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Summary y 

Paintingss change and decay slowly as a result of continuous interactions 
withh their environment. In order to increase the life-time of the paintings, and thus 
preservee the cultural heritage for future generations conservation departments of 
museumss pay a lot of attention to the control and monitoring of the museum 
environment. . 

Thee indoor environment of museums and galleries is subject to 
fluctuationss in parameters such as relative humidity, temperature, light intensity 
andd levels of pollutants such as nitrogen oxides. The indoor conditions in 
museumss and galleries are studied by monitoring of a number of these factors. 
However,, it is important not just to measure these variables, but also to 
investigatee the actual damage that is caused by each of these factors. And even 
moree important, to investigate the damage resulting from their synergistic action 
whichh may well differ from the damage caused by the individual factors. 
Individuall paintings are themselves dosimeters of damage incurred upon exposure 
too their environment. The most effective way of assessing the overall damage to 
workss of art in a given environment would be to measure changes with time in the 
objectss themselves. This is possible with non-invasive and non-destructive 
techniquess such as colorimetry. A disadvantage of such an approach is that 
damagee must already be present in order to detect it, and hence that the paintings 
cannott be used as early-warning systems. A second disadvantage is that the 
effectss of previous storage conditions and conservation treatments cannot be 
discriminatedd from the response of the painting to the present or near-past 
conditions. . 

Therefore,, the idea was conceived in the ERA project to produce mock 
paintingss of known composition and history which function as paint-based 
dosimeterss that can be analysed by a variety of destructive and non-destructive 
techniquess in order to determine the integrated effect of their exposure to the 
environment.. The rationale and methodology of the project and the choice of the 
materialss used are described in the first chapter of this thesis. The twin-track 
exposuree of the paint-based dosimeters to predefined laboratory conditions and 
thee environmental conditions of five selected European museums is also 
describedd in this chapter. These museum-exposure sites included rooms where 
environmentall factors were controlled as well as rooms with uncontrolled 
environments.. After exposure the paint-based dosimeters were analysed by a 
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varietyy of techniques which includes thermo-analytical and mechanical testing 
(Birkbeckk College, University of London, England) and visible spectroscopic 
analysiss (CNR-IROE, Florence, Italy). The research reported in this thesis was 
focusedd on the characterisation and semi-quantitative comparison of the 
molecularr changes in the exposed paint-based dosimeters by mass spectrometric 
techniques. . 

Chapterr 2 shows the methodology that was applied to determine the 
degreee of chemical change in exposed paint-based dosimeters. DTMS, being a 
multi-componentt mass spectrometric finger-printing technique, was used to 
visualisee chemical changes in the great variety of lipid constituents of the egg 
temperaa binding medium. Oxidation and hydrolysis were identified as the most 
importantt processes that take place upon exposure of the test systems. The 
multivariatee technique of discriminant analysis (DA) was used to quantify the 
differencee between the mass spectrum of exposed paint systems and their 
unexposedd controls. A procedure is described in Chapter 3, which tests the 
efficacyy of the various test systems, i.e. paints with different pigments, produced 
inn the project. In general, the paints pigmented with inorganic pigments score a 
lowerr efficacy than the unpigmented test systems. The homogeneity of a paint 
greatlyy improves the efficacy of a dosimeter. 

Resultss obtained on the dosimeters that were exposed to laboratory 
conditionss of light, thermal and NOx/S02 concentrations clearly show that 
differentt environmental factors affect the paint systems in different ways. In all 
casess a positive correlation of the degree of chemical change with the duration of 
lightt exposure was observed. The data presented in Chapters 3 and 4 show that 
eachh of the paints has its own response to the environmental conditions in the 
museumss where they were exposed. 

Resultss obtained on the paints with inorganic pigments classify the Tate 
Galleryy (Clore gallery) as the best field site in terms of environmentally induced 
change.. This is attributed to a better air quality. At the time of exposure the Tate 
Galleryy was the only site where carbon filters were used to remove air pollutants 
fromm the inlet air of the air-conditioning system. In many cases, the uncontrolled 
environmentss of the Alcazar (Segovia, Spain) and Sandham Chapel (Burghclere, 
England)) were found to show the largest chemical differences compared to the 
unexposedd controls. In all cases the changes in the field-exposed dosimeters were 
muchh greater than would be expected on the basis of the reciprocity principle for 
lightt ageing (which states that the extent of damage on a system is proportional to 
thee product of light intensity and exposure time). The dosimeter that was exposed 
inn the Depot "Oost" of the Rijksmuseum (Amsterdam, NL), which is an almost 
darkk site, consistently showed a significant change in the chemical composition. 
Thiss is another indication that other factors than light alone contribute 
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significantlyy to the molecular changes of the tempera paints. The fact that the 
dosimeterss are strongly affected by exposure to nitrogen oxides and sulphur 
oxidess in the dark further confirms this observation. 

Chapterr 4 also reports an additional survey carried out at nine sites in the 
Rijksmuseumm (Amsterdam, The Netherlands). The results of this survey 
supportedd the impression of the Rijksmuseum Conservation Department that there 
wass a distinct difference in the environmental quality between the older part of 
thee museum and the newer South wing. 

Inn order to validate the analysis of paint-based dosimeters by DTMS and 
DA,, the nature of the ageing processes have been investigated in more detail 
usingg advanced mass spectrometric techniques. The fate of cholesterol in egg 
temperaa paint was investigated by tandem mass spectrometry (Chapter 5). A 
feww cholesterol oxidation products, including 5,6-epoxycholestan-3-ol and 3-
hydroxycholest-5-en-7-one,, were positively identified in light-aged egg binding 
medium.. Cholesterol is not a good marker for egg as binding medium in 
paintings,, given the fast rate of oxidation of cholesterol in the egg tempera paint 
matrix.. The cholesterol oxidation products would be better tracers. 

Oxygenationn of glycerolipids was unambiguously identified as an ageing 
processs using MALDI-FTMS. Native and oxygenated phosphatidylcholines and 
triglyceridess were detected simultaneously. The degree of oxygenation of the egg 
triglyceridess and egg lecithin could be determined using the high resolution of the 
FTMSS data. This work is reported in Chapter 6. 

ESI-FTMSMSS was applied for a further in-depth investigation of the 
changess in the glycerolipids (Chapter 7). It was possible to obtain structural 
informationn on the fatty acyl chains of triglycerides where oxidation had taken 
place.. Trimethylsilyl derivatisation of samples prior to ESI-FTMS analysis 
allowedd the identification of hydro(pero)xyl groups. 

Thee results described in this thesis show that the principle of paint-based 
dosimetryy of the museum environment is valid. Experience gained with paint-
basedd dosimeters allows the formulation of recommendations for further 
developmentt of the paint-based dosimetry (Chapter 8). One of these 
recommendationss is to calibrate the dosimeters against combinations of 
environmentall factors. This can be accomplished by exposure of the dosimeters 
too predefined combinations of environmental factors in the laboratory. In 
addition,, results obtained on field-exposed dosimeters could be used as input for 
ann expert system that correlates the results obtained on the dosimeters (i.e. the 
molecularr change) with records of conventional environmental data, such as 
temperature,, relative humidity and concentrations of air pollutants. A large-scale 
fieldfield exposure programme requires a further standardisation of the preparation of 
paint-basedd dosimeters. 
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