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Abstract 
Titanium white (TiO2) has been widely used as a pigment in the 20th century. However,
its most photocatalytic form (anatase) can cause severe degradation of the oil paint in 
which it is contained. UV light initiates TiO2-photocatalyzed processes in the paint film, 
degrading the oil binder into volatile components resulting in chalking of the paint. This 
will eventually lead to severe changes in the appearance of a painting. To date, limited 
examples of degraded works of art containing titanium white are known due to the 
relatively short existence of the paintings in question and the slow progress of the 
degradation process. However, UV light will inevitably cause degradation of paint in 
works of art containing photocatalytic titanium white.  

In this work, a method to detect early warning signs of photocatalytic 
degradation of unvarnished oil paint is proposed, using atomic force microscopy (AFM) 
and X-ray photoelectron spectroscopy (XPS). Consequently, a four-stage degradation 
model was developed through in-depth study of TiO2-containing paint films in various 
stages of degradation. The XPS surface analysis proved very valuable for detecting early 
warning signs of paint degradation, whereas the AFM results provide additional 
confirmation and are in good agreement with bulk gloss reduction.     

Keywords: Photocatalysis, Titanium dioxide white, Atomic Force Microscopy, X-ray 
Photoelectron spectroscopy, oil paint, degradation.  

1. Introduction
Works of art degrade over time. Society in general, and collection curators specifically, 
perceive these changes as unwanted. As a result, museums take elaborate precautions 
to prevent damage to their collection [1]. Unvarnished paintings containing 
photocatalytic titanium white form a distinct risk group for degradation, since the 
pigment has the ability to break down the binder through UV light-initiated 
photocatalysis [2]. Titanium white was first introduced in the 1920s and rapidly became 
the most widespread pigment of the 20th century. Many famous artists such as Pablo 
Picasso, Jackson Pollock and Piet Mondriaan have used this pigment [2-4]. Until now, 
limited examples of degraded works of art containing titanium white have been 
documented [2, 5-7]. The limited documentation can be the consequence of the slow 
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progress of the degradation process combined with the relatively short existence of the 
paintings in question. Nonetheless, degradation will inevitably take place if a painting 
containing photocatalytic titanium white is exposed to UV light [6]. Proper 
understanding of the degradation process and the development of methods to monitor 
degradation can provide fundamental information for preventive measures.  

The two most commonly used forms of titanium dioxide are rutile and anatase; 
it is the anatase polymorph that is most photocatalytically active [8-10]. On the other 
hand, the rutile type is less photocatalytic by nature and additionally, often coated with 
an inorganic surface layer to further reduce photocatalytic activity [11]. This inorganic 
coating can consist of different layers of material such as alumina, silica and zirconia [2, 
11-13]. In the course of the pigment development in the 20th century, various types of 
pigments with different properties have reached the market [12]. For instance, 
production of the rutile type pigment was discovered and implemented since the 1940s 
[2, 12], and surface coatings were patented from the 1960s onward [13]. Different 
qualities of surface coatings can be present resulting in different pigment qualities [14]. 
Properly coated pigments have low to non-existent photocatalytic activity, while still 
absorbing UV light. Therefore, these pigments can function as UV protectors rather than 
photocatalysts [15, 16]. Furthermore, uncoated anatase pigments were produced and 
used in oil paints until far into the 20th century [17]. In this work, we distinguish 
between two general types of titanium white pigments: photocatalytic pigment 
(uncoated anatase, UA) and photostable pigment (coated rutile, CR). The photocatalytic 
pigment is the pigment of interest, while the photostable pigment is used for 
comparison and to determine if the observed changes can be attributed to 
photocatalysis or to other degradation events. 

Photocatalytic degradation can occur in different forms, depending on the material 
surrounding the photocatalytic pigment. In general, the degradation reactions are 
caused by radicals formed on the TiO2 surface [18-20]. Photocatalytic reactions can 
cause alteration of surrounding pigments, such as the fading of Prussian blue or alizarin 
lake (Scheme 1, process 1) [21-23]. On the other hand, degradation of the paint binder 
can occur by extensive cross-linking, causing embrittlement [16, 24] mainly visible in the 
form of cracks, or by degradation into volatile components  (Scheme 1, process 2 and 
3). The current paper focuses on the latter process, more specifically on the 
degradation of the oil binder (Scheme 1, process 3). This degradation process causes 
roughening of the surface and eventually leads to chalking: the top layer of the paint 
has degraded and the pigment is now located freely on the surface [18, 25-27].  
 

(1) TiO2 + hν + binder formed by a radical addition polymerization  Further cross-linking leading to 
embrittlement 

(2) TiO2 + hν + colored pigments  change of color due to modification of the chemical structure or 
oxidation/reduction of inorganic pigments 

(3) TiO2 + hν + oil binder  Volatile organic components     

Scheme 1: TiO2 catalyzed degradation processes, process #3, indicated in bold, is the process of interest in this paper. 

Chalking of titanium white alkyd paints was first demonstrated by Voltz et al. in 1981 
[18]. Scanning electron microscopy (SEM) images showed the morphological differences 
between a chalked surface caused by photocatalysis and a chalked surface caused by 
ordinary photo-oxidative degradation. Monitoring the aging of titanium white paints has 
been performed using several other techniques as well such as weight loss, change of gloss, 



3 
 

Gel Permeation Chromatography (GPC), Fourier Transform Infra Red spectroscopy (FTIR), 
XPS and AFM [16, 28-33]. Most of this work has been done on modern paint binders and 
polymeric systems such as alkyds, acrylics and polyalkenes. The aging of oil paint has also 
been studied widely, but not many papers concerning the effect of titanium white on oil 
paint aging have been published [34-38].  

The main purpose of monitoring the aging of paint films is to gain understanding of 
the degradation processes, but also to be able to determine whether degradation is taking 
place before this is visible to the human eye. Investigating the aging of paint films can be 
performed by monitoring bulk and surface changes. These changes can be classified as 
optical changes (in the case of chalking, caused by changes in surface morphology of the 
paint film), chemical changes (in the case of chalking, related to the degradation of oil and 
the appearance of unbound titanium dioxide), and mechanical changes (in the case of 
chalking, the loss of coherence of the paint film by oil degradation).  

The methods currently used and widely available in the field of conservation science, 
such as FTIR, are challenging to use as early detection methods due to the unknown ‘initial 
state’. The term ‘initial state’ in this paper refers to the non-degraded state of the painting, 
as if it were analyzed immediately after production. When monitoring changes using the 
current methods, these can be detected but only in relation to a previous state that was 
analyzed. Furthermore, in the case of FTIR, unambiguous proof of degradation is detectable 
only when this is also visible by eye2. 

Until today, there is no straightforward analytical method to determine any early 
warning signs for photocatalytic degradation of unvarnished oil paints containing titanium 
white, and the methods currently used in the field of conservation are not sufficient to 
detect this specific process. Therefore, for this paper, new analytical approaches have been 
explored. In the 20th century, paintings were often unvarnished and unframed [39]. This 
leads to a lack of protection from the environment as well as a lack of reference material 
(‘initial state’), such as the area protected by the frame. An unknown initial state of the 
material makes determination of degradation challenging. Once it is clear that 
photocatalytic degradation is taking place, the object can be completely removed from UV 
light to stop the degradation. However, it is not feasible, with the exception of some 
museum collections, to preventively remove UV light everywhere, such as in company art 
collections that contain large numbers of 20th century works of art [40, 41]. It is therefore 
important to know which works of art should be protected. For curators and conservators, 
assessment of paintings is based on visual inspection [42]. A connection between analytical 
results and a parameter that is related to a common visual observation, is therefore 
required for good communication with the field of conservation.  

In the current paper, we follow the aging of unvarnished titanium white oil paints on 
the nano-scale with AFM and XPS and we relate this to the macro-scale phenomena of gloss 
change and chalking. Even though SEM can provide sharper images, AFM offers, as 
advantage, information about the height profile of the paint sample. On the other hand, XPS 
is a surface sensitive technique, therefore small changes in elemental composition at the 
surface of the paint film can be determined. In practice, an oil paint film has a so-called 
medium skin (see Figure S13), which is a thin layer of unpigmented oil at the surface of the 
paint film formed during the drying process. The thickness of this layer (tms) depends on, 
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among others, pigment volume concentration (PVC) and manner of application [39]. If this 
organic layer, composed mainly of carbon, hydrogen and oxygen, is thicker than the 
penetration depth (dxps) of XPS analysis (tms > dxps), an unaged paint film should show only 
carbon and oxygen signals in XPS analysis. In this case, the initial situation (xTi=0) is known 
and fixed which offers a benefit over methods described previously. During aging, the 
binder is broken down and a titanium signal should appear in the XP Spectra (xTi>0). If this 
process can be verified for several types of paint, XPS could serve as an early warning 
detection method for degradation. In this study, the focus is on linseed oil-based paint that 
serves as a model binder for all types of drying oils.  

Combining morphological and elemental information of the paint surface and at the 
same time connecting this to the macro phenomena of gloss change and chalking will offer 
insight into the degradation process of oil paints containing photocatalytic titanium dioxide. 
The insight gained is used to propose a four-step degradation model. Even though XPS and 
AFM are not common and accessible methods in the field of conservation yet, these 
techniques may prove their value in the coming years and are therefore put in perspective 
using a step-by-step method to determine early warning signs for photocatalytic 
degradation.  In the field of conservation, a micro-destructive technique will only be 
performed if the presence of titanium dioxide in the paint film is confirmed. This can be 
determined by a non-invasive method such as portable X-ray fluorescence spectroscopy or 
Raman spectroscopy [2, 43]. Furthermore, the crystal structure of the titanium white could 
be characterized prior to XPS/AFM investigation. This can be done non- or micro-invasively, 
depending on the available equipment with X-ray diffraction or Raman spectroscopy [2]. 

2. Materials & Methods  
2.1. Sample preparation 

Paint films were prepared by mixing titanium dioxide with linseed oil. Two types of titanium 
dioxide were used: Hombitan LW, an uncoated anatase (UA) from Sachtleben Chemie, and 
CR-826, a coated rutile (CR) pigment of the highest durability grade from Tronox. The 
powders were used as received. The used oil is commercial hot-pressed linseed oil of the 
brand van Beek. In view of the long drying time of oil paint, a drying agent was used to 
speed up oil polymerization. The drying agent, a mixture of cobalt and zirconium 
carboxylates, was obtained from Pieter Keune and used as received4. 0.1% v/v was added to 
1 L of oil, and the resulting oil was sealed and kept in the dark to prevent polymerization 
[44]. Paints with a PVC of 15% were prepared by mixing pigment with oil. The mixture was 
mixed three times for 25 rotations on a glass plated paint mill, an automatic Muller, with a 
weight of 5 kg. In between mixing, the mixture was scraped together with a palette knife. 
The paints were spread out on Melinex supports with a draw down bar, applying a fixed 
layer thickness of 100 µm, and left to dry for 14 days in the lab environment (T=20°C, cyclic 
lighting). The paint with photocatalytic pigment was prepared in duplo (UA-1 and UA-2), 
since it was expected to show severe degradation. As comparison to the degrading paints, 
the paint with photostable pigment (CR) was exposed to the same conditions and analyzed 
using the same techniques.  

After drying, the paints were cut into seven fragments of 1 by 2 cm and one larger 
fragment of 7.5 by 2.5 cm, Figure S2. The larger fragment was used to monitor gloss during 
the aging process. After the gloss measurement, the large sample was returned to the aging 
chamber. The small fragments were taken out of the UV chamber at different irradiation 
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dose and were analyzed using XPS and AFM on multiple spots. Previous experience with 
aging experiments indicated this would be necessary, because aging is an inhomogeneous 
process. The samples were aged in an Opsytec Dr. Gröbel BS-02 UV chamber with UV-MAT 
dose control. The chamber was equipped with UVA lamps. The UV distribution of the UV 
chamber, provided by the company, is taken into account to calculate the amount of UV 
received by each sample, as summarized in Table 1.  
 

Table 1: Irradiation dose received by each sample. Maximum irradiation [13387 J/cm
2
] is equivalent to 7 years of outdoor 

exposure. Calculation based on 1.35 W/m
2
 UV content on earth [45] and an average of 12 hours of light a day [46].  

 AFM&XPS 
samples  

I0 [J/ cm
2
] I1 [J/ cm

2
] I2 [J/ cm

2
] I3 [J/ cm

2
] I4 [J/ cm

2
] I5 [J/ cm

2
] I6 [J/ cm

2
] I7 [J/ cm

2
] LAB, t [h] 

UA-1 0 2115 4231 5261 6346 7267 10883 12704 - 

UA-2 0 1662 3324 4134 4845 5548 8309 9698 970 

CR 0 1899 3799 4724 6278 7189 10766 12567 970 

 Gloss 
samples 

I0 [J/ cm
2
] I1 [J/ cm

2
] I2 [J/ cm

2
] I3 [J/ cm

2
] I4 [J/ cm

2
] I5 [J/ cm

2
] I6 [J/ cm

2
] I7 [J/ cm

2
] LAB, t [h] 

UA-1 0 1705 3411 4241 5391 6173 9245 10791 - 

UA-2 0 2115 4231 5261 6687 7658 11468 13387 0-970 

CR 0 1985 3972 4939 6278 7189 10766 12567 0-970 

 
After removal from the UV-chamber, samples were kept in the dark until analysis. 

Dark storage causes yellowing of the oil, which is a property of linseed oil unrelated to the 
presence of TiO2 and will therefore not be discussed in this paper [47].  

To confirm that the analyzed change is related to UV exposure, paint samples of UA-
2 and CR have been kept in the lab environment, parallel to the aging in the UV chamber, 
for 970 hours (T=20°C, cyclic lighting). 
 

2.2. Analysis  
Gloss was measured using a Sheen Instruments Ltd Tri-GLOSSmaster. The gloss number is 
measured at three different angles: 20°, 60° and 85°. Low angles of measurement are 
commonly used for high gloss, while high angles are more suitable for low gloss 
measurements. High angle gloss will therefore be discussed in this paper, but all angles have 
been monitored. The gloss was measured three times per measuring point, with the 
equipment being repositioned in between the analyses.  

AFM analysis was performed using an NT-MDT Ntegra instrument equipped with a 
silicon Etalon tip. Samples were analyzed at three to five different locations of either 10*10 
μm or 20*20 μm. In case of visible sample heterogeneity (Figure S3 and S4), clearly distinct 
areas (white and yellow) were both analyzed in three to five locations. All samples of UA-1 
were imaged, while only the beginning and end stages as well as the sample kept in the lab 
were selected for imaging for UA-2 and CR. Imaging parameters (force and scan speed) were 
optimized per image. From the AFM images, the Nova software provides the minimum and 
maximum recorded height value which was used to calculate the largest height difference in 
the image, Δzmax. For each sample these values were averaged over the three to five 
recorded images.  

XP Spectra were recorded on a K-alpha Thermo Fisher Scientific spectrometer using 

monochromated Al K X-ray source. The UA-1 measurements were carried out by using a 
line scan of four points to account for possible sample heterogeneity, with each point having 
a spot size of 300 μm at ambient temperature. The chamber pressure was about 10-7 mbar. 
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UA-2 and CR measurements were performed with a line scan of three points. UA-1 line scan 
locations were oriented on white or yellow areas by using the built-in sample microscope, 
whereas for the UA-2 and CR samples random locations on the overall yellow paint film 
were studied (Figure S3). A flood gun was used during data acquisition for charge 
compensation. All spectra were corrected by setting the reference binding energy of carbon 
(1s) to 284.8 ± 0.1 eV. The electron energy analyzer was operated with a pass energy of 50 
eV, and every location was scanned ten times. The spectra were analyzed and processed 
using Thermo Avantage v5.913 software (Thermo Fisher Scientific). The peaks were fitted 
using Lorentzian–Gaussian product functions. Smart background subtraction (derived from 
the Shirley background) was used over the peak width. Relative atomic compositions were 
calculated using atomic sensitivity factors of 1.000, 2.881 and 6.471 for C1s (element), O1s 
(element) and Ti2p (titania), respectively. Atomic composition values reported are averages 
over at least 2 line scans for titanium and at least 3 line scans for carbon and oxygen. 

XPS is a highly surface sensitive technique. The penetration depth is approximated by 
the inelastic mean free path of crystalline graphite which has a lattice spacing of 3.4 
Angstrom and therefore a penetration depth that ranges between 3 to 6 monolayers of 
graphite or 1-2 nm [48]. Since dried linseed oil is not a well-defined crystal lattice but an 
amorphous matrix, the penetration depth cannot be determined accurately and is 
estimated to be between 1 and 5 nm which is the range and slightly larger than the 
penetration depth for crystalline graphite.   

 

3. Results 
 

3.1. General observations during aging  
As expected, inhomogeneity of aging was observed. Intermediate samples of UA-1 (I4-I6) had 
clearly visible yellow and white areas, (Figure S3a and Figure S4). In this case, the white and 
yellow areas were analyzed separately labeled ‘via yellow’ and ‘via white’ respectively. In 
gloss measurements, the inhomogeneity is averaged out due to the large measuring area. 
The difference in color is a result of the various stages in the degradation process. In white 
areas, the oil binder had decomposed, and consequently it did not produce a yellow color. 
In the white areas, degradation is visible by eye. Yellow areas were still visibly in an earlier 
degradation stage and had not started chalking [43]. In yellow areas, degradation is not 
visible by eye yet. Therefore ‘via yellow’ is of more interest for the determination of early 
warning signs.  

The inhomogeneity of the UA-2 samples was far less pronounced (Figure S3c). The paint 
film seemed to degrade more gradually and remained yellow until it had reached the point 
of severe chalking. Therefore, results of UA-2 are not differentiated in yellow and white. As 
anticipated, the CR samples showed no signs of degradation (Figure S3b), and are treated 
similarly to UA-2. 
 

3.2. Gloss 
Figure 1 shows the gloss results of uncoated anatase and coated rutile aged under UV. A 
large gloss drop of roughly 50% for the uncoated anatase samples can be observed upon 
initial exposure to 3000 J/cm2 UV light. The gloss number quickly stabilizes to a value of 
around 40 gloss units, showing very slight decrease in gloss for the following 8000 J/cm2. 
Partial paint chalking is confirmed after 8000 J/cm2, however complete chalking of the paint 
film occurs after 10.000 J/cm2, indicating that the stabilization stage gradually turns into a 
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degraded stage. Both stages have similar gloss. Both UA paints follow the same trend 
confirming inter-sample reproducibility. The low standard deviation of 0.1 to 1.1 gloss units 
confirms reproducibility of the analysis. The paint containing the photostable pigment (CR) 
does not show any change in gloss during UV exposure (Figure 1). The same holds for the 
paints exposed to the lab environment.  

 
Figure 1: 85 degree gloss during UV exposure. Error bars are included in the plot, however the error is small and therefore 

not visible. 

3.3. AFM 
Figure 2 shows a selection of the AFM images of sample UA-1. A z-scale development from 
100 to 2000 nm can be seen upon UV exposure in the uncoated anatase samples. In the 
initial stage, the z-scale varies between 25 and 250 nm in relatively continuous patterns. 
Upon UV light irradiation, the paint films quickly become rougher and the patterns become 
increasingly discontinuous. After 2000 J/cm2 of UV light, the z-scale has risen 5-fold, and 
after 5000 J/cm2 the z-scale reads 1600 nm, nearly reaching the maximum obtained value of 
2000 nm at 12.000 J/cm2. The same trend is demonstrated in Figure 3, where the maximum 
height difference is plotted (Δzmax). Again, the largest change is detected at the beginning of 
the aging process until roughly 6500 J/cm2. The stabilized stage merges into the chalking 
stage beyond values of 10.000 J/cm2. The via white curve stabilized earlier, confirming the 
general observation that white areas have reached the chalking stage at the end of the 
degradation process. The photostable reference (CR), illustrated in Figure S5 and Figure 3, 
shows high stability in the height difference during irradiation. The same holds for the 
sample kept in the lab environment as illustrated in Figure S6. 
 

 
Figure 2: 2D AFM images of UA-1 

 
 

Figure 3: Δzmax averaged over 3 to 5 AFM scanning areas. 

3.4. XPS 
XPS survey spectra of UA-1 are shown in Figure 4a; the total survey spectrum is shown in 
Figure S7a. The observed signals in the survey spectra are identified as C1s (284.8 eV), Ti2p 
(485.8 eV) and O1s (532.4 eV). In the initial I0 sample, only carbon and oxygen signals are 
present. This remains the case in samples I2 and I3: after more than 5200 J/cm2 of 
irradiation, there is no clear signal for titanium. The spectra for I4 differ from the previous 
ones: a clear Ti contribution can be distinguished around 458.8 eV. The specific binding 
energies of the Ti2p3/2 (458.8 eV) and Ti2p1/2 (464.5 eV) signals confirm the oxidized nature 
of the titanium species. The Ti peak intensity is further enhanced for samples I5 to I7, 
indicating that increasing amounts of TiO2 are located on the surface of the paint. The Ti3s 
(59 eV) and Ti3p (33 eV) peaks now become visible as well. The relative atomic 
concentration of Ti on the surface was quantitatively assessed and plotted together with the 
relative atomic concentrations of  C and O in Figure 4b. The error bars (similar to Figure 6b) 
are due to the sample heterogeneity and the averaging of multiple analysis spots. Two lines 
are plotted for the Ti content, differentiating between yellow and white areas. These 
differences for the oxygen and carbon signals are incorporated in the error of the 
measurements of the intermediate samples. The results show that Ti is not detected on the 
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surface unless the paint is exposed to over 6000 J/cm2 of UV irradiation (I4). A steep rise in 
the Ti signal is observed, reaching a value of around 10 at% for the white area. The value for 
the yellow areas remains lower for the entire range until the sample has chalked 
completely.  

The relative atomic content of carbon decreases (figure 4b), while the relative 
amount of titanium is increasing as more binder decomposes to reveal the white pigment. 
Core-level spectra of titanium (Figure 5a) show the evolution of the Ti signal with irradiation 
in more detail. Where the survey spectra could not reveal the minor amount of Ti on the 
surface, the core-level spectra display the onset of Ti surfacing in samples I2 and I3. These 
subtle, but significant changes may prove valuable as early warning signs. From sample I4 
onwards, the full Ti signal is well defined and it confirms a huge increase in Ti surface 
concentration. As a consequence, the oxygen content increases as well, since for every atom 
of titanium, two atoms of oxygen will reach the surface. This increase is clearly displayed in 
Figure 5b, allowing differentiation between the oxygen originating from the organic matrix 
and the oxygen from the metal oxide source. The binding energy for the metal oxide is 
shifted roughly 3 eV to lower binding energy, confirming unambiguously the presence of 
titanium white on the paint surface. Core-level spectra of carbon are displayed in Figure 
S7b. 

To investigate the degradation of the paint in more detail, UA-2 paint films were 
analyzed with XPS, since the overall yellow paint film seemed to degrade more gradually 
and homogenously. Survey spectra of UA-2 samples are displayed in Figure 6a (total survey 
in Figure S8) with the relative atomic composition in Figure 6b. Certainly, from both the 
spectra and atomic content it can be seen that the onset period is far better defined. The 
results suggest that only after more than 5500 J/cm2 (I5) Ti is starting to surface on the 
entire paint film. The value of the Ti atomic content then quickly rises to above 9 at%.  

XPS analysis of CR shows high stability of the survey spectrum during irradiation 
(Figure S9). The characteristic Ti contribution is not detected in any of the spectra. The same 
is true for samples aged under lab conditions.  
 

 
Figure 4: a) Survey spectra of UA-1 paint film samples in various stages of degradation. b) Atomic composition of UA-1 paint 

film during aging, differentiating between white and yellow areas. 

 
Figure 5: Core-level XPS spectra of titanium a) and oxygen b) in UA-1 paint film in various stages of degradation.  

 
Figure 6: a) Survey spectra of UA-2 paint film samples in various stages of degradation. b) Atomic composition of UA-2 paint 

film during aging. 

4. Discussion 
 

4.1. Gloss, AFM and XPS  
Both gloss and AFM analysis show a steep change in the initial stages of degradation 

for paints containing uncoated anatase. The gloss results stabilize around 3000 J/cm2, the 
AFM stabilization occurs somewhat later around 6000 J/cm2 due to the higher level of detail 
that can be measured by this technique. The similar trend observed in both techniques can 
be explained by the changes taking place at the surface of the paint film: they are of 
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morphological nature. The close relation between gloss and AFM results is confirmed by 
correlating gloss versus Δzmax, obtaining a linear fit with an R2 of 0.84 (Figure 7).  

 
Figure 7: Correlation plot 85 degree gloss and Δzmax (AFM). Values of degradation ‘via-yellow’ of sample UA-1 are used. 

 
In the XPS results of uncoated anatase, Ti only significantly surfaces after 6000 J/cm2 

for both UA-1 and UA-2 samples. Below 6000 J/cm2, there is hardly any change in the XPS 
spectra (<0.5 At% Ti), in contrast to AFM and gloss results. The shift in analysis difference is 
closely related to the elemental nature of the XPS technique and its penetration depth. To 
demonstrate that the elemental changes are not random, but related to absolute 
differences in the paint films, the fully-averaged Ti content for UA-1 and UA-2 samples are 
compared in Figure 8. The large errors indicated by the error bars are the result of averaging 
the heterogeneity of paint samples. Nevertheless, the two very similar samples show a near-
equal behavior for the entire range of irradiation. These results confirm that XPS is capable 
of determining the onset in elemental change when paint degradation is imminent. Core-
level spectra of high resolution more clearly show the signals of these early warning signs. 
The Ti2p spectra provide valuable information regarding the onset of Ti surfacing, and O1s 
spectra allow for unambiguous identification of TiO2 species due to the rising shoulder 
around 529 eV [44].  

 
 

Figure 8: Ti content on paint film as determined by XPS for UA-1 and UA-2 samples. Large error is due to heterogeneity of 
paint films.  

The results indicate that the various stages of degradation possess certain resemblances and 
contrasts. The first stages of degradation cause a large morphological change (surface 
roughness), which is followed by a large change in elemental composition (Ti surfacing), 
finally resulting in a dramatic mechanical change (chalking). Both the morphological change 
and the elemental stage follow a rather steep trend. The different changes require analysis 
by different surface analysis techniques.  
 In general, AFM is less sensitive to disturbances such as dust/paint strokes than gloss 
measurement. Furthermore, on a real object it is hard to find a large enough area to 
measure gloss. Finally, the gloss measurement is mostly valuable as comparative data over 
time, therefore knowing the initial situation is necessary. For this reason, we propose to use 
AFM imaging as confirmation of the situation as assessed by XPS and as an indication of the 
stage before TiO2 surfacing. Nevertheless, the relation to real gloss change will be an 
important factor in the communication with conservators.  

Paints containing the photostable pigment show high stability in all analytical 
techniques. This is an indication that no other effects apart from photocatalytic degradation 
cause the change observed in the paints containing photocatalytic pigments. It confirms that 
an inorganic coating is a very effective way to reduce the photocatalytic activity of titanium 
white pigments [2, 11-13].  

Paints that were not exposed to such high doses of UV light (being kept in the lab 
environment) also showed high stability during the employed timeframe (970 h of cyclic low 
intensity light) in all analytical techniques. The results of these lab references confirm the 
process of UV-initiated photocatalysis, which is caused by the size of the bandgap of 
titanium dioxide [2]. It has been shown that the photocatalytic degradation rate scales with 
the square root of the intensity [49]. This suggests that degradation will inevitably take 
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place but that the monitored 970 h with very low exposure compared to high-powered UV 
light of the lamps correspond to only a very small irradiation dose in the UV chamber.  

Other (white) pigments may show degradation processes based on soap formation and 
pigment migration [50-51], but it is unlikely that this is the case here for several reasons. 
Boundary conditions for pigment migration include the reaction of the pigment with the 
binding medium or free fatty acids, the dissolution of the pigment in the binding medium or 
in free fatty acids, and a driving force causing the movement (such as a concentration 
gradient). There is no reason to assume UV light could be a driving force for migration. If 
migration would play a role, both lab-aged and UV-aged samples should show similar effects 
and this is not the case. Furthermore, it is well known no solvents for titanium dioxide are 
available [52]. If dissolution would occur, both anatase and rutile samples would be 
expected to show changes and this is not the case.  
 

4.2. Proposed model for photocatalytic degradation of titanium dioxide oil paints  
Based on the different results and previous knowledge of photocatalytic degradation, we 
propose the model illustrated in Figure 9 for photocatalytic degradation of oil paint. It is 
known that photocatalytic degradation proceeds via the absorption of UV light by the 
titanium white pigments. This leads to the production of highly reactive radicals that can 
break down the oil binding medium into small volatile components such as CO2 and H2O 
[53,54]. This type of severe binder degradation leads to an effect called chalking, when the 
pigment is no longer bound by the binding medium [18]. We propose that this process 
happens in four stages: the intact paint film (stage 1), the initial oil breakdown (stage 2), the 
TiO2 surfacing (stage 3) and the chalked paint film (stage 4). Between stage 1 and 2 the 
largest morphological change occurs at the surface, causing optical changes such as a strong 
decrease of gloss. This decrease in gloss, even though it is strong, can sometimes be difficult 
to assess because the initial gloss is not known. After the morphological change stabilizes, 
between stage 2 and 3, and the medium skin is thinner than the XPS penetration depth, 
titanium dioxide starts to be detected by XPS. This is the early warning sign that degradation 
is taking place. Depending on the location of the measurement this sign can be detected in 
stage 2 or it can be determined unambiguously in stage 3. Finally, between stage 3 and 4 
the real damage occurs: dramatic mechanical change leading to a completely chalked paint 
film.  
 

 
Figure 9: Proposed model of linseed oil degradation mechanism in relation to gloss, AFM and XPS analysis. 

4.3. Method for detection of early degradation signs for photocatalytic degradation 
A first step in the investigation of possible photocatalytic degradation of unvarnished oil 

paint is confirming the presence of titanium dioxide. Without this knowledge, no micro-
destructive method would be considered. There are several ways to confirm the presence of 
titanium dioxide by none-invasive techniques, the most straightforward being to use a 
portable XRF instrument (e.g. Bruker Tracer) [55]. In the field of conservation, this technique 
is often used as a ‘point and shoot’ method [56]. The presence of the element titanium is 
mostly related to titanium dioxide. However, care should be taken for instance with respect 
to the overlap of Ti K lines with Ba L lines in XRF analysis. Also the use of filters, adjusting the 
X-ray source for background reduction and speciation to a specific element need to be taken 
into account when performing XRF analysis. Furthermore, interpretation of the results is 
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always complex due to the unknown layer structure of a painting, especially because 
grounds also often consist of white pigments [43].  

When the presence of titanium dioxide is confirmed, the crystal structure should be 
determined either non-invasively by portable Raman spectroscopy or micro-invasively by 
XRD of a micro sample. If the high risk anatase crystal structure is found, a sample for XPS 
and AFM analysis should be taken. The presence of the rutile crystal structure indicates a 
lower risk of degradation. However this risk is not zero: it has been shown that several rutile 
pigments have lower but not negligible photocatalytic activity [14]. A sample for XPS and 
AFM preferably has the largest possible size acceptable to conservators with a minimum XPS 
spot size of 50 μm. With a larger spot size XPS resolution is increased. Taking a surface 
sample and transporting it without damaging the surface is a practical challenge that still 
needs to be faced. Since AFM may disturb the sample surface, XPS analysis should be 
performed first. It is important to use both AFM and XPS since AFM may detect roughening 
before XPS detects titanium dioxide. AFM has a less clear initial state than XPS analysis (xTi = 
0), nevertheless, a height difference of more than 250 nm (Δzmax > 250 nm) is a clear 
indication of initial degradation. All paints containing coated rutile or paints aged in the lab 
environment had Δzmax distances varying between 20 and 250 nm depending on variations 
during paint application and drying. This is considered to be the unaged reference and 
therefore an indication of the range of the initial state for AFM. If it is found that 
photocatalytic degradation is occurring, the object should be removed from UV light to stop 
the degradation process and prevent severe mechanical damage.  

5. Conclusions  
A combined study of loss of gloss, AFM and XPS analysis was performed on the surface of 
model paints containing titanium white. The photocatalytic degradation of the oil paint was 
successfully mapped using these techniques, and reference material confirmed that 
photocatalysis initiated by titanium white is responsible for paint degradation. It was found 
that AFM and XPS are suitable techniques to monitor paint aging at the surface and that 
new and valuable information can be gained about changes occurring during the aging 
process. Combined XPS and AFM analysis is a strong method to detect early degradation in 
these types of paint. Both techniques offer a fixed initial state (xTi = 0, Δzmax < 250 nm, 
respectively) making them particularly useful for the field of conservation science. For 
investigation of real works of art and the application of the proposed step-by-step method 
of determining early warning signs of degradation, the sampling technique needs to be 
optimized. Surface samples of a minimum spot size of 50 μm and preferably a larger spot 
size, for enhanced resolutions, are required.  

Based on the analysis, a four-stage model of the degradation process was proposed. 
Initial degradation (stage 2) of the intact paint film (stage 1) causes the biggest 
morphological change. This can be monitored by AFM analysis. After the initial breakdown, 
extensive titanium white surfacing occurs as a result of bulk oil binder degradation (stage 3). 
At this point, the dramatic mechanical changes leading to chalking (stage 4) have not yet 
taken place, and the method can therefore be used as an early warning sign for 
degradation.  

The work presented here shows that, provided proper micro sampling can be 
performed, combined application of AFM and XPS analysis is a promising approach to detect 
early photocatalytic degradation in titanium white containing oil paints. Furthermore, the 
combination of methods offers valuable insight and a better understanding of the steps in 
the degradation process. 
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Symbols 
tms = thickness medium skin  
dxps = penetration depth of XPS analysis 
xTi = atomic composition Titanium  
PVC = Pigment volume concentration = (Vpigment/Vtotal)*100) 
Δzmax = maximum height difference per AFM image 
dmin = minimal diameter of a paint sample usable for AFM and XPS investigation  
dpref = preferred diameter of a paint sample usable for AFM and XPS investigation 
T = lab temperature 
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