in paint samples. In the first place, O-

PTIR allowed to non-destructively identify the red particles present in the paint film as 

Geranium lake pigments. Due to the limited size of the particles and the presence of 

additional compounds in the film, other state-of-the-art analytical techniques (SR-μ-FTIR 

and μ-Raman spectroscopy) failed to unambiguously identify these species. The high 

spatial resolution obtainable with O-PTIR (≈450 nm) allowed to identify and map micro- 

and nano-heterogeneities in the stratigraphy of the painting, despite the small size of 

the sample. This presents clear advantages for the study and preservation of cultural 

heritage, maximizing the obtainable information while minimizing the size of the sample 

needed. 
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Moreover, although no sample preparation is inherently necessary for O-PTIR, the 

technique appeared highly efficient for the analysis of thin sections of embedded 

painting fragments. The suitability of this sample preparation for O-PTIR analysis 

highlights the compatibility of this technique with other commonly employed high-

resolution characterization methods, hence opening to the possibility of a full 

integration of O-PTIR in multitechnique studies of cultural heritage objects. 

 

 

Sensors in conservation environments 

For the purpose of preventive conservation, having a deep knowledge of the object and 

of the environment-specific reactivity of the single materials composing it is not 

sufficient. Identifying potential threats in the conservation environment by continuously 

monitoring its quality is also of capital importance. Traditionally, heritage institutions 

record and evaluate their indoor environmental quality (IEQ) by continuously monitoring 

temperature, relative humidity, and -more rarely- light. However, technological 

solutions exist that allow the monitoring of other factors influencing the overall 

environmental ‘air aggressiveness’. One of these factors is airborne PM, however, 

commercial sensors for PM monitoring are either expensive, if well-tested and 

calibrated, or not-sufficiently tested. In order to make possible the implementation of 

PM analysis in routine IEQ monitoring, therefore, field testing is needed. 

 

Chapter 7 clearly showed how, including PM in the IEQ calculations for conservation 

environments, allows to identify potential risks for museum collections that remain 

invisible when only traditional parameters are considered. In particular, a 

straightforward methodology to include PM in the evaluation and visualization of the 

IEQ is discussed. The different amount of information obtainable with discrete (daily 

averages) and continuous monitoring is evaluated, highlighting the potential loss of 

information associated with discrete sampling. In conclusion, the monitoring of the IEQ 

in two different environments in the museum, one well-insulated HVAC-equipped 

storage and one poorly insulated exposition room, ultimately allowed to recognize in 

which periods the collection was at risk, identifying the factors posing a threat and 

proposing possible mitigation actions. 

 

In the second part of the chapter, the performances of a selection of low-costs sensors 

for PM monitoring were tested on the field (monitoring campaign in the St. Martin’s 

church in Aalst, Belgium). Advantages and drawbacks were highlighted with the final aim 

of verifying their applicability in conservation environments, which would make the 
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implementation of continuous PM monitoring in the practice of museums and heritage 

institutions affordable and, therefore, feasible. In addition, in the final part of the 

chapter, some preliminary results on the performances of low-cost sensors for gaseous 

pollutants were also obtained. 

 

Generally speaking, the low-cost sensors tested showed promising results, with 

advantages and disadvantages that are thoroughly discussed in this section of the thesis. 

Nonetheless, further testing in a wider range of environments will be necessary before 

drawing further conclusions, e.g. in museums equipped with HVAC and filtration 

systems. Such a “clean” indoor environment could in fact push the low-cost sensors, 

designed with households and industrial applications in mind, towards their limit of 

detection.  

 

 

Generic insights  

In addition to the individual outcomes of the single stages of this PhD research, some 

more general considerations can be derived from the results of this work. One of the 

most general outcomes of this PhD work is highlighting the great amount of information 

that can be obtained indirectly, i.e. by studying stable objects, on the properties 

governing the reactivity and long-term behavior of different classes of materials. This 

emerges clearly from the results of Chapter 2 and Chapter 4 in this work. The thorough 

investigation of the material properties and conservation state of the extraordinarily 

well-preserved brass sequins in the enclosed gardens, in fact, allowed to draw general 

conclusions on the factors regulating the long-term behavior of α-brass in an indoor 

environment. In a similar fashion, the study of the optoelectronic properties and photo-

induced behavior of the stable lead pyroantimonate artists’ pigments, made it possible 

to further the understanding of the features governing the photo-reactivity of 

semiconductors.  

 

These two results have also another aspect in common, namely the clear relevance of 

the obtained information for fields beyond conservation science and cultural heritage. 

This is a common aspect when it comes to research in the field of conservation, giving 

the strong overlap between conservation and material science, and it is not necessarily 

limited to the study of stable materials. This is clearly highlighted, for example, by the 

results of Chapter 5 on the study of the unstable Geranium lake pigments. The general 

information obtained on the properties of metal complexes of eosin Y, including a 

thorough band assignment of their FTIR and Raman spectra and a deeper understanding 
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of their structure, in fact, holds great relevance for a wide range of fields, from DSSCs to 

photocatalysis. 

 

Another relevant theme that repeatedly appears in the results of this PhD work is the 

fundamental importance of the synthesis method on the properties of materials. This 

intuitive connection between synthesis conditions, composition (and physical 

properties) and reactivity is central in the chapters focusing on the properties of artists’ 

pigments. In Chapter 4, in particular, the fundamental role of different lattice 

substitutions, induced by the use of different reagents in the synthesis, on the 

stabilization of Pb2Sb2O7 in a pyrochlore structure is demonstrated.  In a similar fashion, 

throughout Chapter 5, the great influence of the synthesis protocol on the composition 

of Geranium lake pigments is first demonstrated, and then linked to different ageing 

kinetics.  

 

An additional fundamental outcome of this research, which holds a great potential for 

the advancement of the field of conservation science, is the applicability of optical 

photo-thermal IR (O-PTIR) spectroscopy to the study of different types of cultural 

heritage materials. The technique allows the non-destructive and non-contact chemical 

characterization of organic and inorganic IR-active materials with sub-micron resolution. 

Both point analysis and chemical distribution maps were obtained, allowing to unravel 

micro- and nano-heterogeneities in the samples. Given the extreme versatility and high 

resolution, together with the non-destructive (and non-invasive for small samples) 

nature of the technique, it is likely that O-PTIR will become a fundamental tool in the 

future of cultural heritage analyses. 
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