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“To develop a complete mind: 

study the science of art, and 

study the art of science. 

Learn how to see, and  

realise that everything connects to everything else.” 
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Summary 

A large range of binding materials are used in paintings, some of which are characterised by their 

fluorescence (e.g. drying oils) and others in which the fluorescence is poorly understood (e.g. synthetic 

binders). This study aims to identify the fluorescence of binding media (proteinaceous, polysaccharide, 

synthetic binders and drying oils), as well as determine any changes in fluorescence which are resultant 

of ageing and pigment effects. 

Drying oils were identified as having the highest fluorescence intensity of all binders used in this study, 

and the fluorescence was found to bathochromically shift as the dried film aged (after 2 years of natural 

ageing). To fully understand the changes in fluorescence, four different commercially available oils 

(namely linseed, water-miscible linseed-, stand- and poppyseed oil) were analysed using UV-visible 

absorption and fluorescence spectroscopy. Both liquid and cured, solid film oils were analysed. Liquid 

oils showed a structured absorption pattern, of which only two weakly absorbing peaks (λex 300 and 315 

nm) resulted in fluorescence emission (λem 330 and 410 nm). The solid film lacked the structured pattern 

seen in the liquid oil’s absorption spectrum, showing instead a broad absorption peak. At an excitation 

wavelength (λex) of 365 nm, the cured film normally fluoresces at λem 440 nm, but was seen to shift to 

λem 550 nm due to yellowing.  

Artificial ageing techniques (exposure to UV light, elevated temperatures, and ammonia vapour) were 

applied to the drying oils to induce the bathochromic fluorescence shifts. As the oils aged a yellow to 

brown discolouration developed. A correlation between the degree of discolouration and the shift in 

fluorescence was identified. As the oils change colour so does the fluorescence and the fluorescence 

shifts from blue (λem 440 nm) to green (λem 550 nm) and sometimes even yellow.  

In addition to the artificial ageing of drying oils, five different pigments were mixed individually with 

various binders. The five pigments used in this study were: lamp black, Indian yellow, oriental blue, 

phthalo blue and alizarin crimson. Characterisation and fluorescence studies of each of these pigments 

were done, and it was found that alizarin crimson (AC) has a characteristic green fluorescence (λem 550 

nm) in solutions that facilitate hydrogen bonding. The pigment-binder mixtures were then analysed 

using fluorescence spectroscopy to determine whether the pigments caused changes in fluorescence of 

the binder it was mixed with. It was found that the pigments caused a slight hypsochromic shift in egg-

based binding media. However, most binders were unaffected by the non-fluorescent pigments. 

Interestingly, the drying oils created a newly fluorescent compound with AC, in which three peaks were 
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identified in the fluorescence spectra: the drying oil (λem 450 nm), the green fluorescence of AC (λem 550 

nm) and a new orange fluorescent peak (λem 630 nm).  

The results of this study indicate that fluorescence spectroscopy is a non-invasive technique which can 

be used in the analysis of paintings. Fluorescence spectroscopy can be used to determine the class of 

binding medium used, as well as the yellow discolouration of drying oils. Non-fluorescent pigments do 

not affect the fluorescence of binding media, and thus confirms the validity of fluorescence 

spectroscopy as an analytical tool in conservation studios. 
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Chapter 1: Background to the Study 

1.1 Analysis of paintings 

There is often the misconception that paintings are static and unchanging objects. However, paintings 

are dynamic systems that are constantly changing, and are expected to be observed a hundred years or 

more after the artist painted it. Over time, degradation reactions can cause significant colour changes in 

the painting from what was originally painted [1-4]. Scientific research can be used to identify these 

changes and predict further degradation reactions. Chemical analysis (ranging from spectroscopic to 

chromatographic techniques) can give information on the context, historical significance, provenance, 

and the exhibition history of a painting, and can help historians develop a comprehensive technical 

background of the work [5]. Research and chemical analysis can explore the history of the painting by 

identifying situations/environmental factors that the painting was exposed to, which led to colour 

changes and thereby degradation reactions. 

A recent technical study on the famous Girl with the Pearl Earring, painted by Johannes Vermeer, clearly 

showcases the importance of research [6-15]. The original study, entitled: Girl Illuminated, was done in 

1994, when the painting, which was in a very poor condition, was obtained by the Mariutshuis museum. 

The study was motivated by the need to understand the physical and chemical state of the painting, to 

advise conservators of the best conservation treatment [6, 16]. In 2018 the second study, entitled: The 

Girl in the Spotlight, was done to develop a better understanding of the history of the painting, i.e. what 

materials were used and how they are distributed in the painting [8-14]. When the material properties 

of the painting were identified, they could be related to the broader historical and technical context of 

Vermeer’s work [15]. These two major research projects on the same painting were conducted for two 

distinctly different reasons, highlighting the importance of the chemical analysis of paintings. 

There are several ways in which scientific research on paintings can be done, and these can be classified 

into two broad groups which are of importance to conservators: destructive and non-destructive 

methods [17]. As the name suggests, destructive methods damage the object being analysed, either 

through the removal of sample material from a rare object or through ablating the material, which 

leaves a hole in the object [18, 19]. Both scenarios are best avoided, especially considering that some 

heritage artefacts might only be broken shards of a few centimetres cubed in size. When several 
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samples are needed for various tests, the artefact quickly becomes depleted and destroyed. For this 

reason, several conservation governance bodies have strict guidance on when it is ethical to take a 

sample for research purposes [20, 21]. 

As invasive destructive analysis is generally unwanted, there is a great incentive to develop non-

destructive sampling methods for the chemical analysis of works of art [22, 23]. These non-destructive 

techniques rely mostly on spectroscopy, in which electromagnetic radiation (EM) is used to irradiate a 

sample, and the reflectance, transmission or fluorescence of these EM rays are detected [22].  

Several EM radiation techniques aimed at painting characterisation have employed X-rays [24-27] or 

infrared (IR) radiation [28-35], measuring the reflection, absorption and fluorescence of these EM rays. 

Similar techniques such as Raman spectroscopy, electron microscopy and various ion beam analysis 

techniques [36-40] have also been employed to obtain an in-depth analysis of the painting. This study is 

focussed on developing an ultraviolet (UV) fluorescence technique, which is achieved by irradiating a 

sample with ultraviolet light and measuring the resultant visible light fluorescence. 

Ultraviolet fluorescence imaging/photography is a technique which has been used in chemical art 

analysis since the early 1930’s [41], however in the last few years hand-held spectrometers have been 

developed which allow the fluorescence spectra of a painting to be measured, and not only the 

fluorescence colour from images [42, 43]. Though fluorescence of paintings is a known phenomenon, 

paintings have a complex composition which changes depending on the artist’s painting style. 

Ultraviolet-induced fluorescence is dependent on the energy levels within a molecule. These energy 

levels can change with electron withdrawing or donating groups being introduced into the system, and 

therefore the fluorescence is dependent on the chemical composition of the painting. There is ongoing 

research aimed at identifying these changes in fluorescence and the underlying chemical composition 

which causes them [44-51].  
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1.2 Aims and objectives of this study 

This study aims to develop a better understanding of the chemistry behind the fluorescence of 

paintings. This is essential if fluorescence spectroscopy is to not only be used as a diagnostic test of the 

binders, but to understand the complexity of the painter’s materials and the interaction between 

pigments and binders. This will aid conservators in better interpreting ultraviolet-induced fluorescence 

images when faced with an unconventional fluorescence result. The focus of this study is to determine 

the changes in fluorescence of the binding media used in paintings, as a result of ageing and pigment 

effects.  Four main groups of binders were investigated, namely: drying oils, proteinaceous binders, 

polysaccharide binders and synthetic binders.  

In a preliminary study, the four different groups of binders were prepared, aged, and mixed with non-

fluorescent inorganic pigments. Inorganic pigments do not dissolve in the binder and remain in their 

crystalline form. Therefore, to further develop the technique, organic pigments with possible 

fluorescent characteristics, as well as pigments which dissolve in the binder and thus lead to larger 

pigment-binder interactions, were mixed with the different binders. 

The objectives of this study were to: 

• Identify the fluorescent changes (if any) after two years of natural ageing of the various binders. 

• Induce artificial ageing in lipid binders through exposure to elevated temperatures, ultraviolet 

light, and ammonia gas. Thereafter identify and/or characterise the fluorescent changes that 

result from the different artificial ageing mechanisms. 

• Prepare paint samples that are mixtures of binders and organic pigments, and to characterise 

the changes in fluorescence of binders caused by the pigments. 

• Use chromatographic techniques to understand the chemical processes that cause changes in 

fluorescence of lipid binders, and that occur due to ageing or pigment-binder interactions. 
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1.3 Justification of this study 

Given the widespread use of ultraviolet-induced fluorescence photography of historical artefacts, this 

study is crucial to identify the accuracy and viability of these techniques. Several studies have identified 

the fluorescence of either a binder [44, 52-54] or pigment [55-57] in isolation, however, few studies that 

treat paintings as a complex mixture of various binders and pigments have been done [51, 58]. This 

study aims to characterise the fluorescence of each drying oil, and to determine how the fluorescence 

changes as a function of time. Furthermore, this study will determine how the fluorescence of a various 

binders changes in mixtures with fluorescent and non-fluorescent organic pigments.  

1.4 Structure of the dissertation 

This dissertation is structured into five chapters, in which the fluorescence of binders and the induced 

chemical changes that they undergo through the action of pigments and ageing, are presented. Chapter 

2 reviews the literature of UV-induced fluorescence and the recent advances made in painting analysis 

using ultraviolet light. It also includes a short section on the known chemical changes that occur in the 

binders and pigments that were used in this study. Chapter 3 provides an overview of the experimental 

techniques used in this study. The results and discussion are presented in Chapter 4, where the results 

for the drying oils are analysed first (no interference from pigments). Thereafter the pigments are 

discussed and how pigment-binder mixtures affect the fluorescence methods of binder identification 

that utilise fluorescence measurements. Chapter 5 concludes the discussion of the results and provides 

recommendations for future studies. 
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Chapter 2: Literature Review 

2.1 Introduction 

This study investigates the intrinsic fluorescence of binding media used in paintings. Though this study is 

scientifically based, fluorescence imaging of paintings is a common photographic technique used in 

conservation studios. To fully understand the fluorescence of binding media it is important to 

acknowledge the importance and history of the imaging technique along with the principles of 

fluorescence spectroscopy. A review and summary of previously published studies on the applications of 

fluorescence spectroscopy in paintings is included in this Chapter. 

2.2 Ultraviolet fluorescence imaging as an art forensic tool 

Ultraviolet (UV) induced fluorescence imaging of paintings is a common method used in conservation 

studios and is one of the first diagnostic tests in art forensics. This technique is often employed in crime 

series or movies (for example White Collar S01E05 and Hawaii Five-0 S05E11), due to the eye-catching 

quality of seeing a painting illuminated. However, contrary to how Hollywood presents it, ultraviolet 

imaging is only the first of many steps in art forensics. 

Ultraviolet light has been used from the early 20th century to analyse paintings [1], of which ultraviolet 

induced fluorescence (UVF) imaging is the most common technique. A sample/painting is irradiated with 

UV light which causes the painting to emit radiation in the visible light range.  UV light absorbance can 

also be measured through detecting the reflection of UV rays. The ultraviolet reflection (UVR) image 

obtained is a black and white photo (Figure 2.1), which is used to identify the intensity of reflected UV 

light.  Both UVR and UVF images can be taken using a digital camera, each with its own set of 

modifications. An UVR photo measures the intensity of reflected UV light and therefore the UV-filter in 

the camera should be removed and a visible light and infrared filter should be installed to cancel out all 

visible and infrared light. In contrast, UVF images (also known as UV luminescence, UVL) are taken with 

an UV-filter which removes the UV excitation wavelength, to prevent any reflected UV light from 

obscuring the photo [2].  

UVF is commonly used in conservation studios to observe heterogeneities on the surface of paintings, 

such as craquelure, biological attack, or areas of previous restoration which is not always visible to the 
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naked eye [3]. Retouched paint from previous restoration has similar optical properties as original paint 

and cannot be distinguished by the naked eye but can be distinguished by its behaviour under UV light, 

where it commonly appears darker (Figure 2.1). UVF can also identify and characterise strongly 

fluorescent pigments such as Indian yellow and madder lake, which have known fluorescence properties 

[4-7].  

 

Figure 2.1: Winged youth, Roman wall painting at the British Museum. VIS) Visible image; UVR) UV 

reflected image; UVF) UV-induced fluorescence where the dark areas are due to previous restoration work 

[8]. 

Studies have attempted to classify pigments and binding media based on their luminescent colours [9-

13]. However due to ageing, degradation, and substrate effects this has proved difficult to summarise. 

Drying oils have been identified by both yellow [14] and blue luminescence [15]. Whereas blue-green 

fluorescence is indicative of proteinaceous binders (egg white and animal glues) [14]. Strongly 

fluorescent pigments, which are more fluorescent than the binders that encase them, can easily be 

identified. For example, madder lake which is known for its pinkish-orange fluorescence can easily be 

detected, even when the red colourant is not visible to the naked eye [16], see Section 2.7. However, 

poorly fluorescent pigments, such as zinc white, are not so easily detected in an UVF image [17]. 

The discrepancies and overlap between the different luminescent colours have led to the development 

of multispectral imaging and fluorescence spectroscopy techniques to aid in identification [16, 18]. 

Combinations of UV-induced fluorescence, reflected UV light, reflected IR and infrared-induced 

fluorescence imaging have been shown to increase the accuracy of identification of specific pigments or 
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binders [10, 18]. Flow chart methods are used to relate the colours observed by the different 

multispectral techniques to a specific binder or pigment [18]. 

2.3 Principles of ultraviolet fluorescence 

It is important to understand the basic principles of fluorescence and to not just fawn over the colourful 

fluorescence images that this technique produces. The fluorescence process is initiated when an object 

is illuminated with electromagnetic (EM) rays. For this study, the EM rays will be ultraviolet light which 

has a wavelength between 200 and 400 nm. The UV lamps are often called Wood lamps in art circles, or 

black lights, as ultraviolet light is not visible to the naked eye and is therefore (incorrectly) named black 

light [1]. By illuminating an object with UV light, electrons in the upper layer of the object are excited to 

a higher energy state. As these electrons fall back to the ground state, they undergo various decay 

mechanisms [19]. One of the possible decay mechanisms is radiative decay, in which lower energy EM 

rays are emitted. Ultraviolet induced fluorescence generally emits visible light fluorescence. 

The process is illustrated in Figure 2.2; incident light (λex) is absorbed by the sample which causes an 

electron to move from the ground state (S0) to the first excited state (S1) or second excited state (S2). 

The latter of the two is less common and rarely seen [11]. These electronic transitions are quantised and 

can be experimentally determined through UV-Visible light absorption studies. When the specific 

quantised energy is absorbed it results in an excited state molecule, therefore this specific absorbed 

wavelength can also be referred to as the excitation wavelength (λex).  

Once in the excited state, the molecule can undergo both non-radiative and radiative transitions. A 

radiative transition from an excited state to a lower energy ground state is known as luminescence. 

Luminescence can be classified into two different groups, phosphorescence and fluorescence. 

Phosphorescence, which is typically employed in commercial glow-in-the-dark items, can glow 

(luminesce) for several minutes after excitation, while fluorescence has a shorter lifetime of typically a 

few nano seconds (ns).  

The energy of fluorescence emission of a system differs from its absorption energy, due to the presence 

of non-radiative transitions leading to energy loss. The energy difference between the absorption and 

emission energy is known as the Stokes shift [19]. The smaller this Stokes shift, the fewer non-radiative 

relaxation pathways the molecule has undergone. 
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The non-radiative transitions are dependent on the molecular structure of the excited species and its 

chemical environment. All molecules undergo internal conversions and vibrational relaxation, which 

result in a lower emission energy (Figure 2.2) compared to the excitation energy [19]. The most common 

non-radiative transition is solvent relaxation, where the fluorescence colour (and therefore emission 

wavelength) of a sample changes depending on the polarity of the solvent. The solvent relaxation is 

mathematically described by the Lippert equation [19], which predicts that polar solvents cause a 

greater relaxation, and therefore a larger Stokes shift, in the fluorescence of the molecular system. 

In Figure 2.2, the colours of the energy transitions are representative of energy changes. The 

wavelength of light is inversely proportional to the energy of the photons. When the excitation 

wavelength (λex) is in the blue range (shortest wavelength with higher energy), the resulting 

fluorescence will be slightly red-shifted to a green colour emission (λem; longer wavelength with a lower 

energy). Ideally there would be no difference between the absorbed and emitted wavelength, however 

in reality there is always some energy difference which leads to a Stokes shift. In Figure 2.2, the green 

emission would have the smallest Stokes shift, and red the largest Stokes shift. 

Figure 2.2: The electronic structure of an arbitrary system indicating various radiative/non-radiative 

degradation paths that result in a lower energy emission than the absorption energy. Adapted from [19]. 
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Since energy is quantised, the absorption and emission lines should be sharp peaks, however this is not 

the case (Section 4.1). Between each electronic state, there exists several vibrational states, and within 

those exist different rotational states. The rotational states are so fine that they do not have a large 

impact on the absorption or fluorescence of a system. However, the vibrational state can change the 

initial ground state energy of a molecule, such that the energy of absorption is lower or higher than 

expected from the electronic ground state (S0).  

The emission spectrum is independent of excitation wavelength [19]. Light sources often emit 

wavelengths represented by a sharp gaussian curve, thus the excitation wavelength they generate can 

be considered as the peak of this curve. This results in various wavelengths being emitted, as this 

excitation wavelength overlaps with the specific energy required for absorption, the sample becomes 

excited. This is true of a single molecule, but when working with mixtures (e.g. paintings), the emission 

spectrum can vary drastically from the pure sample due to intrinsic effects from the microenvironment 

[8, 19]. The microenvironment of the sample changes the availability of non-radiative decay pathways. 

This often results in fluorescence quenching, however this can also lead to electron transfer between 

different molecules, which in turn can enhance the fluorescence [19]. Additionally, in mixtures there are 

several molecules that can be excited to emit fluorescence, leading to complex spectra which are 

dependent on the excitation wavelength.  

2.4 Ultraviolet fluorescence spectroscopy 

Fluorescence spectroscopy is different to fluorescent imaging techniques as it measures the spectrum 

(intensity of each wavelength) of emitted light rather than the visible light colours. Spectroscopy has the 

advantage of measuring low intensity peaks, where the individual colours would not always be visible in 

a photograph or to the naked eye [16]. Human eyes perceive a mixture of wavelengths as one colour 

and not the individual colours (see Section 2.7). Therefore, spectroscopy is a promising technique as the 

results are not subject to an individual’s personal interpretation of colour. 

In traditional spectroscopy techniques, a sample is irradiated with an excitation source of a specific 

wavelength. The spectrum of fluorescence is measured at a 90o angle from the incident light and 

represents the intensity of emitted light. The emission intensity is typically measured from a wavelength 

10 nm longer than the excitation wavelength and can be recorded up to any desired wavelength, based 

on the detector employed. For UV-induced fluorescence, the emission spectrum is often measured in 

the visible range (400-750 nm) or near infra-red region (750-2500 nm). 
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In a sample containing a single molecular species, the emission wavelength can be attributed to the 

electronic states, which are deduced from the molecular structure and functional groups. This 

fluorescence wavelength remains constant regardless of the excitation wavelength used. However, in a 

more complex sample as would be found in binding media, these energy levels cannot as easily be 

attributed to a specific molecule or functional group, and as a result the fluorescence can change 

drastically from one excitation wavelength to the next. In a sample with multiple chemical species, a 

specific excitation (λA) can result in fluorescence from species A, while another excitation wavelength 

(λB) will result in fluorescence from species B. The two different excitation wavelengths (λA and λB) could 

differ by as little as 10 nm and result in drastically different fluorescence spectra [19].  

These changes in fluorescence of complex mixtures are identified by using 3D fluorescence mapping. 

The 3D map is created by systematically increasing the excitation wavelength (ordinate) and measuring 

the resulting intensity of fluorescence at a range of emission wavelengths (abscissa). The intensity of 

fluorescence is depicted on this map as contours or through colour dependant intensity changes [20], 

for example, Figure 2.3 depicts a 3D fluorescence map. It is clearly seen that gum Arabic has an optimal 

excitation wavelength of 280 nm, and results in a fluorescence emission around 300 nm. This indicates 

that gum Arabic has one fluorophore that can be detected in the emission range (290 – 450 nm). 

 

Figure 2.3: A 3D fluorescence map of a film of gum Arabic [20]. 
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In addition to traditional fluorescence spectroscopy where a single excitation wavelength is used and 

the emission spectrum is measured, synchronous fluorescence spectroscopy (SFS) can be used. SFS is 

the analysis of both excitation and emission spectra simultaneously with a fixed wavelength difference 

(Δλ) between λex and λem. A peak in SFS does not indicate that a specific excitation wavelength results in 

fluorescence, but rather that with a fixed Δλ there is an increased fluorescence at an excitation 

wavelength. For example, an excitation wavelength of 250 nm will result in a poor fluorescence at λem 

270 nm while at λex 570 nm there will be a strong peak at λem 590 nm. This does not indicate that λex 250 

nm does not produce any fluorescence. 

SFS poses several advantages over the traditional spectroscopy method as it provides spectral 

simplification, reduced scattering interference, bandwidth narrowing and improved resolution [21].  It 

has proved to be slightly more successful in differentiating between binders of the same chemical class, 

particularly in combination with multivariate statistics [22, 23]. For example, traditional fluorescence 

spectroscopy could not distinguish between linseed, poppyseed or walnut oil (which are all drying oils), 

however SFS could distinguish between these three oils by small differences in relative peak height [24]. 

Fluorescent lifetime imaging (FLIM) is another useful technique in identifying fluorescent samples and 

can classify binders more accurately than traditional and synchronous fluorescence spectroscopy. 

Binders of the same group can prove difficult to identify based on fluorescence spectra [25]; for example 

proteinaceous binders, egg white and animal glues contain tyrosine and tryptophan as fluorophores 

[26]. Fluorescence spectroscopy will show the presence of the fluorophores and their intensity of 

fluorescence whereas the fluorescent lifetimes are different for each binder based on the chemical 

matrix that the fluorophore is in. The fluorescent lifetime can be defined as the time a molecule is in the 

excited state [27]. The microenvironment may affect the path of non-radiative decay and thus the 

population of molecules in the excited state, leading to a decreased fluorescent lifetime.  Fluorescent 

lifetimes have been found to be powerful in differentiating between pigments of the same chemical 

class, as in a recent study which was conducted to show differences in fluorescent lifetimes in 

anthraquinoid pigment dyes [28]. 

FLIM can be used as a spectroscopic technique [28] but is more commonly used as an imaging technique 

[29]. The sample is analysed pixel by pixel to record the fluorescence lifetime (only a few nanoseconds) 

and the intensity of the fluorescence. These maps are then combined into one to produce a hue-

saturation-value (HSV) map (Figure 2.4). The HSV model has been adapted specifically for FLIM, where 
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the colour (hue) indicates the fluorescent lifetime of the area, and the darkness indicates a lower 

intensity of photons, making it is easy to characterise areas of different composition [29].  

 

Figure 2.4: Fluorescence life-time imaging of a section of damaged painted wall painted by Masolino da 

Panicale, in the Collegiata of Catiglione Olona - a Renaissance church near Varese; a) intensity map; b) 

life-time map; c) HSV map [29]. 

Time-resolved laser induced fluorescence (TR-LIF), also known as time-resolved photoluminescence 

(TRPL), is another method that is based on the principle of luminescent decay time. Instead of 

measuring the exact fluorescent lifetime, TR-LIF makes use of two spectra recorded at different times 

[30]. The first spectrum is recorded at no time delay from when the sample was irradiated, whilst the 

second is recorded sometime after irradiation, for example 30 ns. By comparing the two spectra, any 

changes in relative peak height would indicate a different fluorescent lifetime. This is particularly useful 

in identifying different fluorophores that emit at a similar wavelength and are superimposed to give one 

broad peak in real time fluorescent measurements [31]. As is the case for Primal B-60 (a contemporary 

binder), which showed a broad peak at 294 nm in real time while the delayed time spectrum showed 

that the peak shifted to 280 nm. This showed the presence of two fluorophores with different 

fluorescent lifetimes [31].  

2.5 Instrumentation 

As discussed, there are several different fluorescence spectroscopy techniques. These techniques 

generally have very similar specifications in instrumentation, and have intrinsic differences with 

sensitivity of detectors for life time measurements. For all techniques, an excitation light source is 

needed. UV-induced fluorescence spectroscopy specifies that an ultraviolet light (200-350 nm) is used 

and is typically produced using halogen lamps and LED lights. However, several applications have started 

using lasers as excitation wavelength (laser-induced fluorescence, LIF) due their higher intensity and 

narrow emission wavelength range which provides selectivity [32]. The intensity of the laser source 
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allows samples to be analysed from distances up to ten meters away [3]. This has created an ideal 

method to analyse historic buildings, sculptures, and roof paintings where ladders and scaffolding are 

otherwise needed to take samples. LIF instruments can specifically be developed for outdoor and 

distance analysis in the form of fluorescence lidar (light detection and ranging). Fluorescence lidar is 

designed to measure fluorescence in full daylight and is used in several environmental monitoring 

applications [33]. It is important to note that although the laser sources are advantageous in distance 

analysis, they can cause unwanted photo-oxidation of pigments if the light intensity is too high [34].  

The light source employed in fluorescence spectroscopy determines the excitation wavelength (Table 

2.1). Halogen lamps have a broad-spectrum emission which requires the use of multiple filters and slits 

to obtain a specific excitation wavelength. The main advantage of halogen lamps is that they allow any 

excitation wavelength to be chosen. Laser sources have a few set wavelengths at which they can excite 

which is dependent on the composition of the gain medium. The most common laser source used in art 

conservation applications is the Nd:YAG laser, which is a isomorph of a yttrium aluminium garnet (YAG) 

crystal where a portion of the yttrium (Y) atoms are replaced with neodymium (Nd) atoms which allows 

enhanced photon intensity [35]. Excimer lasers have proved to be valuable tools in the conservation of 

paintings as they can remove the varnish layer of objects without causing thermal alterations and 

minimal light penetration [34].  

LEDs (light emitting diodes) are composed of a semiconducting material (such as aluminium gallium 

arsenide) which emits light when activated by an external energy source. To obtain the different 

wavelengths in LED lights, impurities are added to change the band gap width, which changes the 

energy and therefore the wavelength that is emitted. Therefore, only certain excitation wavelengths are 

provided by a single LED source [36]. The advantages of LED lights are that they are small, of low cost 

and are easily interchangeable [37]. 
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Table 2.1: Light sources used as excitation source for fluorescence measurements of paintings. 

Light source 
Excitation wavelengths 

possible (nm) 
Filters needed* Reference 

H
al

o
ge

n
 la

m
p

s 

Xenon arc Lamp (Jobin-

Yvon/Horiba Fluoromax-P) 

All λ possible 

(continuous source) 1 

nm and 5 nm slits used 

to obtain the needed 

λ. 

Examples: 260, 280, 

335, 355 

- [24, 38] 

High pressure mercury lamp. 

(HBO 100W) 

Continuous source, 1 

and 5 nm slits used 

365 

10 nm bandwidth 

interference filter 

(365FS 10-25) 

coupled with ND400 

(Nikon) dichroic 

mirror 

[39] 

La
se

r 
so

u
rc

es
 

Nd:YAG laser 

 

1054, 532, 355, 266, 

213 
Density filter 

[3, 38, 40-

41]  

KrF Excimer laser (TUI Laser 

AG BraggStar 200) 
248 - [38] 

Nitrogen laser (LN203C 

Laser Photonic) 
337 - [29] 

XeCl Excimer laser 308 - [42] 

LE
D

 

Light emitting diodes 
375 455 nm filter [37] 

 285 320 nm filter 

In fluorescence imaging, the source and detector are often separate components. Large UV lamps (the 

light source) can be found in most conservation studios, the detector for imaging is commonly a DSLR 

(digital single-lens reflex) camera that captures the fluorescence emission of a painting. However, in 

fluorescence spectroscopy, the light source and detector may be found in the same instrument. This aids 

in better calibration between the excitation wavelength and the emitted light as well as reducing the 

background light and enhances the reproducibility.  
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The detector plays a critical role in the sensitivity and resolution of spectroscopy measurements. A range 

of different detectors are used (Table 2.2), although they all follow the same basic principle. The 

detectors consist of an array of pixels that act as transistors to convert a photon signal into a digital 

(electron) signal. This digital signal is used to plot the spectrograph. The most common detector in 

spectrometers is a charge-coupled device (CCD) which is also found in DSLR cameras [43]. In competition 

with the CCD, a complementary metal-oxide semiconductor (CMOS) detector could be used, as it has a 

lower power consumption and costs less than a CCD. However, a CMOS has a lower sensitivity than the 

CCD, which is disadvantageous particularly in fluorescence measurements [43]. Fluorescence emission is 

often only a tenth of the intensity of the incident light, therefore high sensitivity is needed in 

fluorescence detectors. This brings us to the third most common detector; the photo-diode array (PDA). 

Photo-diode array detectors consist of an array of pixels that make them ideal to measure an entire 

spectrum in a short amount of time. When compared to a CCD detector, a PDA detector has a lower 

charge to voltage conversion efficiency, which means that it is less sensitive to low light levels. However, 

the PDA has a high photo saturation charge which allows higher intensities of light to be measured at 

high accuracies. Therefore, CCD is ideal for very low light applications whilst PDA detectors are ideal due 

to their large photodetection range [44]. 

  



22 

 

Table 2.2: Detectors generally used in fluorescence spectroscopy. 

Detector Range (nm)† Filters used Reference 

C
C

D
 d

et
e

ct
o

rs
 

CCD camera (Retiga 2000) 400-720 Liquid tuneable 

filter 

[16] 

Time-gated intensified CCD camera 370-870 FKB-VIS-40 band-

pass transmission 

filters 

[30] 

Thorlabs Spectrometer CCS200/M, 

CCD line array 

200-1000 - [37] 

Ocean Optics HD4000 

Spectrophotometer (CCD) 

250-600 290 nm cut off 

filter 

[38] 

CCD Multichannel spectral analyser 

(PMA 11-C5966) 

400-800 

 

Residual excitation 

light removed by 

GG400 long pass 

filter 

[39] 

P
D

A
 d

et
ec

to
rs

 

 Jasco Fluorescence spectrometer, 

silicon photodiode array 

250-480 Excitation and 

emission 

monochromator 

[24] 

Time-resolved optical multichannel 

analyser (OMA) with silicon 

photodiode array detector 

400-800 Cut-off filter 

(Kodak Wratten 

#2E) to remove 

reflected 

excitation light 

[29] 

 Photocathode detector 350-800 - [28] 

† Range of recorded spectrum, this does not necessarily indicate the full range of the detector. 

Ideally, any analysis that is done on artworks should be non-destructive and done in situ. This means 

that the artwork can remain in the museum and is analysed with minimal handling. This has led to the 

development of the LED micro-spectrofluorometer (LEDµSF) and other handheld spectrofluorometers 

which have allowed for more sophisticated spectroscopic analysis [16, 28, 37, 45, 46]. The handheld 

instruments have interchangeable LED lights as excitation sources and CCD detectors [28, 37]. In 
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addition, Peltier cooling can be used to improve sensitivity in CCD detectors for handheld 

instrumentation [47].  

2.6 Application 

Fluorescence spectroscopy is a surface analysis technique [10]. Therefore, UV-induced fluorescence is 

limited to the analysis of the surface of a painting, i.e. the varnish and paint layer. This study focuses on 

the fluorescence of paint binding media, with mixtures including pigments, whilst the fluorescence of 

varnish layers was not studied. There have been extensive studies on the fluorescence of the varnish 

layer, which the reader is referred to for further information [48-50]. It is important to note that the 

fluorescence discussed in this dissertation refers to the intrinsic fluorescence (also known as 

autofluorescence) of materials and is not induced by chemical stains. Fluorescence-staining is a 

technique whereby dyes are applied to a sample, these dyes (e.g. fluorescamine, LISSA, FITC and many 

others) bond to certain functional groups resulting in a fluorescent sample [51]. Although this staining 

technique is highly efficient, it is an invasive technique which could lead to irreversible damage to 

paintings. 

To fully investigate the fluorescence of paint materials, it is important to firstly understand the intrinsic 

fluorescence of binders in a pure model sample that contains no pigments. Thereafter, the intrinsic 

fluorescence of pigments needs to be studied. Once all the components of paint are considered 

individually, they can be investigated together as a mixture. 

2.6.1 Binders 

Binders are as the name suggests, the adhesive medium that binds the pigment to the substrate of the 

painting. Binders consist of complex organic mixtures that form a film through solvent evaporation or 

polymer formation. Paint properties, such as curing time, gloss, rheology and application thickness 

depend on the choice of binder and binder-to-pigment ratio. This leads to the different painting 

techniques, for example drying oils are used in oil paints while polysaccharide materials are often used 

in water paint, and eggs in tempera painting [52].  

Many binders are extracts from natural materials, which results in complex mixtures of chemicals. 

Therefore, there could be multiple compounds present that lead to the fluorescence of a single binder. 

Several studies have attributed certain chemicals to the fluorescence; however, many fluorophores are 

still unknown (Table 2.3).  
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Table 2.3: A summary of the fluorescence from various paint binders found in literature. 

Binder Excitation 

(nm) 

Emission 

(nm) 

Identified fluorophores Reference 

D
ry

in
g 

o
ils

 

Linseed oil 365 480-540 1-amino-3-iminopropene [53] 

337 480-550  [54] 

363.8 492-685  [55] 

Poppy seed oil 337 440-500  [54] 

P
ro

te
in

ac
e

o
u

s 
b

in
d

e
rs

 

Animal glues 248 305, 385 Tyrosine, pentosidine and pyridinoline [38] 

355 415, 440, 

480 

di-tyrosine, pyridinoline, 

dihydroxyphenylalanine (DOPA) 

[38] 

337 430-440  [56] 

337 430   [25] 

Casein 248 340, 420 Tryptophan, di-tyrosine [38] 

280 348 n-acetyl tryptophan [38] 

355 450  [3] 

Egg white 248 340, 420 Tryptophan, di-tyrosine [38] 

355 420, 435 di-tyrosine, tryptophan, and oxidation 

products e.g. N-formylkynurenine (NFK) 

and kynurenine 

[38] 

300 325, 425  [26] 

266 333 Tryptophan [57] 

363.8 588  [55] 

355 520  [3] 

 337 410   [25] 

Egg yolk 248 515-440  [38] 

 266 333, 520, 

450 

Aromatic amino acids, phospholipids 

and photo-oxidation products 

[57] 

 355 515,440 Phospholipids [58] 

 350 425  [25, 34] 

Whole egg 363.8 480  [55] 

308 500  [42] 
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Calcium caseinate 337 460  [29] 

Parchment glue 260 301 Tyrosine and n-acetyl tyrosine ester [38] 

335 385, 415 Pentosidine, di-tyrosine [38] 

Rabbit skin glue 355 435, 480 Lysine adducts and DOPA [38] 

355 520  [3] 

266 333, 310 Tyrosine and tryptophan [57] 

P
o

ly
sa

ch
h

ar
id

es
 

Gum Tragacanth 363.8 450  [55] 

Gum Arabic 363.8 450  [55] 

278 302 Tyrosine, tryptophan, phenolic 

compounds (caffeic acid and ferulic 

acid) 

[20] 

278 315 Tyrosine and tryptophan [59] 

Sy
n

th
e

ti
c 

b
in

d
e

rs
 

Paraloid B72 266 335  [3] 

Mowilith 50 266 330  [3] 

Calaton 266 330  [3] 

Primal AC33 266 315  [3] 

Primal B60 220 294  [31] 

Vinavil 266 340  [3] 

PVAc 337 460  [29] 

Acrytal C12  220 280  [31] 

Vinil Pritt 220 280  [31] 

M
ix

tu
re

s Whole egg + 

Linseed oil 

363.8 550  [55] 

 

2.6.1.1 Lipid binders 

Drying oils have been used in paintings as a binding medium since the 16th century. Their ability to dry 

and form a solid film under ambient conditions [60] can be attributed to the unsaturation in oils, which 

facilitates polymerization [61]. Linseed-, poppyseed-, as well as walnut- or safflower-oil, which are 

commonly used in paintings, contain high concentrations of the unsaturated fatty acids moieties, such 

as linolenic and linoleic acid (Table 2.4) [52]. Linseed oil is extracted from the flax plant (Linum 
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usitatissimum), which contains large amounts of unsaturated fatty acid moieties [62]. Water-miscible 

linseed oil contains an emulsifier which makes the oil hydrophilic, allowing for the use of water, instead 

of toxic organic solvents, to rinse paint brushes [61]. Stand oil is a form of linseed oil that has been pre-

polymerised through heat treatment. Poppy seed oil is extracted from Papaver somniferum seeds and 

contains lower concentrations of unsaturated fatty acid moieties [63]. The properties of each oil are 

largely dependent on the type of fatty acids present; for example, oils with a high unsaturated fatty acid 

content dry faster but have a greater tendency to yellow with age [62, 64-67]. 

Table 2.4: The fatty acid content of drying oils typically present in paintings [65, 68, 69]. 

Fatty acids  Linseed oil 

(%) 

Poppyseed oil 

(%) 

Walnut oil 

(%) 

Safflower oil 

(%) 

Palmitic acid (C16:0)* 6-8 8-12 3-7 5.5-7 

Stearic acid (C18:0) 3-6 2-3 0.5-3 2-3 

Oleic acid  (C18:1) 14-24 12-17 9-30 10-35 

Linoleic acids  (C18:2) 14-19 55-65 57-76 55-81 

Linolenic acid  (C18:3) 48-60 3-8 2-16 0-1 

*C16 indicates the number of carbons in the chain (in this case, 16 carbons), while the second number indicates the degree of 

unsaturation (number of double bonds). 

The fluorescence of drying oils is beneficial as it can aid in diagnostic tests that identify areas of previous 

restoration [2, 70]. Aged drying oils develop a very characteristic blue coloured fluorescence which is 

seen over the entire painting, while newly applied paint (from restorations) will have no fluorescence, 

making the new, unaged paint (and milk proteins) easy to detect. The fluorescence of drying oils has 

been related to the degree of yellowing: the fluorescence shifts from blue to green as the samples age 

and yellow [53, 71, 72].  

Drying oils are clear to translucent when applied to paintings, but gradually develop a yellow 

discoloration over time. This discoloration is an unavoidable property of oil paint [61].  The chemical 

basis of the yellow colour remains poorly understood, despite the wide range of reported compounds 

that are suspected to play a role in this regard [53, 61, 62, 71, 73-77]. The currently accepted view is that 

the yellowing is a result of two compounds, one which reflects yellow light, and another which 

fluoresces yellow, although their identities are still unknown [53]. Since the discolouration and 

fluorescence are so closely related, it is important to understand the discolouration trends. 
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Although little is known of compounds responsible for the yellowing of oils, there are a few trends 

associated with this yellowing process. Firstly, a high degree of unsaturation in the oil leads to significant 

discolouration. Therefore, linseed oil will yellow to a greater extent than poppy seed oil, which is less 

unsaturated [61, 78]. Secondly, the yellowing has been found to be accelerated by certain metal-

containing pigments, such as lead white, copper carbonate and various cobalt pigments [14, 71, 78-80]. 

Thirdly, the discolouration is reversible and can go through cycles, depending on the storage conditions; 

light exposure reverses the yellowing, while dark conditions promote yellowing, which suggests that 

photodegradation reactions reverse the discolouration (and possibly the associated yellow coloured 

fluorescence) [71, 80].   

2.6.1.2 Proteinaceous binders 

Proteinaceous binders (animal glues and egg-based media) are derived from animal sources. Animal 

glues are natural polymers derived from collagen, the major structural protein of skin, cartilage, and 

bones. Egg-based media are egg yolk, egg white and whole egg mixed with oil, gum or mastic resin to 

produce a tempera painting once mixed with pigments [81]. Tempera paintings can be done with egg 

alone, but often contain additives to change the painting properties. Other protein samples such as 

animal glue have been mixed in tempera as an additive (or alone to form glue-tempera), but egg-based 

materials are the main component of tempera. Tempera paints were a popular painting technique in the 

14-15th centuries [81].  

Fluorescence studies are often used as a diagnostic test for proteins, however there is often a 

misconception when referring to fluorescence studies of proteins. Fluorescence-staining, where dyes 

(e.g. Fluorescamine, LISSA and FITC) are used, indicate where certain proteins are present [82-85]. Dyes 

are added to protein samples which bond covalently to the primary amines in amino acids, and this 

bond formation results in a fluorescent dye. Fluorescamine results in a blue fluorescence (λem 470 nm; 

λex 390 nm), LISSA in a yellow red colour (λem 590 nm; λex 570 nm) and FITC reacts with sulfhydyl groups 

to form a green coloured fluorescence (λem 519 nm; λex 495 nm) [51]. The staining technique is highly 

efficient, and is typically done on embedded and polished (cross section) paint samples. The staining is 

not done on the larger painting, but the removal of paint samples is an invasive technique which leads 

to irreversible damage to paintings. Fortunately, proteins have an intrinsic fluorescence by which the 

chemical components of proteins are fluorescent [86]. It is this intrinsic fluorescence that becomes 

important in a cultural heritage setting.  
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In fresh (newly applied) protein samples, the most prominent fluorophores are the aromatic amino 

acids: tryptophan (Trp, λem 348 nm), tyrosine (Tyr, λem 303 nm) and phenylalanine (Phe, λem 282 nm) 

[38]. Tryptophan has the highest quantum yield (QY) and will result in the majority of the observed 

fluorescence, whilst phenylalanine has the smallest QY and is rarely seen in fluorescence spectra [38]. As 

the proteinaceous samples dry and stabilize, they form new crosslinked structures, of which some are 

fluorophores. In egg and casein samples, crosslinked products formed through the Maillard reaction 

(between proteins and saccharides) result in strongly fluorescent pentosidine (λem 385 nm) and 

pyridinoline (λem 440 nm) products [38]. In addition, fluorescent photo-oxidation products can be found 

in dried paint samples, such as di-tyrosine (λem 415 nm), dihydroxyphenylalanine (DOPA, λem 480 nm), N-

formylkynurenine (NFK, λem 440 nm) and kynurenine (λem 435 nm) of which the latter two are 

tryptophan oxidation products [38, 87, 88]. Although these are the main fluorophores in proteinaceous 

samples, they do not all fluoresce at the same intensity due to variations in quantum yields. Studies 

have been done to deconvolute fluorescence spectra to characterise the contribution of each protein 

fluorophore [22]. 

2.6.1.3 Polysaccharide binders 

Gum Arabic and Gum Tragacanth are well known polysaccharide materials. They are extracts from 

Acacia Senegal trees and Astragalus shrubs, respectively. Gums consist mainly polymer chains of 

saccharide materials such as galactose, arabinose and rhamnose, along with peptide chains (containing 

hundreds of amino acids) that are attached to the polysaccharide blocks. Some of these polysaccharides 

can contain proteins within the polymer chain. The protein content can vary from 2 to 25 % (w/w), and 

this variation is attributed to the source of tree sap (location and tree species), as well as the age of the 

tree [59].  

Few fluorescence studies have been done on polysaccharide materials [20, 55, 59], in these studies the 

fluorophores in polysaccharides have been identified as tyrosine and tryptophan residues [20, 59]. 

Dhenadhaylan, et al. [59] has proved that increasing the acidity of gum Arabic allows the amino acids to 

precipitate out of the polymer chain which results in an increase in fluorescence intensity. Therefore, 

although gum materials are polysaccharides, their fluorescence can be comparable to the proteinaceous 

binders. 
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2.6.1.4 Synthetic binders 

Synthetic binders are long chains of polymers, including polyvinyl acetate (PVAC), polyvinyl alcohol 

(PVAL), derivatives of polyacrylic acid (PAA) and acrylic homopolymers (poly (n-butyl methacrylate) as 

well as acrylic copolymers (with methyl methacrylate (MMA) and either ethyl acrylate (EA) or n-butyl 

acrylate (nBA)). Synthetic binders have not been on the market for a very long timecompared to 

traditional binders which have been used for centuries [52]. Due to this time scale, the long-term 

chemical degradation of synthetic binders is still poorly understood [89]. A few studies have aimed to 

aid chemical understanding. As fluorescent imaging is generally the first diagnostic test undertaken, 

studies have recently started focusing on the fluorescence of synthetic binders [46]. Fantoni et al. (2013) 

[3] and Marinelli et al. (2017) [31] have contributed significantly to the identification of the differences 

in fluorescence of synthetic binders. These studies have, however, focused on identifying differences in 

fluorescent colours or spectra and have not attributed the fluorescence to chemical species [3, 31].  

In this project, a select few synthetic binders were studied based on their availability and use in 

conservation studios. The binders studied were thus: mowiol 18-88, mowital B30H, lascoux, paraloid 

B72 and paraloid B67. Mowiol 18-88 is a PVAL polymer, which is partially hydrolysed [89, 90]. Mowital 

B30H is a polyvinyl butyral (PVB) in which butyraldehyde (noted by the B in B30H) is used and has a 

relatively high degree of acetalization (noted by the H). Lascoux is a thermoplastic acrylic resin 

composed of a water-based dispersion of a copolymer of butyl acrylate (BA) and methyl methacrylate 

(MMA), which is thickened with acrylic butylester.  

Paraloid is the trade name for polymethacrylate synthetic binders. The exact composition percentages 

of each paraloid are not well known, however all paraloids share similar reversible adhesive properties. 

Paraloid B72 is the most studied and is a copolymer of 30% methyl acrylate (MA) and 70% ethyl 

methacrylate (EMA) with a small amount (about 2%) of butyl methacrylate (BMA) [91]. Paraloid B72 is 

weakly fluorescent at 335 nm (λem) when excited at 266 nm (λex) [3]. The polymer structures of these 

materials are depicted in Figure 2.5. 
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Figure 2.5: Chemical monomers of selected synthetic binders. 

2.6.2 Pigments 

Pigments are the substances that give colour to paint and can be classified as either inorganic, 

organometallic or organic pigments. The inorganic pigments are pigments that contain metals and can 

consist of mineral pigments (e.g. natural ultramarine, derived from lapis lazuli, a semi-precious stone), 

synthetic mineral pigments (e.g. synthetic ultramarine) and other metal-based complexes (e.g. cadmium 

sulphide). Organic pigments are carbon based chemical structures, which consist of dyes extracted from 

plants (e.g. madder) and synthetic organic pigments (e.g. arylamide yellow). 

It is important to note that not all pigments fluoresce. Similar to the binders, specific conditions and 

chemical structures are needed for fluorescence to occur. Table 2.5 summarises the pigments of known 

fluorescence, which can be found in literature. 
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Table 2.5: Summary the excitation wavelength and emission peaks of known fluorescent pigments found 

in literature. 

Pigment 
Excitation wavelength 

(nm) 

Emission wavelength 

(nm) 

Reference 

Zinc White  

(ZnO) 

248 285 [34] 

337 385 [92] 

355 380-400 [30] 

355 385 [93] 

Titanium white 

(TiO2) 

337 381 [92] 

355 473 [93] 

355 400a [30] 

355 500b [30] 

Lead white 

(PbCO3)2·Pb(OH)2 

248 490 [34] 

355 547 [93] 

Hydrocerussite 

2PbCO3.Pb(OH)2 

248 590-610 [94] 

355 480-580* [30] 

Cerussite 

PbCO3 

248 458-443 [94] 

355 500-550 [30] 

Cadmium yellow 

(CdS) 

337 520 [92] 

355 483 [93] 

355 470-510 [30] 

Lemon yellow  

(BaCrO4) 

337 383, 520 [92] 

Citron yellow (ZnCrO4.K2CrO4.ZnO) 337 383, 520 [92] 

Chrome yellow citron (PbCrO4. 

PbSO4) 

248 560 [34] 

337 540 [92] 

Hansa yellow 

(C16H12Cl2N4O4) 

337 382, 550 [92] 

Aureolin  

(K3Co(NO2)6.3H2O 

337 550 [92] 

Naples yellow 355 538 [93] 

 



32 

 

Cadmium red 

337 600 [92] 

355 568 [93] 

355 550-630 [30] 

Red lead 355 568-600 [93] 

Vermillion 

308 620 [42] 

337 600 [92] 

337 630 [56] 

532 600 [95] 

Barite 355 450 [30] 

Calcite 355 450 [30] 

Egyptian blue 355 910* [30] 

Madder lake 

365 455-540 [5] 

490 540-560 [6] 

440 630 [7] 

  630 [16] 

Curcumin 248 560 [34] 

Azurite 248 380 [34] 

Indian yellow (euxanthic acid) 435 535 [4] 

a Titanium white in rutile polymorph 

b Titanium white in anatase polymorph 

*Fluorescence not related to the band gap energy and is rather an effect of intrinsic defects of the crystal structure 

Organic pigments fluoresce due to the presence of conjugated double bonds which lead to electron 

delocalization. This can be due to the presence of several aromatic rings or long alkene conjugation 

paired with aromatic rings or di-azo bonds [32]. However, not all organic pigments contain this 

conjugation, and therefore will not fluoresce. Inorganic pigments lack conjugation that leads to the 

delocalization of electrons, however certain inorganic pigments can fluoresce where the band gap is 

small enough to be excited [96, 97]. The appropriate band gap is commonly found in semi-conductor 

pigments and can be enhanced by the prescence of impurities. For example, yellow cadmium-based 

pigments (CdSexS1-x) have shown to fluoresce at longer wavelengths as the concentration of selenium 

increases [97].  
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2.6.3 Limitations of fluorescence spectroscopy on paintings 

There are a few limitations of determining the fluorescence of binders in painted objects, especially 

considering that a multitude of fluorescent and non fluorescent pigments may be added to the binder. 

Firstly, it is important to note that pigments are often particles immersed in the binder film; this can 

result in reflection of the incident light from the crystal surfaces. This has been accounted for in 

literature by the use of the Kulbeka Munk theory, which is an equation that corrects the fluorescence 

spectra for scattering effects [8]. However, pigments are often ground to fine powders to ensure an 

even coloured paint, and this can create a multitude of submicron sized pigment particles, which do not 

fluoresce [97]. 

Secondly, the emission spectrum of binders may undergo bathochromic shifts (to longer wavelengths), 

through the presence of different pigments [98] and the various painting techniques [25]. It is also 

known that certain pigments can accelerate the production of fluorescent species, e.g. lead white in 

linseed oil [8, 53]. Thirdly, pigments can greatly affect the fluorescence spectrum by absorbing the 

emitted light from binders [8, 15, 99]. At low binder to pigment ratios, the binder’s fluorescence is often 

not observed. This can be due to chemical quenching, masking effects or the absorption of emitted light 

by pigments [25].  

2.7 Case study from literature 

There are numerous examples which illustrate the power of fluorescence spectroscopy in art 

conservation. One of these is a case study done by Comelli, et al. [16] on a fresco at the Baptistery of 

Castiglione Olona (Italy) painted by Masolino da Panicale in 1435, has showed the advantages of 

measuring a fluorescence spectrum along with analysing a visual image. In addition, this case study 

shows the importance of understanding binder and pigment fluorescence in a single object.  

In the visible image (illuminated by white light, i.e. no fluorescence) the headpiece in the painting seems 

to look the same, with only a slight difference in colour and lustre (Figure 2.6a). However, the 

fluorescence image shows a bright, orange-coloured fluorescence (Figure 2.6b). When the fluorescence 

spectrum was measured, two distinct peaks were found, λem 480 and 630 nm. The first fluorescence at 

480 nm was identified as the binder which is similar to the fluorescence in other parts of the painting, as 

is seen by the blue glow, while the orange fluorescence at 630 nm has been identified as the pigment, 
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madder lake. Madder lake is a very saturated red organic colourant, which consists of a base 

anthraquinone structure which leads to the bright fluorescence [100].  

The visual image of the painting (Figure 2.6a) did not have the saturated red colouration which is 

associated with madder lake. However, through fluorescence spectroscopy, the madder lake was 

identified. This discovery suggests that the madder lake was previously added as decorative means and 

could have been removed by previous restoration attempts. Though most of the colour was removed, 

traces of the strongly fluorescent pigment were still identified. This level of detail was only possible after 

spectral studies were done, as the luminescence photograph (Figure 2.6b) could not characterise the 

fluorescence wavelength. In addition, when looking at this fluorescence image, no fluorescence is seen 

from the binder under the orange fluorescence. Fluorescence spectroscopy is a very sensitive technique 

which should always be used in conjunction with fluorescence imaging. 

 

Figure 2.6: Fluorescence of Salome's face painted by Masolino di Panicale. a) Visual image; b) UV-

induced fluorescence excited at 365 nm with an UV-A low pressure mercury lamp [16]. 

This case study demonstrates the importance of fluorescence spectroscopy when interpreting 

fluorescence images. To accurately use fluorescence spectroscopy as an identification technique, it is 

important to understand the chemical nature of each fluorophore, and how changes in the chemical 

environment result in different fluorescent peaks. This will be achieved in this study by using a range of 

destructive and non-destructive techniques to characterise the chemical changes induced in model 

samples. The experimental methodology employed is discussed in the following chapter. 
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Chapter 3: Experimental Methodology 

3.1 Overview 

The experimental scheme of the project is presented in Figure 3.1, which shows the inter-relationship 

between the components of this study. All binders were prepared in 2017 and naturally aged for two 

years. The fluorescence spectra of these 2017 samples were analysed in 2017 (as freshly dried binders), 

and subsequently in 2018 and 2019 to identify any shifts in fluorescence spectra resultant of natural 

ageing. Drying oils showed interesting results (as discussed in Section 4.1) and were therefore 

specifically chosen to undergo artificial ageing experiments (Section 3.2.4). Various artificial ageing 

mechanisms (UV light, sunlight, dark drawer, and exposure to ammonia vapour) were applied based on 

suggestions from literature [1, 2]. High performance liquid chromatography (HPLC) and other 

chromatographic techniques were then employed to further characterise the fluorophore in drying oils. 

In addition to the ageing studies, in 2018 mixtures of binder and inorganic pigments were prepared and 

analysed to characterize any fluorescent changes resultant of pigment interactions (Section 4.3). 

Inorganic pigments do not dissolve in the binder and remain in their crystalline form. Therefore, pigment 

effects from inherently fluorescent pigments and pigments which will dissolve into the binder leading to 

larger pigment-binder interactions, were investigated (Section 3.2.2).  
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Figure 3.1: Overview of project layout shown in relation to research done in previous years.
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3.2 Sample preparation 

3.2.1 Binders 

The binders were made up according to traditional recipes [3]. Three different variations of chicken egg 

samples were tested: whole egg, egg white and egg yolk. Egg white was obtained by separating the egg 

yolk and egg white, the egg white was then used directly. Egg yolk was obtained by drying the egg yolk 

casing with paper towel and then piercing the casing to allow the yolk to drip out, this ensures no 

contamination from egg white. Whole egg was prepared by scrambling the entire egg (including the egg 

yolk casing) with a clean spatula. 

Rabbit skin glue (BluePrint, SA) was dissolved in deionised water (DI.H2O) to a 5% (w/w) concentration, 

following traditional recipes [3, 4] (Table 3.1). The deionised water was obtained from a Millipore Direct-

Q 3 UV system (Molsheim, France).  Fish glue (Sennelier, France) was ready made to a 50% dry extract 

solution in water and required no sample preparation. Ox gall (Winsor & Newton, UK) required no 

sample preparation, and is an additive to paint which will be studied for its binding properties. These 

binders, along with the egg samples, are classified as proteinaceous binders. 

Gum Arabic (Winsor & Newton, UK) was ready-made and required no additional sample preparation. 

Gum Tragacanth (University of Pretoria Museums) was made up by dissolving the powder in deionised 

water at a 1:27 weight to volume ratio and heated to 80oC on a hot plate (Heidolph, Labotec, SA) for 2 hr 

ensure complete dissolution, as was instructed on the sample bottle. Klucel G powder (University of 

Pretoria Museums) was dissolved in deionised water at 80% (w/w), stirred with a magnetic stirrer bar 

and heated on a hotplate for 1 hr. It was then left-over night (24 hrs) before painting of the model 

sample. These binders are classified as polysaccharides but will be further discussed in tandem with the 

proteinaceous materials. 

Lascoux (a medium for consolidation 4176, BluePrint, SA) and gilding milk (LUKAS, Germany) were ready 

to use, and required no sample preparation. Paraloid B72 and paraloid B67 (BluePrint, SA) were made 

up by dissolving 0.3 g of the resin beads in 10 mL of methanol (HPLC grade - Sigma Aldrich, SA) to 

produce a 30% paraloid solution, following guidelines given by the conservators at University of Pretoria 

museums. Mowital (BluePrint, SA) and mowiol 18-88 (BluePrint, SA) were dissolved in deionised water 

and made up to a 60% (w/w) solution before applying the binder onto various substrates. These binders 

(lascoux, paraloid, mowital and mowiol) are classified as synthetic binders. 
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Four different drying oils were analysed, all of which were ready to use and required no additional 

sample preparation. The oils used were linseed oil (LO), water-miscible linseed oil (WLO), stand oil (SO) 

and poppy seed oil (PO) all from Winsor & Newton, UK. These will further be referred to as lipid binders. 

3.2.2 Pigments 

Five different pigments were used: alizarin crimson (PCM545), lamp black (PCM559), Indian yellow 

(PCM557), phthalo blue (PCM565) and oriental blue (PCM563) all from BluePrint, the South African 

Institute for Heritage Science & Conservation. In addition, reference samples of alizarin crimson were 

used: namely alizarin crimson dark (PR83 58000, Kremer pigments), alizarin crimson light (PR 112 12370, 

Kremer pigments) and madder lake (NR9 75330, 75420, Kremer pigments). The reference samples were 

donated by the Institute for the Preservation of Cultural Heritage (IPCH) at Yale to the Tangible Heritage 

Conservation (THC) program at the University of Pretoria. A summary of all artist materials used in this 

project can be found in Table 3.1. 

  

https://ipch.yale.edu/
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Table 3.1: Summary of artists’ materials used. The preparation method and the abbreviations used for 

each binder and pigment are described. 

Binder Abbr. Preparation method Supplier 

P
ro

te
in

ac
eo

u
s 

Whole egg WE Whole was prepared by mixing the 

egg (without removing the egg 

yolk casing). 

Supermarket eggs 

Egg white EW Obtained by separating the egg 

white from the egg yolk. 

Supermarket eggs 

Egg yolk EY Obtained by separating the egg 

yolk from the egg white and 

drying the egg yolk casing with 

paper towel and then piercing the 

casing to allow the yolk to drip 

out. 

Supermarket eggs 

Rabbit skin glue RSG Dissolved in DI.H2O to 5% (w/w) 

solution. 

BluePrint, SA 

Fish glue FG Ready-made to 50% solution. Sennelier, France 

Gilding milk GM - LUKAS, Germany 

Ox gall OX  - Winsor & Newton, 

UK 

P
o

ly
sa

cc
h

ar
id

e 

Gum Arabic GA - Winsor & Newton, 

UK 

Gum Tragacanth GT Dissolved in DI.H2O to 1:27 volume 

ratio. 

University of Pretoria 

Museums, SA 

Klucel G KG Dissolved in DI.H2O to 80% (w/w) 

solution, stirred and heated for 1 

hr. Left for 24 hrs before painting 

of the model samples. 

University of Pretoria 

Museums, SA 

Sy
n

th
et

ic
 Mowital Mt Dissolved in DI.H2O to 60% (w/w) 

solution. 

BluePrint, SA 

Mowiol 18-88 Mi BluePrint, SA 

Lascoux Las - BluePrint, SA 
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Paraloid P67 P67 Dissolved 0.3 g of the resin beads 

in 10 mL MeOH to provide a 30% 

(w/v) paraloid solution. 

BluePrint, SA 

Paraloid P72 P72 BluePrint, SA 

D
ry

in
g 

o
ils

 

Linseed oil LO - Winsor & Newton, 

UK 

Poppy seed oil PO - Winsor & Newton, 

UK 

Stand oil SO - Winsor & Newton, 

UK 

Water-miscible linseed oil WLO - Winsor & Newton, 

UK 

Pigments Abbr. Preparation method Supplier 

Alizarin crimson AC - BluePrint, SA 

Lamp black LB - BluePrint, SA 

Indian yellow IY - BluePrint, SA 

Phthalo blue PB - BluePrint, SA 

Oriental blue OB - BluePrint, SA 

Alizarin crimson, light PR83* - Kremer pigments, Germany 

Alizarin crimson, dark PR112* - Kremer pigments, Germany 

Madder lake, genuine NR9* - Kremer pigments, Germany 

*When the exact chemical nature of a pigment is known it can be ascribed an index number based on 

the extensive colour index database, where PR indicates ‘Pigment Red’ and NR a ‘Natural Red’. 
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3.2.3  Solid samples 

3.2.3.1  Microscope slides 

3.2.3.1.1 Painted samples 

Solid samples of all binders were prepared in 2017 by painting the binders onto glass microscope slides 

(76 x 26 mm, Labocare, UK) to cover an area of roughly 55 x 15 mm dimension. These films were cured 

in a dark drawer under ambient conditions (20 ± 5 oC and 50 ± 20 % relative humidity (RH), where 

fluctuations were the result of seasonal changes). These solid samples were aged for two years in dark 

drawers. 

3.2.3.1.2  Spin-coated samples 

The drying oils were prepared as uniform films on microscope slides using a spin-coater (model WS-

650MZ-23NPPB, Laurell, USA) to ensure a smooth surface. 1 mL of drying oil was spread evenly over a 

microscope slide and spin-coated for 10 sec at 500 rpm (rotations per minute) at an acceleration of 300 

rpm/min. The process was repeated a second time, using only 0.5 mL of drying oil. This ensured a thin 

film which could dry homogenously, without any wrinkling, and could then be used further for 

absorption studies. 

3.2.3.1.3 Binder-Pigment samples 

Paint mixtures were made up to a ratio of 5-10% mass of pigment to mass of binder and applied using 

an impasto technique onto a glass microscope slide using a spatula. Impasto is the technique whereby 

paint is applied thickly to the substrate. A spatula was used instead of a paint brush to prevent 

contamination from poorly cleaned paint brushes and to ensure a reasonably smooth surface without 

brush strokes. These samples were dried in a dark drawer for 3 months before analysis. 

3.2.3.2  Canvas  

Samples for artificial ageing were prepared by painting the drying oils onto microscope slides covered 

with pieces of painter’s canvas (Archneer, SA; Figure 3.2). This was done to facilitate the accelerated 

ageing with minimal alligator skin formation (wrinkling of paint caused by rapid drying of the upper 

layers of drying oil). These samples were solely used for fluorescence studies and to monitor the 

changes in fluorescence during artificial ageing.  
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Figure 3.2: Example of microscope slides covered in canvas. These samples were coated with the 

respective drying oil, the drying oils are not cured in this image. 

3.2.3.3  Bulk samples 

At a later stage in the research it was identified that the fluorescence of drying oils showed interesting 

results. Extraction of the solid oils was done (Section 3.2.4.2), however the amount of binder sample on 

the microscope slide was not enough for efficient extraction. Therefore, bulk samples were prepared by 

pouring a large amount of linseed oil into a glass petri dish. The sample was artificially aged under 

ultraviolet light for 24 hrs before drying in a dark drawer. The oil layer was roughly 1 mm thick and 

showed severe wrinkling and yellowing. The upper layer was touch dry within a few weeks, but the 

lower layers were still wet. A scalpel was used to cut a grid pattern (10 x 10 mm blocks) into the upper 

layer, which allowed oxygen to diffuse into the lower layers and thereby allow the entire oil sample to 

dry. 

3.2.4  Ageing studies 

The 2017-samples were left to naturally age in a dark drawer under ambient conditions (20 ± 5 oC and 50 

± 20 % RH, where fluctuations were as a result of seasonal changes). A year of natural ageing showed 

minimal fluorescent changes, and of all the binders investigated, the drying oils showed the most drastic 

changes from ageing. Therefore, the drying oils were subject to both artificial accelerated ageing and 

natural ageing to determine which processes would lead to the most changes.  
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Artificial ageing was achieved by exposing the samples to elevated temperatures, artificial light, and a 

saturated chamber of ammonia vapour. An ammonia chamber was prepared to induce yellowing. The 

wooden chamber (25 x 25 x 60 cm) was sealed with rubber and had a glass window through which the 

colour change could be monitored (Figure 3.3). A beaker containing 40 mL of 25% ammonia solution 

(Merck, USA) was placed in the chamber to saturate the air with ammonia vapour. Two main sets of 

samples were treated; the first set of samples was exposed to various ageing environments while wet 

and the samples were cured under these ageing conditions. The second set was first cured in a dark 

chamber for 3 months after which they were exposed to the artificial ageing conditions. 

 

Figure 3.3: A photo of the chamber which was saturated with ammonia vapour from a 25% ammonia 

solution.  

Within each set there were various times for which a sample was exposed to the ageing conditions 

(Figure 3.4). The first set of 44 samples was cured under the following ageing conditions: two samples 

for each oil (a total of eight samples) were cured exposed to an elevated temperature (80oC) in an oven, 

with one sample exposed for 3 hr and the other for 6 hr. Another set of 5 samples per oil were cured for 

either 24 hr, 1 week, 2 weeks, 3 weeks or 1 month under a UVC lamp (254 nm, UVP UVGL-58 

Analytikjena, USA), thereafter they were placed in a dark drawer. Another set of four samples for each 

oil was cured in the ammonia chamber under ambient indoor light conditions, for either 24 hr, 1 week, 2 

weeks or 1 month, and thereafter placed in a dark drawer.  
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The second set of 24 samples was cured in a dark drawer for 3 months before being exposed to the 

different ageing conditions. Two samples for each oil were placed under the UV lamp for either 24 hr or 

1 week, and thereafter were placed in a dark drawer. Another set of four samples for each oil were 

placed in the ammonia chamber for either 24 hr, 1 week, 2 weeks or 1 month and thereafter were 

stored in a dark drawer before analysis.  

The third set consisted of reference samples that were cured in controlled environments to ensure that 

the change in fluorescence was due to the artificial ageing conditions and not a fundamental change 

that occurs in drying oils. All together there were five reference samples prepared for each oil (20 

samples in total). They were placed under various lighting conditions and were not exposed to any of 

the artificial ageing conditions: the first set (4 samples) were placed in the dark drawers along with all 

other samples. Two sets (8 samples) were placed in the office - void of any additional chemical vapours 

that could possibly be present in the laboratory environment, the first set was placed under ambient 

office lighting conditions (fluorescent lamps which were on daily for roughly 12 hrs) and the second was 

placed in a dark box. There were also two sets (8 samples) placed in the undergraduate laboratory which 

receives the most sunlight during the day as it is on the top floor with north-facing windows. The first set 

was placed on a windowsill directly in the sun, while the second set was placed in a dark box on the 

windowsill – to ensure that they experienced the same heat fluctuations as those on the windowsill. In 

addition to the oil reference samples, a blank canvas was prepared and kept in the dark drawer with the 

bulk of the oil samples, this was tested throughout the study to confirm that the blank canvas did not 

develop any fluorescence. 

Bleaching studies were done on severely yellowed drying oils. The samples which produced the fastest 

yellow discolouration were chosen, namely samples 11, 12 and 13 which were all cured under UV light 

and subsequently stored in a dark drawer. These samples developed severe discolouration, and a 

bleaching study was done to determine the reversibility thereof (Section 4.3). As the number of samples 

were limited only three methods were used to determine the reversibility of the discolouration. Three 

main light sources were used: ambient sunlight, 254 nm and 365 nm UV light. The sunlight exposure was 

done in open air, starting at midday in summer. The exposure to sunlight was limited due to the 

unpredictable thunderstorms in the summer, which led to an initial exposure time of 3 hr, followed the 

next day by another 5 hrs. UV light was more easily monitored and exact exposure times of 8 and 24 hr 

were used. 
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Figure 3.4: Summary of the samples used in the artificial ageing experiments, where each grey block represents a set of the four oils (i.e. each 

block represents a set of LO, SO, WLO & PO). The bleaching sample set contained only three sample subsets, where the grey blocks represent the 

different times after which the fluorescence was measured.
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3.2.5  Powder samples 

No additional preparation was needed for the powder samples. For fluorescence measurements the 

pigments were packed into a powder sample holder (Figure 3.5), using a clean spatula. All pigments, 

except OB, were stable in the sample holder when placed vertically in the spectrofluorometer. The 

oriental blue was covered with a microscope slide, to prevent the powder particles from falling out. 

 

Figure 3.5: An example of the powder sample holder for the fluorescence measurements which in this 

example is filled with Indian yellow pigment. 

3.2.6  Liquid Samples 

3.2.6.1   Binders 

Liquid samples were prepared by dissolving 10 µL of the binder in 1000 µL of solvent. For proteinaceous 

binders (GM, OX, GA, GT, WE, EW, EY, RSG, FG and KG) deionised water was used as solvent. Chloroform 

(99.5% RadChem, SA) was used for the synthetic binders (Mi, Las, P67 and P72) and ethanol (95% ACE 

Chemicals, SA) for the lipid binders (LO, WLO, SO, PO). 

Liquid samples were prepared by dissolving 10 µL of the liquid oil in 1000 µL of solvent. The solvents 

used were: diethyl ether (90% SAR Chem, SA), ethanol, dichloromethane, and toluene at 95% purity 

(ACE Chemicals, SA), acetonitrile, hexane and methanol were HPLC grade (99.9% Sigma Aldrich, SA), 

while cyclohexane and chloroform were 99.5% purity (RadChem, SA).  
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3.2.6.2   Extraction techniques 

Solid-liquid extraction was performed on the dried oils by placing 0.500 mg cured oil into a vial with 

1000 µL ethanol. The sealed vial was then ultrasonicated at a high frequency (50 Hz) for 30 min using a 

Scientech ultrasonic bath (Labtec, SA).  Additionally, the solid film on a microscope slide and from the 

bulk sample (removed from the petri dish) was extracted through Soxhlet extraction. The microscope 

slide samples contained ± 0.20 g naturally dried linseed oil. Quartz wool was used to prevent any solid 

particles from entering the siphon. Thereafter subsequent extractions were done using ± 0.20 g of bulk 

sample placed in a 25 mm x 90 mm glass microfibre thimble (Whatman, UK). For all Soxhlet extractions 

100 mL methanol was used and the extraction took place over 24 hrs, resulting in a bright yellow 

solution and a severely cracked oil film. 

3.2.6.3   Pigments 

Alizarin crimson was tested for any fluorescent anomalies after unexpected fluorescence results were 

obtained from the pigment-binder mixtures (Section 4.2.2). Alizarin crimson (±0.0135 g) was dissolved in 

3 mL of solvent. The solvents used were chloroform, toluene, DCM, DMSO, ACN, acetone, DMF, 

methanol, ethanol, DI.H2O, diethyl ether, hexane and cyclohexane (of the same purity as those used in 

the binders sample preparation (Section 3.2.4.1)). The solution was ultrasonicated for 5 min and then 

filtered through 0.22 µm PTFE Clarinert syringe filters (Agela technologies, USA) to remove all remaining 

pigment particles. The resultant transparent solution was analysed using UV-Vis absorption and 

fluorescence spectroscopy. 

3.2.6.4  HPLC and UPLC sample preparation 

Oil samples were prepared for HPLC analysis by placing ~1.5 mg of the solid film oil or 10 µL liquid oil 

into 1 mL of HPLC grade methanol (Sigma Aldrich, USA). The samples were ultrasonicated for 30 min at 

high frequency and allowed to settle. Once settled the solvent layer was removed and transferred to 1.5 

mL glass vials to be analysed. 0.22 µm PTFE Clarinert syringe filters (Agela technologies, USA) were used 

to remove all remaining solid film particles prior to injection. 

The alizarin crimson sample and reference samples were dissolved in 1 mL HPLC grade methanol and 

filtered through a 0.22 µm PTFE Clarinert syringe filter. The resultant solution was then diluted by using 

10 µL in 990 µL of methanol. This final solution had a faint red discolouration which could hardly be 

seen.  
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3.3 Instrumentation 

3.3.1 UV-induced fluorescence imaging 

Samples were irradiated with UV light using an Analytik Jena UVP UVGL-58 lamp (USA) at 254 nm and 

365 nm excitation wavelength, housed in a dark box. The visual fluorescence was captured using a 

Samsung galaxy A20 cell phone equipped with a 13 MP F1.9 camera. 

3.3.2  Absorption and fluorescence spectroscopy 

During both absorption and fluorescence studies, liquid samples were held in 10 mm path length quartz 

cuvettes, which were washed between each experiment using 10% Piranha solution. For fluorescence 

studies, painted samples on microscope slides were analysed in a slide-holder at a 30o angle to the 

incident light, to prevent reflected incident light from entering the detector. 

All spectra were normalised to one (unless stated differently) and have been smoothed using a 20-point 

Savitizky-Golay method in Origin Pro 2016. 

3.3.2.1  Fluorescence spectrometer 

Fluorescence measurements were made on a Fluoromax-4 spectrofluorometer (Horiba, Japan) with a 

continuous 150 W xenon lamp and photodiode detector. A single monochromator was used for 

excitation and emission wavelengths, with a slit width of 5 nm for both the light source and the 

detector. 

3.3.2.2  UV-Visible light absorption spectrometer 

UV-Visible absorption measurements were done using a Cary 100-Bio UV-Visible spectrophotometer 

(Varian, USA) equipped with a visible light source lamp and a deuterium lamp, which switched at 350 

nm. Scans were measured from 800-200 nm with a Czerny-Turner 0.28 m monochromator equipped 

with a R928 photomultiplier tube (PMT) detector.  

3.3.3  Infra-red spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) was performed using a Bruker Alpha FT-IR 

spectrophotometer fitted with an attenuated total reflection (ATR) platinum diamond accessory. The 

transmittance spectra were recorded with 4 cm-1 resolution in 64 scans, measuring from 4000-400 cm-1. 
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3.3.4  X-ray fluorescence spectroscopy (XRF) 

X-ray fluorescence measurements were done using a Bruker Tracer 5i handheld spectrometer (Bruker, 

Germany), equipped with a Rhodium X-ray tube excitation source and a silicon drift detector (SDD) 

allowing measurement of elements from magnesium to uranium. Spectra were collected using the 

oxide-3 phase factory calibration where three scans with excitation energy changing from 15, 30, and 50 

kV, with automatically adjusted microamps (µA) using a titanium-aluminium (Ti: 25 µm and Al: 300 µm) 

transmission filter. The samples were not infinitely thick, nor matrix matched, therefore quantitative 

data was not provided but rather the spectra were used for qualitative identification. Pigments were 

placed in small polyester plastic sleeves, and major elements were identified through comparative 

studies to a blank sleeve. Data reduction was done on Bruker Artax software (v. 8.9.9.476).  

3.3.5  Powder X-ray diffraction (PXRD) 

Powder X-ray diffraction of all pigments was done using a Bruker 2D Phaser powder diffractometer 

(Bruker, Germany) at room temperature. Cu Kα radiation was generated at 30 kV and 10 mA with a 

wavelength of 1.54 Å. Small amounts of powder were used on a low background silicon quartz sample 

holder. Patterns were collected in a range from 5-60o 2θ in steps of 0.05o and a counting time of 3 s per 

step. The powder patterns were matched to confirm the composition using Diffrac.Eva software (version 

2.0) which provided comparison to the ICDD (The International Centre for Diffraction Data) database. 

3.3.6 Chromatography 

3.3.6.1 HPLC-PDA-SPE 

Samples were analysed using a 1260 Infinity binary high-performance liquid chromatography (HPLC) 

system (Agilent, USA), equipped with an Agilent 1260 auto sampler and a XSelect® HSS T3 5 µm (4.6 mm 

x 150 mm) reverse phase column (Waters, SA). The 1260 Infinity Photodiode-Array Detector (PDA) 

(Agilent, USA) used a deuterium lamp (wavelength range 190 to 640 nm), with an optical slit of 4 nm. 

Chromatograms were monitored using selected wavelengths: 240, 260, 280, 300, 315 and 400 nm.  

Separation was achieved by means of a reverse phase step gradient using acetonitrile (A) and water (B) 

both with 0.1% formic acid, at a 4.00 µL/min flow rate. Initial conditions were: 20% A: 80% B, ramped up 

to 100% A within 12 min, held constant for 14 min. Thereafter, the gradient was rapidly changed back to 

the initial conditions of 20% A in 2 min and then held constant for another 2 min (total run time of 20 
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min). The HPLC system was fitted with a re-usable online micro solid phase extraction (µSPE) collection 

unit. Two fractions were manually collected between 12.6 - 13.0 min (fraction 1) and 13.05 – 13.4 min 

(fraction 2) onto polydivinyl-benzene polymer Hysphere-GP 20 x 2 mm µSPE cartridges (Spark Holland, 

The Netherlands) and were then eluted using HPLC grade methanol (Sigma Aldrich, SA) into 1.5 mL glass 

vials. 

3.3.6.2 UPLC-QTOF 

In order to obtain high resolution molecular information about the fractions collected from the HPLC 

analysis, they were subsequently analysed using a Waters Synapt G2 high definition mass spectrometry 

(HDMS) system (Waters Inc., USA). The system comprises of a Acquity Ultra Performance liquid 

chromatograph (UPLC®) coupled to a quadrupole time of flight mass spectrometer (QTOF) (Waters Inc., 

USA). This system enables high chromatographic resolution at high pressures and allows for enhanced 

peak detection and accurate mass identification. The accuracy was controlled by an internal lock mass 

standard of 2 pg/µL solution leucine enkephalin (m/z 555.2693), which was directly infused into the 

source through a secondary orthogonal electrospray ionisation (ESI) probe allowing intermittent 

sampling. The internal control was used to compensate for instrumental drift, ensuring good mass 

accuracy throughout the duration of the runs. Resolution of 20 000 at m/z 200 full width at half 

maximum (FWHM) and mass error within 0.4 mDa were obtained. 

A Waters UPLC® C18 Ethylene Bridged Hybrid (BEH) column (1.7 μm particle size, 100 mm length × 2.1 

mm internal diameter) was used. Injection volumes were set at 5 µL with an autosampler. Separation 

was achieved by means of a reverse phase step gradient using water (A) and acetonitrile (B) both with 

0.1% formic acid (HPLC grade, Romil, UK), at 0.3 µL/min flow rate. Initial conditions were: 95% A: 5% B, 

with a linear ramp up to 100% B within 13 min, held constant for 1 min. Thereafter, the gradient was 

rapidly changed back to the initial conditions of 95% A in 0.5 min. The column was then washed with 

95% A: 5% B for 1 min followed by conditioning and re-establishment of the initial conditions to allow 

for equilibration before the start of the next run. This resulted in a total run time of 16 min. The column 

temperature was kept constant at 40 oC. The positive and negative ion mass spectra were collected in 

separate chromatographic runs (employing the same separation conditions). 

Mass spectral scans were collected every 0.3 s. The raw data was collected in the form of a continuous 

profile. The mass spectral discharge electrode was set at 2.6 kV and 2.0 kV for positive and negative 

ionisation, respectively. The source temperature was set at 120 oC, the sampling cone voltage at 25 V, 
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extraction cone voltage at 4.0 V and cone gas (nitrogen) flow at 10.0 L/hr. The desolvation temperature 

was set at 350 oC with a gas (nitrogen) flow of 600.0 L/hr. Mass to charge ratios (m/z) between 50 and 

1200 Da were recorded. QuanLynxTM, an application manager included in the MassLynxTM software 

(version 4.1; Waters Inc., USA), was used for analyte identification.  
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Chapter 4: Results and Discussion 

4.1 Fluorescence study of lipid binders 

4.1.1 Absorption and fluorescence spectroscopic analysis 

The UV-Vis absorption spectra of drying oils were recorded for the liquid oils (dissolved in ethanol) and 

the solid films.  There were few differences in the UV-absorption spectra between the four different 

drying oils in solution (Figure 4.1). All oils have two strongly UV-absorbing peaks, one between 200 and 

215 nm while the second, less intense peak occurred at 230 nm. The absorption at 200-215 nm indicates 

the presence of polyenes and unsaturated α,β-ketones [1, 2]. Between 250 and 350 nm, the oils show 

weak absorptive peaks indicating the presence of an unconjugated chromophore containing a 

heteroatom [3].  

The spectra of linseed oil (LO) and water-miscible linseed oil (WLO) are the most similar: both show 

peaks at about 280, 300 and 315 nm, while the peak at 269 nm (in the presence of another peak at 315 

nm) is characteristic of WLO. The spectral similarity between LO and WLO are not surprising, considering 

the fact that WLO is LO with an added emulsifier that increases its solubility in water, but other than 

that, the two are chemically identical [4]. Poppy seed oil (PO) has three additional moderately absorbing 

peaks, at 258, 269 and 279 nm, of which the first peak is characteristic of PO and does not appear in 

either LO or WLO. Stand oil (SO) does not have any peaks in the range between 250 to 350 nm, 

suggesting that the compounds that would normally give rise to peaks in this area may have reacted 

during the pre-polymerization process [5]. In contrast to the absorption spectra of samples in solution, 

the cured films show only a broad peaked absorption at 300 nm (Figure 4.2).  
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Figure 4.1: UV-Vis absorption spectra of the liquid drying oils dissolved in ethanol. All spectra were blank 

corrected and normalised to 1. 

 

Figure 4.2: Fluorescence and absorption spectra of cured drying oils (after formation of a solid film). All 

oils studied showed the same peaks. 
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The absorption patterns give an indication of the excitation wavelength which will result in optimal 

fluorescence. Of the five distinct absorption peaks in liquid linseed oil, only two resulted in fluorescence. 

Excitation (λex) at 300 nm results in a two-peaked fluorescence signal (Figure 4.3) while excitation at 315 

nm gives only one. The emission at 330 nm only appears upon excitation at 300 nm, while the peak at 

410 nm appears when both excitation wavelengths (λex 300 and 315 nm) are used. Although PO and SO 

show no absorption at 300 and 315 nm, both excitation wavelengths give the same fluorescence spectra 

as LO, and no additional fluorescence is observed. 

Figure 4.3: Absorption spectra of liquid linseed oil (LO) dissolved in ethanol (red) and corresponding 

fluorescence spectra, at an excitation wavelength (λex) 300 nm (black) and λex 315 nm (blue), respectively. 

Curing of the liquid-phase samples shifts the fluorescence from a weak ultraviolet emission (330 and 

~410 nm) to a strong blue-green fluorescence in the solid film (Figure 4.2). Bathochromic shifts (shifts to 

longer wavelengths) of such magnitude (50 to 100 nm) are not uncommon and are often induced 

through changes in solvent polarity or hydrogen bonding [4]. Drying oils are cured through an auto-
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oxidation process which results in a change from a nonpolar liquid oil to a polar polymer network [1]. To 

determine whether the bathochromic shift is a result of a polarity change, the Lippert equation can be 

used [4]. The equation assumes that no external factors interact with the fluorophore; additional 

interactions, such as hydrogen bonding or the formation of charge-transfer states, can be detected as 

deviations from this generalised state. In this case, applying the Lippert equation revealed no trend, 

indicating that the bathochromic shift is not a result of polarity changes (Addendum A, Figure A1). 

Interestingly, the intensity of the two fluorescent peaks from the liquid samples is found to be solvent-

dependent. Polar solvents result in both peaks having similar fluorescence intensities, whereas nonpolar 

solvents halve the intensity of the first peak (330 nm) while the second peak (410 nm) remains at a 

reasonably constant intensity (Addendum A, Figure A2).  

The solvent-extractable components of the cured LO were analysed. The cured linseed oil film does not 

fully dissolve, regardless of the polarity of solvent used. The following solvents were used to dissolve LO: 

ethanol, methanol, chloroform, DMSO, water, hexane, and a chloroform-methanol-water (1:2:1) 

mixture. Ethanol yields the largest fluorescent intensity, confirming literature reports of it being the 

most efficient solvent for extracting compounds from LO [6]. The extracts (derived from Soxhlet- and 

ultrasonic-extractions) showed a single absorption peak (315 nm) which corresponds to that of the 

liquid oil, with the absence of the absorption peak at 300 nm. The yellow extract was found to be stable, 

with no noticeable colour changes having occurred after a month. The fluorescence of the extract was 

tested directly after extraction, as well as a month later, to determine whether any degradation or 

instability had occurred, but was found to have remained stable at 418 nm.  

The fluorescence peak of the extract at 418 nm corresponds to liquid LO and not its solid phase (Table 

4.1). The remaining solid film remained strongly fluorescent under UV light, and showed no change in 

fluorescence emission. However, the film was severely cracked and could not be used for further 

absorption studies. 
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Table 4.1: Shifts in absorption and emission bands of the liquid LO sample, cured film, ethanol extract 

and the oil film after ethanol extraction, as well as the two purified HPLC fractions in methanol from the 

ethanol extract. 

 Absorption band 

maximum; λex (nm) 

Emission band 

maximum; λem (nm) 

Stokes shift; 

∆ (nm) 

Liquid 207 

236 

283 

300 

315 

- 

- 

- 

329, 412 

412 

- 

- 

- 

29, 112 

97 

Cured oil film  300 445 → 550* 145 → 250* 

Ethanol extract from cured oil 318 418 100 

Cured oil film after ethanol 

extraction 

- 445 - 

Fraction 1 232 

275 

- 

315 

- 

40 

Fraction 2 275 315 40 

* Fluorescence of cured oil changes upon ageing; discussed in Section 3.2. 
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4.1.2 Chromatography analysis 

The ethanol extract of the cured LO oil was fractionated using high performance liquid chromatography 

(HPLC) coupled to a photodiode array detector (PDA) to identify the most optically active fractions. The 

chromatograms were monitored using a range of absorption wavelengths, as no peaks were seen using 

315 nm. Interestingly, only 280 nm showed peaks on the chromatogram. For both the liquid and cured 

oil extracts, two fractions were collected corresponding to the detection of two large absorption peaks 

(Figure 4.4), at 12.8 min (fraction 1) and 13.2 min (fraction 2) respectively.  

 

Figure 4.4: UV chromatograms of methanol extracts of cured LO film (top) and liquid LO (below) at 

different wavelengths:  240 nm – green; 260 nm – red; 280 nm – blue; 300 nm – light blue. 

Both fraction 1 and 2 have the same strong absorption peak at 275 nm, while fraction 1 has an 

additional peak at 232 nm (Figure 4.5 and Table 4.1).  The fluorescence emission of the two fractions are 

both at 315 nm (λex 275 nm; ∆ 40 nm), which does not correspond to that of the liquid or cured oil 

(Table 4.1). This suggests that the absorption at 315 nm is dependent on the oil matrix, and that once 

the compounds are isolated, they show different excitation spectra. The fractions have a smaller Stokes 

shift than the liquid oil and the extract of cured oil, suggesting that the isolated compounds are not the 

same as those that result in the fluorescence of the cured oil. 

F1 

F1 

F2 

F2 
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Figure 4.5: Absorption and fluorescence spectra of the most optically active fractions in linseed oil 

collected by HPLC-PDA-SPE. 

The preceding findings indicate that the compound giving rise to the first peak in liquid oil, at λex 300 

nm; λem 330 nm, reacts as part of a polymer structure, and cannot be extracted. While the second 

compound, which gives rise to the second peak at λex 315 nm; λem 410 nm, remains unreacted in the 

cured oil, and emits only in solution.  This could be interpreted to mean that the first peak contributes 

significantly to the strong blue fluorescence in the solid phase, which is stabilised during the 

polymerization process. This is commonly seen in non-conjugated polymer dots (NCPDs) where poorly 

fluorescent subfluorophores (heteroatom-containing double bonds; C=O, C=N, N=O) are enhanced 

through chemical linking or physical immobilisation [7]. Subfluorophores have an intrinsically weak 

fluorescence, although it increases drastically with vibrational and rotational restriction. NCPDs have a 

characteristic blue fluorescence and can develop a bathochromic shift when the electron density over 

the subfluorophore increases [8]. This bathochromic shift in drying is seen as the oil ages (as is further 

explained in Section 4.1.3). 
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Thus, the fluorophore in drying oils is likely a carbonyl subfluorophore from the unsaturated fatty acids 

and triglycerides. This carbonyl does not react in the oxidative polymerisation process [9] and therefore 

becomes immobilised.  

4.1.3 Ageing studies 

Oils that were cured under UVC light (254 nm) showed immediate alligator skin formation and 

bleaching. The accelerated curing of oils exposed to UV light is due to a radical mechanism which is 

initiated by light [8, 10, 11]. After exposure to UV light, the cured samples were placed in dark drawers, 

which visibly accelerated the yellowing of the oils (Figure 4.6). As the samples aged, the fluorescence 

was measured in weekly intervals, for two months, and then monthly, for another six months. Note that 

the ageing methods employed in this study were extreme exposure to light and dark, which does not 

represent typical light conditions in museums. However, the dark experimental conditions were similar 

to storage rooms of museums where paintings can reside for months in the dark. The extreme 

experimental light conditions accelerated all ageing reactions, which allowed for a short-term 

monitoring of changes in fluorescence [12, 13].  

With ageing, a bathochromic shift in the spectra of the oil is observed, which can be related to the 

yellowing effect (Figure 4.7) [14-18]. The fluorescence emission maximum is initially at 460 nm but 

increases exponentially to 500 – 510 nm (a green colour) upon ageing, and then reaches a plateau 

(Figure 4.8). An additional few months in the dark drawer was found to increase the emission further to 

550 nm, imparting a yellow-green fluorescent colour to the sample (Addendum A, Figure A3). This is the 

general trend found for samples cured under ultraviolet light in this study. The formation of a plateau of 

constant emission indicates that there are two processes that cause the bathochromic shift. These 

findings illustrate the fact that oil paintings are continuously changing, but that there are multiple steps 

in the ageing process that can be initiated later in the lifetime of the drying oils.  
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Figure 4.6: Yellowing of oils (LO, PO, SO and WLO) after 24 hours of UV-light exposure, and subsequent 

storage in a dark drawer.  The yellowing that occurs with time during storage in a dark drawer: (A) 

freshly painted oil, (B) 7 days, (C) 14 days and (D) 4 months. 

 

Figure 4.7: Changes in the fluorescence spectrum of aged linseed oil, exposed for 24 hr to UV light and 

subsequently stored in a dark drawer. The excitation wavelength for all measurements was 360 nm. The 

bathochromic shift (to a longer emission wavelength) is a result of yellowing as the sample ages. 
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Figure 4.8: Rate of the fluorescence emission maximum changes of linseed oil after various exposure 

times to UV light (254 nm) and then subsequent storage in dark drawers. The excitation wavelength was 

360 nm for all measurements. 

Drying oils that have been cured under ambient conditions (dark drawer at 20 ± 5 oC and 50 ± 20 %RH) 

and then exposed to UV light after 3 months, show a different trend in their fluorescence spectra. 

Instead of reaching a plateau, a steadily increasing emission wavelength is observed, that passes from 

blue (450 – 490 nm), to green (495 – 570 nm) and to yellow (570 - 590 nm) fluorescence (Figure 4.8). 

Samples that were cured in sunlight did not show any yellowing, and thus no changes in fluorescence. 

Ageing under dark conditions causes discolouration, however, without sunlight or UV-light exposure the 

discolouration takes much longer to develop.  It was found that natural ageing can take up to two years 

to develop the same kind of discolouration that UV-light causes within 2 weeks. 

The curing of drying oils in an ammonia chamber appears to inhibit the drying process, as the oils 

appeared to be as viscous as when they were initially applied. Drying oils that were cured in the dark 

showed some degree of drying within the same time frame as those kept in the ammonia chamber. 

Interestingly, uncured samples that were in the ammonia chamber for a longer period (1 month) 
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showed accelerated yellowing once cured (after 4 months), while a short exposure time to ammonia 

while the oil was still liquid did not affect the yellowing rate (Figure 4.9). This could be because the 

ammonia is absorbed into the liquid oil, and once the oils are cured, the ammonia reacts with the cured 

product resulting in a yellow discolouration.  

When the ambiently cured oils were placed (after 3 months of curing) in the ammonia chamber, the 

colour of the oil changed rapidly. Within 24 hrs, the saturated ammonia chamber changed all four oils to 

an orange-brown colour. The ammonia chamber caused the same degree of yellowing as UV-light 

treatment did, but within a 24-hr period, rather than a month (Figure 4.10). This supports the hypothesis 

that the presence of ammonia is a main cause for the acceleration of the yellowing found in oil paintings 

[14], and thus stresses the need to use ammonia-free cleaning products in museum environments. 

Previous studies have suggested the formation of a fluorescent aminoenamine in oils, which is 

responsible for bathochromic shifts [19, 20]. However, recent studies have shown that these isolated 

adducts may in fact not be fluorescent [21]. It is, nonetheless, still possible that the nitrogen-containing 

vapours are responsible for the colour changes through the formation of a fluorescent compound, as 

there have been studies that demonstrate using infrared spectroscopy that the nitrogen content in 

drying oils increases as the oils age [22].  



73 

 

 

Figure 4.9: Rate of fluorescent changes of linseed oil after exposure to ammonia vapor, and subsequent 

storage in a dark drawer. The excitation wavelength was 360 nm for all measurements. 

All stages of yellowing (identified by green and yellow fluorescence) were reversible in sunlight within 8 

hrs of exposure, as is evident from the hypsochromic shift in fluorescence (Figure 4.10). The yellowing is 

not reversed under neither 254 nor 365 nm UV light (in a 24 hr period), indicating that a broad light 

spectrum is needed to reverse the yellowing effects. Artificial ageing under UV light accelerates the rate 

of yellowing but yellowing cannot be used as a measure of age as the painting can be bleached. A 

bleached painting will thereby appear younger while a freshly painted portrait might look old if stored in 

the dark. The yellowing cycle can be repeated numerous times and still undergo the same degree of 

yellowing and bleaching [23], the bleaching process is faster than the yellowing. This suggests a 

hysteresis curve, in which the extent of yellowing is related to the light exposure history of the painting. 

Previous studies that have monitored the discolouration over several years have found a repetitive 

nature of the yellowing and bleaching of oils [24, 25]. Even though the bleaching is cyclic, it is important 
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to stress that it is a photodegradation reaction and therefore affects the integrity of the paint and 

should be avoided. The yellowing indicates a formation of new compounds/bonds in drying oils, while 

the bleaching indicates the deactivation or destruction of these compounds. Based on the assumption 

that the fluorophore is a carbonyl subfluorophore, the formation of yellowing compounds causes an 

increase in electron density around the carbonyl which results in the bathochromic shift [7]. The 

destruction of these yellow compounds will then remove the electron density from the carbonyl, 

resulting in a hypsochromic shift. 

Although all drying oils showed a similar trend in their rate of yellowing, they did not all yellow to the 

same extent. Linseed oil (both LO and WLO) shows the most intense colour changes, while poppy seed 

oil yellows less, and stand oil hardly shows any yellowing. Poppy seed oil reaches a maximum 

fluorescence emission at 530 nm as a result of yellowing, while stand oil remains at 510 nm (Addendum 

A, Figure A4-A5 for poppy seed oil and Figure A6-A7 for stand oil).  WLO takes longer to cure, but once 

cured, yellows much more rapidly than LO, reaching its maximum fluorescence emission at 570 nm (the 

same as LO; Addendum A, Figure B8-B9). During the curing process of all oils, no noticeable yellowing 

occurred, whereas once cured, the rate of change in yellowing and fluorescence were a result of the 

ageing mechanism employed.  
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Figure 4.10: Fluorescence spectra of bleached yellowed linseed oil, after 8 hr exposure to sunlight. The 

excitation wavelength was 360 nm for all measurements. 

The two-step process in fluorescence development was also observed in the colour changes, whereby 

the first incline lead to a yellow (Figure 4.6a-d) and the second to a brown discolouration (Addendum A, 

Figure A3). The brown discolouration became evidently visible with the discolouration from ammonia 

vapour, but occurs over several months in all samples. A shorter wavelength fluorescence (blue, 460 

nm) indicates a yellow discolouration, while a longer wavelength (green or yellow, 500-550 nm) 

indicates that the oil has started to turn brown in colour. Although these observed changes were drastic, 

they are not unknown- paintings degrade over time [26, 27], which leads to colour changes. These 

colour changes can be a result of varnish discolouration [28], pigment degradation [29-31], or binder 

discolouration [27, 32, 33]. Pigments are commonly used for colour reconstructions, as pigment 

degradation (which leads to colour changes) is often irreversible [34]. Varnish is also known to be a 

major factor in the discolouration of paintings due to its yellowing tendencies and the formation of 
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micro-cracks which turn the varnish a milky colour [35]. This can be corrected by having a conservator 

remove the varnish layer. However, the process to determine the original colour of the binding medium 

is not as easily achieved, due to the cyclic nature of the discolouration. Some binding media have a 

yellow colour when originally painted, this does not affect the colour of the painting other than that of 

the white coloured paints. Determining the original colour of the binding medium will help to establish 

whether the binder discolouration is significant in the colour reconstruction process. 

Drying oils are found to bleach in light, whereas dark conditions accelerate discolouration. As there is no 

measure of the amount of ‘darkness’ a painting receives, the measure of the discolouration of binder is 

often misinterpreted. By relating the discolouration of drying oils to the fluorescence, the discolouration 

of drying oils can be accurately calculated regardless of the age of the painting or the light conditions to 

which it has been exposed.  
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4.2 Fluorescence study of pigments 

4.2.1 Characterisation of the pigments 

Pigments can be classified using a specific number from the colour index [36], that identifies them based 

on their chemical composition, lightfastness and chemical stability. By classifying pigments according to 

their chemical composition, the confusion that arises from the existence of different manufacturer trade 

names for the same pigment, is avoided. The pigments purchased for this study have not been classified 

according to the colour index, and therefore could be any range of chemical compounds which provide 

the specific colour. Therefore, characterisation studies were required to confirm the chemical nature of 

these pigments and to subsequently determine their fluorescent properties.  

Characterisation was achieved using X-ray powder diffraction (PXRD), X-ray fluorescence (XRF) and 

Fourier transform infrared spectroscopy (FTIR). In some cases, the pigments could not be classified using 

these techniques, and were then analysed using ultra high-performance liquid chromatography (UPLC) 

coupled to a quadrupole time-of-flight mass spectrometer (Q-TOF MS). 
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4.2.1.1 Lamp black (LB) 

Lamp black is a general name given to black pigments of carbon soot material, collected from an open 

flame by placing an object above the flame to collect the soot material [37]. Lamp black analysed by 

PXRD spectroscopy shows a single peak in the powder diffraction pattern at 16.71 2θ (Figure 4.11). This 

peak corresponds to pure carbon (from the ICDD database) confirming that lamp black is a carbon soot 

material. The XRF spectrum showed no significant peaks (Appendix B, Figure B1-B2) and the FTIR 

spectrum showed very weak signals of large amorphous nature (Figure 4.12). This confirms that lamp 

black is, as the name suggests, a carbon-based pigment with no chemical characteristics that are 

predicted to fluoresce. The FTIR peak at 1738 cm-1 is indicative of a carbonyl bond, however carbonyl 

bonds are generally strongly absorbent [38]. Therefore, the weak absorption indicates that the carbonyl 

is likely not part of the main structure of the soot but may arise from adsorbed compounds derived from 

the combustion process that contain carbonyl bonds [39]. The peaks in the FTIR spectrum can be 

attributed to impurities within the pigment. The carbon structure could closely resemble that of 

graphite, where the large surface area allows for the absorption of chemical species from the air [39], 

which results in the amorphous peaks seen in the PXRD and FTIR spectra.  

 

Figure 4.11: Powder X-ray diffraction pattern of lamp black pigment. 
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Figure 4.12: FTIR-ATR spectrum of the lamp black pigment. The spectrum was obtained from 4000 cm-1 

to 400 cm-1 but did not show any peaks at higher frequencies (4000 – 2500 cm-1). 

4.2.1.2 Oriental blue (OB) 

The PXRD pattern of oriental blue was perfectly matched on the ICDD database and was confirmed to be 

pigment blue 29:  Ultramarine, Na7Al6Si6O24S3 (Figure 4.13). Oriental blue is often a trade name for 

ultramarine mixed with Prussian blue. The ultramarine is typically identified by PXRD, and the Prussian 

blue through a characteristic FTIR peak at 2085 cm-1. This characteristic FTIR peak was not present in this 

case (Addendum B, Figure B7), confirming that the pigment is ultramarine.  Ultramarine is a pigment 

which is not known to fluoresce [37, 40], which was experimentally confirmed (Section 4.2.2). 
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Figure 4.13: Experimental PXRD pattern of oriental blue pigment sample (black line), where the overlaid 

blue lines indicate 2 theta values for ultramarine (pigment blue 29) from the ICDD database.  
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4.2.1.3 Phthalo blue (PB) 

Phthalocyanine (phthalo) blue’s chemical structure contains four isoindale units connected via nitrogen 

bridges. Phthalo blue is a metal containing phthalocyanine where the metal is copper [41]. The 

phthalocyanine structure has several reactive sites on the benzene rings which can bond to several 

different substituents, which affects the colour; for example, a phthalo green contains chlorine 

substituents. The four nitrogen atoms in the free base phthalocyanine can co-ordinate to various metals 

which will also affect the colour (Figure 4.14) [37]. 

 

Figure 4.14: Chemical structure of phthalocyanine blue, the metal (M) being copper in the blue variety. 

Powders of phthalocyanines are amorphous, and therefore the PXRD pattern provides no valuable 

information and has no ICDD database match. The XRF results clearly indicate the presence of copper 

(Figure 4.15). In the FTIR spectrum, the bands at 1620-1420 cm-1 correspond to the aromatic rings, and 

the band at 1737 cm-1 corresponds to the imino (-C=N) groups (Figure 4.16). The FTIR data corresponds 

to that found in literature [37, 42, 43], confirming that this sample is pigment blue 153 (PB 153). 
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Figure 4.15: X-ray fluorescence spectrum of phthalocyanine blue, using 30 kV excitation energy with a 

rhodium X-ray tube. 

 

Figure 4.16: FTIR spectrum of phthalocyanine blue. The spectrum was obtained from 4000 cm-1 to 400 

cm-1 but did not show any peaks at higher frequencies (4000 – 300 cm-1). 
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4.2.1.4 Indian yellow (IY) 

Indian yellow (IY) is the historic name of a magnesium complex of euxanthic acid (Figure 4.17a). In the 

past, IY was only obtainable from farms in India where cows were only fed a diet of only mango leaves. 

The yellow pigment was collected and precipitated from cow urine [44]. However, due to the high 

demand for, and price of IY, alternatives were developed. The most common yellow alternative, being 

pigment yellow 40 (potassium cobalt(III) nitrite) – which is sometimes listed as Indian yellow, and is also 

known as aureolin – and various azo yellow pigments (Figure 4.17b-d) [44]. For this study it was 

important to identify the correct chemical structure of the IY, as euxanthic acid fluoresces yellow at 540 

nm (λex 435 nm) [44] while aureolin fluoresces green at 550 nm (λex 337 nm) [45]. 

 

Figure 4.17: Chemical structures of Indian yellow colourants: a) euxanthic acid; b) acid orange 1; c) acid 

yellow 23; d) acid yellow 63. 

The PXRD pattern could not be matched with any known samples in the ICDD database, this could be 

due to a powder mixture or amorphous powder phase (Addendum B, Figure B6). The XRF spectrum 

shows no metals, both graphs confirming that the sample is not a crystalline cobalt(III) nitrite 

(Addendum B, Figure B3). The absence of strong O-H stretching bands (3500 -3000 cm-1) in the infrared 

spectrum, is indicative that the sample is not an euxanthic acid (Figure 4.18). The FTIR spectrum showed 

a few characteristic peaks of the alternative IY colourants, namely acid orange 1, acid yellow 23 and acid 

yellow 63 [44]. These peaks are at 1660 cm-1 (indicative of an azo or imino group), 1502 cm-1 (aliphatic 

nitro groups) and 1361 cm-1 (sulfonates) [38]. It is not possible to distinguish between the azo yellow 
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alternatives from the FTIR, due to similarities in functional groups present in these compounds. 

Nevertheless, this fact confirms that the IY sample was neither the expected fluorescent euxanthic acid 

nor aureolin. The name Indian yellow, therefore refers to the commercial hue and not the chemical 

composition. 

 

Figure 4.18: FTIR-ATR spectrum of Indian yellow. The spectrum was obtained from 4000 cm-1 to 400 cm-1 but 

did not show any peaks at higher frequencies (4000 – 3200 cm-1). 
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4.2.1.5 Alizarin crimson (AC) 

Alizarin crimson (AC) also commonly known as madder lake is a bright red pigment characterised by its 

orange fluorescence (λem 630 nm) [41, 46, 47]. The pigment is produced by extracting the colour 

compounds from madder roots (Rubia tinctorum L.) and precipitating them onto a mordant (alumina 

trihydrate) to form an aluminium lake [48]. These coloured compounds include various anthraquinone 

derivatives, of which there are three principle coloured compounds: alizarin (1,2-

dihydroxyanthraquinone), purpurin (1,2,4-trihydroxyanthraquinone) and pseudopurpurin (1,2,4-

trihydroxyquinone-3-carboxylic acid) (Figure 4.19). These three anthraquinone derivatives are 

responsible for the strong red colour. Alizarin has no UV-induced fluorescent properties, whereas 

purpurin is a fluorescent orange, and pseudopurpurin, a reddish orange, when illuminated with UV light 

[48]. 

 

Figure 4.19: Structures of the anthraquinone derivatives responsible for the red colour in madder lake. a) 

alizarin; b) purpurin; c) pseudopurpurin. 

 

Figure 4.20: FTIR-ATR spectrum of alizarin crimson, obtained from 4000 cm-1 to 400 cm-1. 
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Alizarin crimson did not show any pattern in PXRD, indicating that the sample is amorphous, while the 

XRF spectrum showed no metal peaks (Addendum B, Figure B4), both indicate that AC is an organic 

based structure. The FTIR spectrum shows several peaks below 1650 cm-1, and a very broad peak around 

3500 cm-1. There have been several studies in which the infra-red peaks of anthraquinones are related 

to the relative positions of hydroxyl groups in relation to the carbonyls [48, 49]. In all of those spectra 

there is a strong O-H stretching band between 3200-2600 cm-1 [42, 48, 49] and not the weak peak seen 

in Figure 4.20. The absence of strong carbonyl stretching bands in the region of 1740-1640 cm-1 is also 

cause for concern, as all the distinguishing factors of anthraquinones are not present in this sample of 

AC (Figure 4.20). Therefore, to ensure that the alizarin crimson is indeed an anthraquinone that has 

fluorescence properties, comparative UPLC-QTOF studies were done.  

Three reference samples of madder lake and other alizarin-named pigments from Kremer were used 

namely; madder lake (NR9), alizarin crimson dark (PR83) and alizarin crimson light (PR112). NR9 is a 

historically reproduced sample of madder lake, extracted from Rubia tinctorum L. and precipitated using 

aluminium hydroxide. PR83 is an anthraquinone synthetic dye, derived from the colourants of madder 

lake, purpurin and alizarin. PR112 is also a synthetic dye, derived from alizarin. Although the PR112 

(23600 Alizarin crimson light sample from Kremer) shows the same colour saturation and properties as 

madder lake, Pronti et al. did not detect the presence of anthraquinoid compounds in it [50]. 

Comparative chromatography analysis confirmed that the BluePrint alizarin crimson sample was 

identical to PR83, a synthetic derivative of alizarin (Figure 4.21, and Addendum B, Figure B8). This PR83 

from Kremer is known to fluoresce at λex 650 nm [50] which is an orange coloured fluorescence.  
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Figure 4.21: Positive ion mass chromatograms, obtained by UPLC-QTOF from red pigments dissolved in 

methanol. The green blocks indicate similarities between PR83 and the alizarin crimson used in this 

study. AC - alizarin crimson; PR 112 - pigment red 112; NR 9 - natural red 9; PR 83 - pigment red 83. 
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4.2.2 Fluorescence spectroscopy of pigments 

The five pigments (LB, OB, PB, IY and AC) were tested for fluorescence in the absence of binders. This 

was achieved by dry packing in a powder sample holder. No UV fluorescence was observed under the 

UV light, neither at short (λex 254 nm) nor long (λex 365 nm) wavelengths. However, in the fluorescence 

spectra of the two blue pigments (OB, PB) a multipeaked fluorescence structure between 420 and 500 

nm was observed, while lamp black (LB), Indian yellow (IY) and alizarin crimson (AC) had a very weak 

fluorescence response (Figure 4.22 and 4.23). Both oriental and phthalo blue were confirmed to be non-

fluorescent by their characterisation (Section 4.2.1.2 and 4.2.1.3), however both show a multipeaked 

fluorescence in powder form. This multipeaked structure is characteristic of dry pigment samples in 

which the irregular crystal phases reflect the incident light, an effect known as diffuse reflection [51]. 

 

Figure 4.22: Fluorescence spectra of powder pigments under 254 nm excitation (not normalised). 
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Figure 4.23: Fluorescence spectra of powder pigments under 360 nm excitation (not normalised) 

Since the pigments (some of which are organic dyes), are potentially soluble in the binder, their 

fluorescence in solution was also measured. Hexane and ethanol were selected as nonpolar and polar 

environments, respectively. None of the pigments fluoresced in hexane while only alizarin crimson 

fluoresced orange in ethanol (Figure 4.24). No colour correction was done in these photos and thus the 

colours may appear slightly different to what they were. This orange colour corresponds to the known 

fluorescence of madder lake pigments [48]. Indian yellow does not fluoresce, once again confirming that 

the IY used in this study did not contain euxanthic acid [44].  

 

Figure 4.24: The fluorescence image of pigments in ethanol under 365 nm UV light.  
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The samples shown in Figure 4.24 were supersaturated in their solutions to such an extent that pigment 

particles were still present in solution, which could have led to colour changes in the fluorescence, due 

to absorption and scattering effects of the pigment [51]. Further studies where therefore performed on 

the alizarin crimson in order to accurately characterise the fluorescence. The pigment (AC) was dissolved 

in a range of solvents (Figure 4.25) and analysed with the spectrofluorometer. There was a small shift in 

the fluorescence peak (535 – 588 nm) which could not be related to the polarisation orientation of 

various solvents (Lippert equation; Addendum B, Figure B9). However, there is a distinct increase in the 

fluorescence intensity of the pigment solution in solvents which allowed for hydrogen bonding (Figure 

4.26). Alizarin crimson in ethanol and methanol, respectively, fluoresce a bright yellow-green. However, 

in DMF which has a higher polarity index and forms no hydrogen bonds, AC does not fluoresce as 

strongly, and the yellow-green colour is hardly visible. This yellow-green coloured fluorescence does not 

correspond to results in literature where the fluorescence of alizarin derivatives is characteristic orange 

to pinkish coloured [47]. However, there is a single study previously done that identifies a green 

fluorescence (λem 550 nm) in aluminium-purpurin complexes [52]. 
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Figure 4.25: The absorption (black) and fluorescence spectra (red) of alizarin crimson in different 

solvents. 
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Figure 4.26: Fluorescence image of alizarin crimson (AC) in different solvents under 365 nm UV light. 
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4.3  Fluorescence study of binder and pigment mixtures 

The pigments (LB, OB, PB, IY and AC) were mixed with drying oils, proteinaceous, polysaccharide and 

synthetic binders to determine if they would interact differently with different fluorophore species in 

each class of binders. The changes in drying oil fluorescence caused by pigments were compared to the 

fluorescence results obtained in Section 4.1, while all other binders were compared to spectra obtained 

in previous studies (Addendum H). A summary of the fluorescence of non-drying oil binders can be 

found in Section 2.5. 

All binders, except for drying oils, were touch-dry within 24 hrs and the fluorescence spectra could be 

measured. The drying oil-pigment mixtures did not dry significantly faster than the pure oil samples and 

were touch-dry after three months allowing for the fluorescence to be measured.  

4.3.1 Lamp black 

The carbon-based black pigment showed no visible fluorescence under UV light (Section 4.2.2). The 

fluorescence spectra confirmed this, as only the egg samples (WE, EY & EW) and Klusel G showed a weak 

binder fluorescence peak with λex 254 nm (Figure 4.27). This excitation wavelength is where the 

fluorescence is observed in egg samples, and thus the peak in these spectra is not derived from the LB 

pigment. From this study, all egg-based samples are slightly hypsochromic shifted when mixed with 

lamp black pigment, with egg white showing the smallest shift (3 nm; Figure 4.27). 

LB appears to quench the fluorescence of drying oils. The fluorescence intensity of drying oils mixed 

with LB is less than a tenth of the intensity when pure drying oil is measured, even though the LB-drying 

oil mixtures were applied more thickly. This can also be observed in Figure 4.28, in which the spectra of 

drying oils have been normalised and smoothed using a 20-point Savitizky-Golay method in Origin Pro 

2016. The spectra were still not smooth, indicating a low signal-to-noise ratio. 
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Figure 4.27: Fluorescence spectra of lamp black-binder mixtures at excitation wavelength 254 nm. The 

graph includes the spectra of lamp black (LB) powder (black dash), lamp black mixed with whole egg 

(LB.WE - solid red), egg yolk (LB.EY - solid blue) and egg white (LB.EW - solid green) respectively. For 

comparison, the pure binder fluorescence spectra are shown for whole egg (WE - red dotted), egg yolk 

(EY - blue dotted) and egg white (EW - green dotted). After 3 months of drying in the dark. 

 

Figure 4.28: Fluorescence spectra of drying oils mixed with lamp black (LB) pigment. LO – linseed oil, PO 

– poppyseed oil, SO – stand oil, WLO – water-miscible linseed oil. After 3 months of drying in the dark. 
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4.3.2 Oriental blue 

In all OB-binder mixtures excited at 254 nm (λex) there is gaussian shaped peak at 450 nm (λem), the 

fluorescence images can be found in Addendum E. This falls in the region of the diffuse reflection seen in 

Figures 4.22 and does not correspond to the fluorescence of any of the binders. This gaussian shaped 

peak lacks the structured multipeaked fluorescence that is expected from diffuse reflection, indicating 

that the various binders coat the crystalline pigment particles which then distort the diffuse reflection.   

Oriental blue does not have a diffuse reflection peak at λex 360 nm, and rather has a fluorescence peak 

at 384 nm (λem, Figure 4.29). Therefore, the fluorescence at 450 nm (λem) can be ascribed to un-yellowed 

oil (Figure 4.29). Although the drying oils are strongly fluorescent, the fluorescence peak from OB can 

still be seen between 383 and 395 nm. Poppy seed oil shows a completely different spectrum than is 

expected and has a strong fluorescent peak at 614 nm and a smaller peak at 543 nm. The peak at 543 

nm could be indicative of a severely yellow discoloured oil, while the peak at 614 nm could be resultant 

of new bond formations between the OB and PO. This result is strange, as the drying oils consist of the 

same chemical compounds in various ratios and have aged relatively uniformly in all other experiments 

(Section 4.1), and therefore should be verified by a future repeat experiment.  

 

Figure 4.29: Fluorescence of oriental blue (OB) mixed with drying oils (λex 360 nm). LO – linseed oil, PO – 

poppyseed oil, SO – stand oil, WLO – water-miscible linseed oil. After 3 months of drying in the dark. 
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4.3.3 Phthalo blue 

All PB-binder mixtures excited at 254 nm had an emission peak at 280 nm. This peak is seen in all 

fluorescence spectra taken at λex 254 nm (Figure 4.30 and Addendum F). As was seen in the LB-binder 

mixtures, the egg-based protein samples, once again, have a fluorescence intensity which is strong 

enough to be seen in these pigment-binder mixtures. Whole egg has the weakest fluorescence intensity, 

and therefore shows the reflection peaks of the powders very clearly (Figure 4.30). All egg binders have 

undergone a hypsochromic shift of roughly 10 nm. 

The drying oils all had a peak at 450 nm, indicating the presence of young/non-yellowed oils (Figure 

4.31). However, with phthalo blue there was a diffuse reflection peak around 450 nm which can cause 

confusion as to whether the fluorescence is resultant of the binder or the pigment. In this study, the 

fluorescence of oils has been characterised (Section 4.1) and it is therefore known that this particular 

fluorescence signal is due to the drying oils. In an in-situ application of fluorescence spectroscopy, the 

conclusion would not be as easily made. Therefore, it is always important to consider that the 

interference from pigment fluorescence/diffuse reflection can affect the fluorescence result. 
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Figure 4.30: Fluorescence spectra of phthalo blue-binder mixtures at excitation wavelength 254 nm. The 

graph includes the spectra of phthalo blue (PB) powder (blue dash), phthalo blue mixed with whole egg 

(PB.WE - solid black), egg yolk (PB.EY - solid blue) and egg white (PB.EW - solid red) respectively. After 3 

months of drying in the dark. 

 

Figure 4.31: Fluorescence spectra of phthalo blue (PB) mixed with drying oils (λex 360 nm). LO – linseed 

oil, PO – poppyseed oil, SO – stand oil, WLO – water-miscible linseed oil. After 3 months of drying in the 

dark. 
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4.3.4 Indian yellow 

Indian yellow mixed with binders shows very similar trends to the previously discussed pigments where 

it is only the proteinaceous binders that show fluorescence (Figure 4.32 and Addendum G). Contrary to 

the previous binders, fish glue shows the strongest fluorescence signal at λem 326 nm, which is 

hypsochromic shifted from pure fish glue fluorescence (λem 406 nm). 

Drying oils mixed with Indian yellow do not show the same trends as drying oils mixed with other 

pigments (Figure 4.33). Instead of these mixtures showing a single peak around 450 nm (λem), the 

mixtures show two peaks. One at 430 nm and another around 560 nm. Young and un-yellowed drying 

oils start to fluoresce at 460 nm and shift towards 560 nm as the sample yellows (Section 4.1). This 

indicates that the Indian yellow pigment has accelerated the ageing of drying oils and has shifted the 

fluorescence of the drying oils to 560 nm. The peak at 430 nm, which seems to be the un-yellowed 

drying oil, is not, and rather should be attributed to the pigment forming new compounds in the binder-

pigment mixture. 

 

Figure 4.32: Fluorescence spectra of Indian yellow-binder mixtures at excitation wavelength 254 nm. The 

graph includes the spectra of Indian yellow (IY) powder (black dash), Indian yellow mixed with whole egg 

(IY.WE - solid black), egg yolk (IY.EY - solid blue), egg white (IY.EW - solid red) and fish glue (IY.FG - solid 

green) respectively. After 3 months of drying in the dark. 
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Figure 4.33: Fluorescence spectra of Indian yellow (IY) mixed with drying oils (λex 360 nm). LO – linseed 

oil, PO – poppyseed oil, SO – stand oil, WLO – water-miscible linseed oil. After 3 months of drying in the 

dark. 

 

  



100 

 

4.3.5 Alizarin crimson 

After preparing the alizarin crimson samples mixed with various binders, they were observed under both 

short (254 nm) and long (365 nm) wavelength UV light. Interestingly the alizarin crimson bound in 

paraloid B72 (AC.P72) and the alizarin crimson in lascoux (AC.LAS) paint were the only samples that 

showed fluorescence in the freshly painted samples. A green-coloured fluorescence was observed at 

excitation wavelength 254 nm (Figure4.34). Interestingly, this indicates that these two binders have 

strong hydrogen bonding interactions with the alizarin crimson, as the combination of pigment and 

binder resulted in a bright green luminescence.  

 

Figure 4.34: Fluorescence image of alizarin crimson-binder samples painted onto microscope slides 

visualised under 254 nm ultraviolet light. The green fluorescence of alizarin crimson mixed with paraloid 

B72 is evident. 

These two samples (AC.P72 and AC.LAS) could not be analysed at this point, as the paint was still wet 

and would have contaminated the spectrofluorometer. These samples were therefore analysed with the 

rest of the alizarin crimson paint mixtures, 24 hrs after they were painted. At λex 254 nm, the 

fluorescence of the egg-based binders was seen (similar to all other pigment-binder mixtures). However, 

the green fluorescence (λem  ̴550 nm) that was expected from Figure 4.34 was not observed, as it was 

masked by the Raman scattering peak. 
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The Raman scattering peak is an instrumental effect which occurs at double the excitation wavelength. 

This occurs as the excitation wavelength enters the detector, and gets scattered within the photodiode 

array detector, which results in the incident light being superimposed and detected at twice the 

wavelength of the incident light [53].  As the green fluorescence was visibly seen at 254 nm on the 

samples, the Raman peak in these spectra occurs at 510 nm with a consistent full-width-at-half-

maximum (FWHM) of 20 nm. The Raman peak can be removed from the spectra, by placing a light filter 

that blocks the incident wavelength (254 nm) from entering the detector, without filtering the 

fluorescent light at longer wavelengths. During this study, this was attempted, however all filters that 

were tested (XC10, X3C5, C3C25, C3C16 and C3C17) that could block the incident light, had an intrinsic 

fluorescence, which caused more interference than the Raman peak. Following several more studies it 

was found that the incident wavelength that resulted in the clearest fluorescence representation was at 

360 nm. The green fluorescence from the hydrogen bonding was not as strong, but still appeared in the 

spectrum (Figure 4.35). 

 

Figure 4.35: Fluorescence spectra of alizarin crimson-binder mixtures at an excitation wavelength of 360 

nm. The graph includes the spectra of alizarin crimson (AC) dissolved in methanol (black dotted line); AC 

powder (red dot-dash line), AC mixed with whole egg (AC.WE - black dash), egg yolk (AC.EY - blue dash), 

egg white (AC.EW - red dash), paraloid 72 (AC.P72 - solid light pink), paraloid 67 (AC.P67 - solid dark 

purple), lascoux (AC.LAS - solid green), gilding milk (AC.GM - solid black) and fish glue (AC.FG - solid 

orange) respectively. After 3 months of drying in the dark. 
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The alizarin powder does not have any fluorescent peaks, however when it is dissolved in solution it has 

a sharp peak around 550 nm. As was previously identified, paraloid B72 and lascoux interact with the 

binder which result in a strong green fluorescence at 556 nm. Paraloid B67 does not develop any 

fluorescence even though the paraloid pellets were dissolved in methanol, which is strange as it is 

expected to behave like paraloid B72, which is a similar synthetic polymer.  

Interestingly, gilding milk once dry also interacts to create a green fluorescence. This indicates that 

gilding milk (GM) has no capacity for hydrogen bonding while it is wet, but develops new bonds in the 

dry form, which allow for hydrogen bonding with the alizarin crimson. Similarly, the egg-based samples 

(WE, EW & EY) develop a green fluorescence over time, and as the binder dries. These fluorescence 

images can visually be observed in Addendum C.  

In addition to the green fluorescence peak around 550 nm, the binders show a peak around 450 nm, 

which is resultant of the pure binders fluorescence, and a peak at 630 nm which is a result of a new 

complex formed between the pigment and binder (more clearly seen in Figure 4.36). 

The drying oils mixed with alizarin crimson have three distinct fluorescence peaks. The first being around 

430 nm which is the fluorescence of non-yellowed drying oils, the second (λem 550 nm) being the green 

fluorescence of alizarin crimson due to hydrogen bonding, and the third (λem   ̴630nm) being a peak 

corresponding to the formation of a new complex. When the AC-drying oil samples were applied, they 

did not show any fluorescence under UV light, however after 3 months of drying the green fluorescence 

slowly started appearing. This indicates that liquid drying oils do not have a significant amount of 

hydroxyl groups which facilitate hydrogen bonding, but rather when the drying oils become cured they 

develop hydroxyl groups [5] and therefore become more polar leading to the increase of green 

fluorescence intensity. The third peak which occurs around 630 nm is orange in colour and cannot be 

seen by the naked eye under UV light. This fluorescence peak corresponds to what has been reported in 

literature of madder lake in cultural heritage objects [46, 47, 54]. Since paintings are usually a few years 

old before they are analysed under UV light, it is possible that this orange fluorescence forms over time, 

and is a product of ageing, and therefore the fluorescence of alizarin crimson is only associated with an 

orange colour. 
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Figure 4.36: Fluorescence spectra of alizarin crimson (AC) mixed with drying oils (λex 360 nm). LO – 

linseed oil, PO – poppyseed oil, SO – stand oil, WLO – water-miscible linseed oil.  After 3 months of drying 

in the dark. 

4.3.6 Comparison of pigment effects in different binders 

To summarise the fluorescence effect of pigments on the fluorescence of binders, the strongly 

fluorescent binders, such as egg-based samples and drying oils, continue to fluoresce in pigment 

mixtures. The effect of pigments varies drastically, as even the pigments that do not fluoresce have 

different diffuse reflectance spectra.  

Of the proteinaceous binders analysed, the egg-based samples have the strongest and most distinct 

fluorescence. This fluorescence varies from 333 to 367 nm and could be due to various matrix effects. 

During this study different eggs were used for the initial sample preparation in 2017 compared to the 

pigment binder mixtures prepared in 2019. The different eggs could have had resulted in somewhat 
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different matrices and chemical environments, which led to a shift in fluorescence. Alternatively, the 

fluorescence could be an effect of the age of the egg sample (both before and after the egg has been 

removed from its casing). The eggs all fluoresce around 340 nm which can be attributed to tryptophan 

based on literature studies [55, 56]. Interestingly, the fluorescence of crosslinked products (pentosidine 

or pyridinoline) or oxidation products (N-formylkynurenine and kynurenine) was not observed in the 

dried egg samples [55]. Additional studies are needed to identify how these chemical compounds would 

interact with the various pigments, and whether they are quenched by pigment interactions.  

The fluorescence of synthetic binders is very weak and could not be seen in any of the pigment-binder 

mixtures. The fluorescence that was visible from these synthetic binders is in alizarin crimson, where the 

functional groups on the polymers facilitated the enhancement of the green fluorescence of the alizarin 

crimson through hydrogen bonding. Therefore, fluorescence studies are not advised in the identification 

of synthetic binders. 

The drying oils, which have a very strong intrinsic fluorescence in their cured form, could be identified in 

all pigment-binder mixtures, after the comprehensive ageing study was completed. The alizarin crimson 

pigment, which has its own intrinsic fluorescence, developed a green fluorescence as the drying oils 

aged, and a new compound was formed in the mixture which fluoresces orange. It is still uncertain what 

causes this change in fluorescence of alizarin crimson. 
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Chapter 5: Conclusion  

5.1 Final remarks and conclusion 

In this study, the fluorescence of drying oils was extensively investigated, and was found to be largely 

dependent on the physical state of the oil. Liquid oils fluoresce in the ultraviolet range, a phenomenon 

not visible to the naked eye. Cured oils fluoresce in the blue range, but the fluorescence shifts to green 

(and sometimes yellow), as the oil yellows. It is proposed that the fluorescence of drying oils is a result 

of the presence of subfluorophores, which are poorly fluorescent in the liquid phase, but become 

fluorescent once they are immobilised in a cured oil matrix. The bathochromic shift, from blue to green, 

observed in the spectra of the cured oils, is a result of increased rigidity in the cured oil matrix. The 

yellowing, which can be correlated to the fluorescence of the oil, is not a result of age, but of storage 

conditions, as was identified by the use of extreme experimental storage conditions in this study. 

Exposure to ammonia vapour rapidly increases the degree of yellowing, and therefore ammonia-based 

cleaning products should be avoided in museum environments, as the discolouration affects the 

aesthetic value of artworks. Sunlight bleaches drying oil and thus reverses the fluorescence shift 

associated with yellowing, while dark storage conditions promote yellowing and fluorescence changes. 

Although light bleaches the yellowing of drying oils, this is not advised as it may cause irreversible 

photodegradation of certain pigments.  

The yellow discolouration of oils is not always visible when pigments are present in the drying oil, and in 

mixtures with non-fluorescent pigments, the fluorescence can be used to identify the degree of 

discolouration. The colour associated with the peak in the fluorescence spectrum provides a measure of 

yellowing, and could therefore potentially be used for digital colour correction of paintings. Colour 

corrections are a common technique used to determine the change in colour due to ageing, such that 

paintings can be viewed as the artist originally envisioned the painting. As fluorescence spectroscopy is 

non-destructive, it can be used to determine the extent of yellowing without the need for sampling, and 

is thus an advisable method for the monitoring of discolouration in paintings.   

In addition to being stored for ageing studies, the drying oils were mixed with pigments of which only 

one, alizarin crimson (AC) was fluorescent. The intrinsic fluorescence intensity of the drying oils is high 
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enough to be visible in all paint mixtures. This confirmed the validity of using fluorescence spectroscopic 

measurements to identify the degree of yellowing of drying oils. 

The pigments were also mixed with various binders, namely the proteinaceous, polysaccharide and 

synthetic binders. An extensive ageing study of the fluorescence of these binders was not performed. 

Instead, they were mixed with pigments and the relative change in fluorescence was compared to that 

of the drying oils.  

In this study, the fluorescence of synthetic binders was found to be minimal to non-existent. Synthetic 

binders are polymeric structures that do not contain fluorophores or subfluorophores. When a synthetic 

binder fluoresces, it is typically caused by a heterogeneity in the polymer matrix. However, this 

heterogeneity occurs at random, and would not be a guaranteed feature that would help with the 

characterisation of synthetic binders through fluorescence spectroscopy. 

The effects of pigments on the fluorescence of the various binders were diverse, as they led to diffuse 

reflection when the pigment was a crystallised powder. In addition, pigments led to quenching or 

masking of the binder’s fluorescence, as well as the formation of new fluorescent species in alizarin 

crimson samples. Most binders were non- to poorly fluorescent, and therefore only showed diffuse 

reflection in fluorescence measurements. The way the binders coated the pigment particles affected the 

extent of the diffuse reflection from the pigment powder. The fluorescence spectra of the pigment 

powders showed a multipeaked diffuse reflection, but after mixing the pigment with binders, the 

pigment became covered with binder and a broad single peak was observed. This was most prominent 

in the non-fluorescent pigment powders (oriental blue, phthalo blue, Indian yellow and lamp black).  

Alizarin crimson (AC) has a green fluorescence in solutions which facilitates hydrogen bonding. In 

pigment-binder mixtures, only certain binders form these hydrogen bonds with AC, which produces a 

green fluorescence. However, in drying oils, this green fluorescence is masked by the formation of a 

fluorescent compound which led to an intense orange fluorescence. These results indicate that the 

pigments have a range of effects and cannot be summarised into a general trend.  

5.2 Recommendations and future work 

An extensive study of drying oils and their discolouration was performed, but since research is always 

developing, recommendations for future work are provided. A follow up study should be conducted in 

which colourimetry measurements of drying oils are done. Colourimetry makes use of the RGB (red-
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green-blue) or the abc method of characterising the specific hue and colour. Unlike fluorescence 

spectroscopy, colourimetry is based on the principle of colour detection by eye and thus does not 

measure a single wavelength of fluorescence emission. The monitoring of the exact yellow colour 

changes in drying oils can be done with colourimetry to correlate with the fluorescence changes, which 

would result in a quantitative method in which the yellowing of drying oils can be monitored. 

In addition to investigations into the ageing process of oils, a complete study of the fluorophores in 

proteinaceous samples is recommended, in order to determine whether natural and artificial ageing 

results in bathochromic or hypsochromic shifts in proteinaceous binders, as well as the identity of the 

chemical compounds in the samples which incur these changes. In particular, it could be determined 

whether egg samples from different farms produce different fluorescence spectra, due to the different 

chemical matrix of each egg, arising from differences in diets of the chickens. Additionally, the age of the 

egg should be monitored before removing the egg yolk/white from the shell, and the age of the egg film 

after it is applied to a substrate. It is possible that eggs could undergo large changes in fluorescence due 

to the chemical complexity of an egg sample which does not solely consist of amino acids. 

Furthermore, to use fluorescence measurements accurately and confidently for the identification of 

binders, an extensive study could be done using a wider range of binders and pigments. This could 

include paint mixtures intended to imitate historic paint mixtures, with multiple pigments added to 

individual binders, and mixtures of binders. The fluorescence spectra of these mixtures could then be 

added to a database for applications of machine learning, in which a deconvolution algorithm could be 

established to predict the binder and paint mixture that was analysed. Without more extensive 

research, binders should not be identified solely on the basis of fluorescence emission peaks, as these 

emission peaks are changed by the paint matrix.  

Colour changes, changes in transparency and other optical properties such as fluorescence are largely 

dependant on the nature of the painting. Paintings are extensive, complex mixtures which can contain 

various pigments and binders. The study focused solely on fluorescent changes, however further 

research should be done to compare the fluorescent changes with other optical properties (such as 

transparency and opacity changes) and metal complex formations (metal soaps) which lead to 

transparency changes. Further studies also need to be done to determine the sampling depth of 

fluorescence studies, especially on paintings which do not have a smooth paint layer. 
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Addendum A 

Lippert equation calculations for drying oils 

 

Figure A1: Lippert equation applied to linseed oil in different solvents, the first plot relates to the peak at 

315 nm (λem) which arises with 300 nm incident light (λex) and the second plot being the peak at 330 nm 

(λem) which arises with 315 nm excitation light (λex). The lines are estimates of how the plots should be 

distributed if the fluorescence obeys the Lippert equation. 

In solution, the fluorophore is stabilized by the presence of dipole moments in the solvent that orientate 

around the dipole moment of the fluorophore. Solvents are known to shift the emission peak to longer 

wavelengths (higher energy) due to the stabilization of the excited state by polar solvent molecules [1]. 

Some fluorophores are significantly affected by changes in polarity, for example trans-4-dimethylamino-

4’-(1-oxobutyl) stilbene (DOS), where a change in solvent can lead to a shift to 200 nm longer emission 

wavelengths. Solvent effects can be interpreted by the Lippert equation (eq 1.1). 
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Where �̅�𝐴 and �̅�𝐹 are the wavenumbers (cm-1) of the absorption and fluorescence, respectively. Planck’s 

constant (h) and the speed of light (c) are the two constants. The values that describe the properties of 

the fluorophore are: 𝑎3, the area of the cavity in which the fluorophore resides, along with the excited- 

(𝜇𝐸 ) and ground-state (𝜇𝐺 ) dipole moments. The properties of the solvent, dielectric constant (𝜀) and 

the refractive index (𝑛) will cause a change in the energy gap. The dielectric constant is a static property 

of the solvent which describes the molecular polarizability, which results in the reorientation of the 

solvent dipoles around the excited state. In contrast, the refractive index is a high-frequency response 

and depends on the motion of electrons within the solvent molecules. An increase in the refractive 

index would result in both the ground and excited states to be instantaneously stabilized from the 

movements of electrons in the solvent molecules, thus decreasing the energy gap. An increase in the 
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dielectric constant will also result in a stabilization of the ground and excited states, and thus decrease 

the bad gap energy. However, where the refractive index results in an instantaneous stabilization, the 

stabilization from the dielectric constant only occurs after a reorientation of the solvent dipoles. In the 

Lippert equation, it is assumed that the solvent relaxation is complete prior to emission.  

 

Figure A2: Fluorescence intensity of liquid linseed oil in various solvents using an excitation wavelength 

of 300 nm.  
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Ageing of Drying oils 

 

Figure A3: Fluorescence colours of the different oils after 1 week of UV exposure (top) and after 24 hr 

exposure to ammonia vapour (bottom). LO- Linseed oil; PO- Poppy seed oil; SO- Stand oil; WLO- water-

miscible linseed oil. 
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Fluorescent changes in Poppy seed oil 

 

Figure A4: Rate of the fluorescence emission maximum changes of poppy seed oil various exposure times 
to UV light (254 nm) and then subsequent storage in dark drawers. The excitation wavelength was 360 
nm for all measurements. 

 

Figure A5: Rate of fluorescent changes of poppy seed oil after exposure to ammonia vapor, and 
subsequent storage in a dark drawer. The excitation wavelength was 360 nm for all measurements. 
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Fluorescent changes in Stand oil 

 

Figure A6: Rate of the fluorescence emission maximum changes of stand oil various exposure times to 
UV light (254 nm) and then subsequent storage in dark drawers. The excitation wavelength was 360 nm 
for all measurements. 

 

Figure A7: Rate of fluorescent changes of stand oil after exposure to ammonia vapor, and subsequent 
storage in a dark drawer. The excitation wavelength was 360 nm for all measurements. 
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Fluorescent changes in water-miscible linseed oil 

 

Figure A8: Rate of the fluorescence emission maximum changes of water-miscible linseed oil various 
exposure times to UV light (254 nm) and then subsequent storage in dark drawers. The excitation 
wavelength was 360 nm for all measurements. 

 

 

Figure A9: Rate of fluorescent changes of stand oil after exposure to ammonia vapor, and subsequent 
storage in a dark drawer. The excitation wavelength was 360 nm for all measurements. 
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Linseed oil and poppy seed oil showed the most homogenous yellow discoloration over the painted 

area. As the water-miscible oil dried, the painted surface started forming drops instead of drying as 

painted. These drops formed an agglomerate of linseed oil, that yellow much faster than other oils once 

dried. This heterogeneity of the surface discoloration causes variation in the fluorescence intensity as 

the exact position at which the fluorescence is measured could not be perfectly reproduced. Stand oil 

did not form drops but had sections where the stand oil was applied thicker; due to the viscosity of the 

oil it did not roll out to form a uniform surface. 
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Addendum B 
Additional graphs for pigment characterisation 

XRF spectra 

 

Figure B1: X-ray fluorescence spectrum of a blank polyester plastic sleeve. 

 

Figure B2: X-ray fluorescence spectrum of lamp black pigment. 
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Figure B3: X-ray fluorescence spectrum of Indian yellow. 

 

Figure B4: X-ray fluorescence spectrum of alizarin crimson. 
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Figure B5: X-ray fluorescence spectrum of oriental blue. 
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PXRD 

 

Figure B6: Powder X-ray diffraction pattern for Indian yellow. 
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FTIR spectra 

 

Figure B7: The ATR-FTIR spectrum of oriental blue powder. The spectrum was obtained from 4000 cm-1 to 

400 cm-1 but did not show any peaks at the higher frequencies (4000 – 2500 cm-1). 

 

 
Figure B8: Negative ion mass chromatograms of red pigments dissolved in methanol. The green blocks 

indicate the similarities between PR83 and the alizarin crimson used in this study. 
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Figure B9: Lippert equation applied to alizarin crimson (AC) in different solvents.  

 

 

 

 

 

.
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Addendum C 
Fluorescence images of alizarin crimson (AC) samples 
Each pigment-binder mixture was photographed under normal ambient white light, and under a UV 

lamp. Two wavelengths were used with UV light, namely 254 nm (the middle image) and 365 nm (the 

right-hand side image).  

  
Figure C1: AC mixed with linseed oil (LO) Figure C2: AC mixed with stand oil (SO) 

  
Figure C3: AC mixed with poppyseed oil (PO) 
 

Figure C4: AC mixed with water-miscible linseed 
oil (WLO) 
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Figure C5: AC mixed with egg white (EW)  Figure C6: AC mixed with gilding milk (GM) 

  
Figure C7: AC mixed with whole egg (WE) Figure C8: AC mixed with egg yolk (EY) 

  
Figure C9: AC mixed with paraloid B72 (P72) Figure C10: AC mixed with paraloid B67 (P67) 
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Figure C11: AC mixed with lascoux (Las) Figure C12: AC mixed with klusel G (KG) 

  

 

Figure C13: AC mixed with mowiol (Mi) Figure C14: AC mixed with gum Tragacanth (GT) 

  
Figure C15: AC mixed with rabbit skin glue (RSG) Figure C16: AC mixed with fish glue (FG) 
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Figure C17: AC mixed with ox gall (OX)  
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Addendum D 
Fluorescence images of lamp black (LB) samples 
Each pigment-binder mixture was photographed under normal ambient white light, and under a UV 

lamp. Two wavelengths were used with UV light, namely 254 nm (the middle image) and 365 nm (the 

right-hand side image).  

  
Figure D1: LB mixed with linseed oil (LO) Figure D2: LB mixed with stand oil (SO) 

  
Figure D3: LB mixed with poppyseed oil (PO) 
 

Figure D4: LB mixed with water-miscible linseed oil 
(WLO) 
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Figure D5: LB mixed with egg white (EW) Figure D6: LB mixed with gilding milk (GM) 

  
Figure D7: LB mixed with whole egg (WE) Figure D8: LB mixed with egg yolk (EY) 

  
Figure D9: LB mixed with paraloid B72 (P72) Figure D10: LB mixed with paraloid B67 (P67) 
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Figure D11: LB mixed with lascoux (Las) Figure D12: LB mixed with klusel G (KG) 

   
Figure D13: LB mixed with mowiol (Mi) Figure D14: LB mixed with gum Tragacanth (GT) 

  
Figure D15: LB mixed with rabbit skin glue (RSG) Figure D16: LB mixed with fish glue (FG) 
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Figure D17: LB mixed with ox gall (OX)  
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Addendum E 
Fluorescence images of oriental blue (OB) samples 
Each pigment-binder mixture was photographed under normal ambient white light, and under a UV 

lamp. Two wavelengths were used with UV light, namely 254 nm (the middle image) and 365 nm (the 

right-hand side image).  

  
Figure E1: OB mixed with linseed oil (LO) Figure E2: OB mixed with stand oil (SO) 

  
Figure E3: OB mixed with poppyseed oil (PO) 

 
Figure E4: OB mixed with water-miscible linseed oil 

(WLO) 
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Figure E5: OB mixed with egg white (EW) Figure E6: OB mixed with gilding milk (GM) 

  
Figure E7: OB mixed with whole egg (WE) Figure E8: OB mixed with egg yolk (EY) 

  

Figure E9: OB mixed with paraloid B72 (P72) Figure E10: OB mixed with paraloid B67 (P67) 
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Figure E11: OB mixed with lascoux (Las) Figure E12: OB mixed with Klusel G (KG) 

  
Figure E13: OB mixed with mowiol (Mi) Figure E14: OB mixed with gum Tragacanth (GT) 

  
Figure E15: OB mixed with rabbit skin glue (RSG) Figure E16: OB mixed with fish glue (FG) 
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Figure E17: OB mixed with ox gall (OX)  
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Addendum F 
Fluorescence images of phthalo blue (PB) samples 
Each pigment-binder mixture was photographed under normal ambient white light, and under a UV 

lamp. Two wavelengths were used with UV light, namely 254 nm (the middle image) and 365 nm (the 

right-hand side image).  

  
Figure F1: PB mixed with linseed oil (LO) Figure F2: PB mixed with stand oil (SO) 

  
Figure F3: PB mixed with poppyseed oil (PO) 

 
Figure F4: PB mixed with water-miscible linseed 

oil (WLO) 
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Figure F5: PB mixed with egg white (EW) Figure F6: PB mixed with gilding milk (GM) 

  
Figure F7: PB mixed with whole egg (WE) Figure F8: PB mixed with egg yolk (EY) 

  
Figure F9: PB mixed with paraloid B72 (P72) Figure F10: PB mixed with paraloid B67 (P67) 
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Figure F11: PB mixed with lascoux (Las) Figure F12: PB mixed with Klusel G (KG) 

  
Figure F13: PB mixed with mowiol (Mi) Figure F14: PB mixed with gum Tragacanth (GT) 

  
Figure F15: PB mixed with rabbit skin glue (RSG) Figure F16: PB mixed with fish glue (FG) 
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Figure F17: PB mixed with ox gall (OX)  
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Addendum G 
Fluorescence images of Indian yellow (IY) samples 
Each pigment-binder mixture was photographed under normal ambient white light, and under a UV 

lamp. Two wavelengths were used with UV light, namely 254 nm (the middle image) and 365 nm (the 

right-hand side image).  

  
Figure G1: IY mixed with linseed oil (LO) Figure G2: IY mixed with stand oil (SO) 

  
Figure G3: IY mixed with poppyseed oil (PO) 

 
Figure G4: IY mixed with water-miscible linseed oil 

(WLO) 
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Figure G5: IY mixed with egg white (EW) Figure G6: IY mixed with gilding milk (GM) 

  
Figure G7: IY mixed with whole egg (WE) Figure G8: IY mixed with egg yolk (EY) 

  
Figure G9: IY mixed with paraloid B72 (P72) Figure G10: IY mixed with paraloid B67 (P67) 
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Figure G11: IY mixed with lascoux (Las) Figure G12: IY mixed with Klusel G (KG) 

  
Figure G13: IY mixed with mowiol (Mi) Figure G14: IY mixed with gum Tragacanth (GT) 

  
Figure G15: IY mixed with rabbit skin glue (RSG) Figure G16: IY mixed with fish glue (FG) 
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Figure G17: IY mixed with ox gall (OX)  
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Addendum H 

Summary of fluorescence of binders from previous studies  

 Peak position 
(nm) 

Description of curve Half width (nm) 

Rabbit Skin Glue 

Pure binder 395 Broad, Symmetrical 349-453 (104) 

Fish Glue 

Pure binder 406 Broad, right handed skew 366-485 (119) 

Whole egg 
Pure binder 355 One very broad peak 324-440 (116) 

Egg yolk 

Pure binder 357 One peak 330-405 (75) 

Egg White 

Pure binder 352 Sharp peak 326-384 (58) 

Ox gall 
Pure binder 395 Very broad peak To broad to measure 

Gilding milk 
Pure binder 391 One peak 352-444 (92) 

Gum Arabic 
Pure binder Could not be measured due to flaking of paint on microscope slide. 

Gum Tragacanth 
Pure binder 394 Broad peak To broad to measure 

Klusel G 

Pure binder 397  353-437 (84) 

Mowiol 
Pure binder 394  353-444 (91) 

Paraloid B72 
Pure binder 393  354-442 (88) 

Paraloid B67 
Pure binder 395  Too broad to measure 
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Addendum I 

Outputs from this Project 
Published paper: 

Cairns L, Forbes P. Insights into the yellowing of drying oils using fluorescence spectroscopy. Heritage 

Science. 2020;8(59):1-11. Doi: 10.1186/s40494-020-00403-1 

Oral presentation: 

Cairns L. The South African Spectroscopy Society’s Young student Symposium (SASS-YSS), Midrand: 

2019. Oral presentation on research entitled: Insights into the yellowing of drying oils using fluorescence 

spectroscopy. 

Poster presentation: 

Cairns LK. Forbes PBC. Exploring the surface of paintings using fluorescence spectroscopy. [Poster]. 

Exhibited at the summer school for Advanced Mass Spectrometry Applied in Cultural Heritage, Bordeaux, 

France: 2019.  
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Addendum J 
Published journal paper in Heritage Science
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