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MOLAR TT Reports 

MOLARTT - Molecular aspects of Ageing of painted Art - is a 5-year co-operative 
projectt between art historians, restorers, analytical chemists and technical 
physicistss funded by the Netherlands Organisation for Scientific Research (NWO). 
Technicall  support and advice is given by Shell-SRTCA (Amsterdam), AKZO-
NOBELL (Arnhem), Instituut Collectie Nederland (ICN, Amsterdam) and the Dutch 
artt museums. The project was launched on 1 February 1995 and will end early 
2002.. The object of MOLART is to contribute to the development of a scientific 
frameworkk for the conservation of painted art on the molecular level. The focus of 
MOLARTT is the determination of the present chemical and physical condition of 
workss of art produced in the period from the 15th to the 20th century. Studies of 
historicall  paint manufacturing and workshop practice must give insight into the 
naturee of the painter's media and the painting technique used originally. 
Fundamentall  studies on varnishes, paints and colorants are undertaken to 
understandd the molecular aspects of ageing since this is thought to be a main cause 
forr the continued need to treat paintings. 

Thiss thesis is the third in a series of MOLART reports, that wil l summarise all 
researchh results obtained in the course of the project. Information on this series 
fromfrom MOLART can be obtained from the project coordinator Prof. Dr. J. J. Boon, 
FOMM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ 
Amsterdam,, The Netherlands. 
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Summary y 

Organicc solvents are the most widely used materials for cleaning paintings, 
thatt is, the removal of discoloured and deteriorated varnish and overpaint. They are 
alsoo used in other painting conservation treatments, such as varnishing, inpainting 
andd consolidation. Treatments of paintings using solvent generally involve some 
degreee of risk to the original paint layers. As well as the most direct risks 
associatedd with highly solvent sensitive paint formulations, studies of model oil 
paintt films exposed to solvent have demonstrated that processes of swelling and 
leachingg can occur to varying degrees, for a range of pigmented and unpigmented 
oill  film types. Swelling, from the absorption of solvent into the paint layer, can 
potentiallyy produce a softened paint film for which there is an enhanced risk of 
mechanicall  damage during cleaning. To some extent this phenomenon can be 
judgedd empirically in the process of cleaning, and can be minimised through 
carefull  manipulation of cleaning solvents. Leaching refers to the extraction of 
organicc components from the polymeric oil matrix, and its potential effects are 
longerr term and less immediately tangible to the conservator: in studies, the effects 
off  leaching have been found to include increased brittleness, a consequence of the 
leachablee components having plasticising properties in the paint film; and changes 
inn optical characteristics, resulting from disruption of binding medium at the paint 
surface. . 

AA detailed understanding of these solvent effects is important to help 
conservatorss to predict, and minimise, the risks inherent in solvent treatment. In 
thiss thesis, which is concerned specifically with the phenomenon of leaching, the 
extractionn of soluble components from a variety of pigmented oil films has been 
studied,, to give an improved understanding of the different factors affecting the 
leachingg process, the chemical nature of the extractable components, and the 
magnitudee of leaching effects likely to be associated with practical treatments such 
ass varnishing and cleaning. 

Theree has been a long history of controversy associated with the cleaning 
off  paintings, and aspects of the cleaning debate are described in Chapter 1, which 
putss research into solvent effects in the broader context of physical and chemical 
propertiess of painting materials, and methods used for cleaning. Some of the 
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recurrentt issues in the debate are examined in this chapter from a technical 
standpoint,, and the extent to which results from cleaning studies have been 
incorporatedd into the discussions is also considered. 

AA concern which has frequently been raised is for the value of studies of 
modell  paint films, and the extent to which results from such studies can be 
extrapolatedd to represent solvent effects on paintings of significant age. In the 
presentt study, experiments have been carried out both on laboratory-prepared oil 
paintt films and on samples from paintings, dating from as early as the thirteenth 
century,, to get some idea of the nature of the extractable components and the 
magnitudee of solvent effects on these much older paint samples, as compared to 
thee relatively young test paint films. The complementary nature of the two types of 
studyy are discussed in Chapter 2, which first gives a survey of research which has 
beenn carried out to date into solvent effects on oil paint films, including a brief 
summaryy of research concerned with other paint media, and the use of 
gelled/aqueouss cleaning systems. Chapter 2 concludes with an overview of 
researchh described in subsequent chapters. 

Inn order to study leaching, it is helpful to have an understanding of the 
chemicall  identity of the extractable components, and the relationship of these 
solublee compounds to the ageing and deterioration processes in the oil. Chapter 3 
presentss data from the characterisation of solvent extractable fractions from a 
varietyy of oil paint films of different age and pigmentation, using gas 
chromatographyy (GC), Fourier transform infrared spectroscopy (FTIR), size 
exclusionn chromatography (SEC), liquid chromatography mass spectrometry 
(LCMS)) and direct temperature resolved mass spectrometry (DTMS). Numerous 
compoundss were identified, including free fatty acids, mono-, di- and triglycerides, 
ass well higher molecular weight, oligomeric components in some samples. These 
variouss compounds are produced by the complex combinations of reactions -
cross-linking,, oxidative scission, hydrolysis, etc. - occurring in the drying oil. The 
relativee proportions of the different components in solvent extracts vary according 
too factors such as pigmentation and age of the film, and the time of exposure to 
solvent. . 

Quantitativee measurements are described in Chapter 4, in which the 
amountss of material extractable from different paint films were determined from 
bothh changes in weight, and using GC analysis of fatty acids in paint samples and 
solventt extracts. The quantities extractable, and rates of extraction, were found to 
dependd on factors such as the pigmentation and medium content of the paint films, 
withh greater amounts of extractable material found, and extraction occurring more 
rapidly,, for paint films with slower drying pigments and high medium content. 
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Evidencee was found for a progressive decrease in the proportions of acetone 
extractablee fatty acids in lead white paint samples with age, for samples up to 65 
yearss old. However, significant quantities of fatty acids were found to be 
extractablee from paint samples as much as 700 years old. 

Thee specific action of solvents, with regard to the types of material 
extracted,, is also described in Chapter 4, with the more polar solvents in the study 
foundd to extract a greater proportion of the more oxidised, polar paint film 
components,, and compounds of higher molecular weight. 

Experimentss designed to investigate the potential leaching effects of more 
"realistic""  exposures to solvent, as in varnishing and cleaning treatments, for 
comparisonn with the more theoretical immersion studies discussed in Chapters 3 
andd 4, are the subject of the following two chapters. Chapter 5 describes 
experimentss to measure the quantities of fatty acids extracted from a paint film by 
aa solvent based varnish applied to the film. A series of varnishes were applied to 
sectionss of a model paint film, and the fatty acids extracted from the paint layer 
intoo the varnish were quantified from analysis of samples of the dried varnish, and 
off  samples of paint before and after treatment. The amounts extracted were found 
too be related not only on the solvent used to apply the varnish, but also to the resin 
component,, with the varnishes formulated with more polar, oxygenated resins 
(representedd in the study by the chemically reduced ketone resin, MS2A, and 
dammar)) found to have a greater leaching effect than those made from a nonpolar, 
hydrocarbonn resin (Regalrez 1094). The results demonstrate that the resin 
componentt of a varnish should be taken into account, in addition to the solvent 
usedd for its application, when considering possible solvent effects on paint layers 
fromm varnishing. 

AA number of treatment-based experiments, carried out on paintings dating 
fromfrom the seventeenth to nineteenth centuries, are described in Chapter 6. The 
experimentss were carried out with an aim to measuring quantities of fatty acids 
extractedd from paint layers as a result of solvent cleaning treatments, represented 
byy local cleaning tests on the paintings. Paint samples were taken from cleaning 
testt areas before and after solvent cleaning, and the quantities of fatty acids 
extractablee from the samples by immersion in solvent (typically the cleaning 
solvent)) were determined. Differences in the quantities extractable from samples 
takenn before and after cleaning were used to indicate the magnitude of leaching 
effects.. In some cases a small, but measurable proportion of fatty acids was found 
too be removed from the paint layers by cleaning, but in others the effect was too 
smalll  to be reliably determined. This was despite prolonged exposure to polar 
solventss in most of the tests. The results indicate that although a considerable 
amountt of extractable material can remain in significantly aged paint films, only a 
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veryy small proportion of this appears to be removed by exposure to solvent in the 
formm of a single cleaning treatment. 

Gass chromatography was used extensively in this study for qualitative and 
quantitativee analysis of fatty acids in paint samples and solvent extracts. Chapter 7 
givess details of the methods used for methylation of fatty acids for GC analysis -
usingg the reagents diazomethane and TMTFTH ((m-trifluoromethylphenyl) 
trimethylammoniumm hydroxide) - and describes some of the relative advantages of 
thee two reagents. The adaptations made to standard derivatisation procedures for 
quantitativee measurements - of the proportions of fatty acids in extract samples 
presentt in the form of free acids and glyceride esters, and the quantities of solvent 
extractablee fatty acids as a proportion of total fatty acids in a paint sample - are 
alsoo described. 

IV V 



1.. Cleaning, controversy and research 

Abstract t 

TheThe process of cleaning paintings using organic solvents is outlined from a 
technicaltechnical point of view, and a survey is given of some aspects of the recurrent 
controversiescontroversies which have been provoked by cleaning treatments, specifically those 
issuesissues relating to painting materials and methods used for cleaning. The extent to 
whichwhich results from scientific studies of solvent effects have been incorporated into 
thethe debate are also considered, and some general comments are made about 
attitudesattitudes to scientific research in conservation. 

1.1.1.1. Introduction 

Paintingss have traditionally been coated with varnishes composed of 
naturall  resins which, because of their inherent chemical instability, wil l gradually 
developp a yellow or brown discolouration. They can also become crazed and 
opaque,, as a consequence of oxidation and increased brittleness. The deteriorated 
varnish,, along with accumulated surface dirt, and old retouchings which also have 
aa tendency to darken and discolour, obscure the painted image and make it 
necessaryy to periodically clean the painting. A variety of methods and materials are 
employedd in cleaning, but the most widely used techniques - particularly with 
regardd to the removal of varnish and retouchings - involve the use of organic 
solvents.. (The term cleaning is used in its broadest sense to describe the combined 
removall  of surface dirt, varnish and retouchings, although it is often used 
specificallyy to refer to varnish removal.) 

Cleaningg a painting can dramatically alter its appearance, and so it is 
understandablee that such treatments have often aroused comment, sometimes to 
commendd or often to condemn the results. Controversies have long been associated 
withh the cleaning of paintings, with well documented examples existing from the 
eighteenthh through to the twentieth century [1]. A complaint has even been cited 
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fromfrom antiquity, of a painting by the Greek artist Aristiedes of Thebes having been 
"ruined""  by cleaning [1, p. 73], a sentiment which has been recurrent in cleaning 
debatess up to the present day. 

Generally,, the controversies can be considered either in terms of aesthetic 
issues,, concerning the appearance and presentation of the picture, or from a 
materiall  point of view, concerned with the painting's physical condition. These 
aspectss can be closely related, but the distinction is helpful for the purpose of 
discussion. . 

Thee aesthetic issues relate to the different approaches which can be taken in 
cleaningg a painting. A conservator can attempt to remove all non-original, 
discolouredd varnish and retouching prior to "restoration" (i.e. the application of 
neww retouchings and varnish), or to reduce the varnish to leave a uniformly thin 
layerr across the painting. Alternatively the varnish can be removed to varying 
extentss in different areas of the picture, according to the state of preservation of 
thesee different areas, with the aim of retaining more of a tonal balance in the 
paintedd image. These three approaches - which have been termed "total", "partial" 
andd "selective" cleaning, will produce different appearances in a cleaned painting, 
sincee a residual, coloured varnish layer will influence the colour and tonal 
relationshipss in the picture. They have therefore been the subject of much debate, 
bothh inside and outside the conservation field. The rationale behind the different 
approaches,, and their relative advantages and disadvantages, have been described 
inn detail by Gerry Hedley [2]. 

Thee other aspect of the debate concerns the possibility of material damage 
too the painting during cleaning. Cleaning treatments, especially high profile 
treatmentss of well known paintings, have repeatedly provoked allegations that 
originall  paint has been removed along with varnish and surface dirt. The more 
sensationall  descriptions of paintings having been "flayed", "scraped" or "scoured" 
weree a prominent feature of the controversies in the nineteenth century [1, 3], and 
similarr accusations have been repeated in subsequent debates. 

Inn his discussion, which was originally presented as a pair of lectures in 
1985,, Hedley optimistically suggested that the focus of the controversies since the 
1950ss had shifted to aesthetic considerations, stating that 

"Nowadays,"Nowadays, it is reasonable to demand of the trained conservator that he 
oror she should, on no account, remove original paint and ought to be capable of 
discerningdiscerning the difference between varnish and glazes. " [2, p. 153] 

Somee critics evidently do not agree, however, and these alarming 
accusationss of damage persist. The vocabulary used is often an echo of the 
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nineteenthh century polemics: William Hood, for example, is quoted in a 1998 
article,, speaking of encountering favourite paintings 

"...flayed,"...flayed, literally skinned alive, by the restorers. " 

andd elaborates 

"It"It  used to bother me that the Louvre Titians were so yellow. But now I see 
itit  this way: better to be in a coma than dead. At least the original's still buried in 
therethere somewhere " [4, p. 45] 

Centrall  to accusations of this type is the perception that the fine, upper 
paintt layers often found in oil painting techniques - particularly transparent toning 
layerss known as glazes - are inherently vulnerable and prone to indiscriminate 
removall  by the solvents used for cleaning. With this perception, it is inevitable that 
museumss in Britain and the United States have frequently been the target of 
criticism,, since the approach of "total" cleaning - which in principle involves the 
mostt direct exposure of the original paint surface to solvents - has been widely 
adoptedd in these countries. This is in contrast to other European countries such as 
Francee and Italy, where "partial" cleaning approaches are more common. This 
distinctionn was taken to an extreme by a journalist for The Guardian, who wrote 

"Restorers"Restorers are scraping old masters. The worst offenders are the museums 
andand collectors of the United States and Britain. " [5] 

Elsewhere,, commentators have used expressions such as "drastic" or 
"radical""  cleaning to refer to total cleaning, reflecting a similar attitude. 

Inn the 1950s and 60s, a number of scientific studies of the effects of 
solventss on varnish and oil paint films were carried out, with a view to gaining a 
moree precise understanding of the mechanisms and effects of cleaning. This 
researchh was being carried out shortly after another period of controversy in 
London,, which occurred following the return of pictures to the National Gallery 
afterr the Second World War, some of which had been cleaned during the period of 
storage.. One of the researchers, Ian Graham, who was working on a scholarship in 
thee Scientific Department of the National Gallery, reasonably observed 

"No"No claim is made that the work we are doing will  settle all the 
controversies,controversies, or provide any new techniques for the restorer, but at least some of 
thethe processes he uses, being better understood, will  become more controllable, and 
somesome criticisms answerable. " [6, p. 500] 

Thee results of these studies were incorporated to some extent into 
subsequentt episodes of the cleaning debate, but differences in opinion about how 
too interpret the new data appeared to add an extra element of confusion to the 
discussions. . 
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Thiss chapter will examine some of the criticisms of cleaning treatments 
fromfrom a technical point of view, to put them in the context of the physical and 
chemicall  properties of painting materials, and the techniques used for cleaning. 
Thee discussion will focus on the use of volatile organic solvents, which remain the 
mostt important and commonly used cleaning agents, and which are the focus of the 
researchh presented in this thesis. Alternative cleaning systems such as gelled and 
aqueouss cleaning formulations will not be addressed, although these are subject to 
manyy of the same principles and concerns. 

Thee extent to which scientific studies of solvent action have influenced the 
controversy,, and the various interpretations of the research expressed in the debate, 
wil ll  also be discussed. Firstly, though, it will be useful to review some of the 
technicall  information relevant to solvent cleaning methods. 

1.2.1.2. A technical description of cleaning 

Inn principle, cleaning a painting is made feasible by fundamental 
differencess between the paint and varnish layers, arising from their different 
chemistryy and drying mechanisms. The traditional, natural resins such as dammar 
andd mastic are applied to a painting as a solution in an organic solvent, or mixture 
off  solvents, and dry to form a solid film by the evaporation of these solvents. The 
resinss are largely composed of small molecules which do not cross-link to a 
substantiall  degree with ageing, and it is therefore possible to return the varnish 
filmfilm  to solution at a later date by the application of solvent, as in cleaning. The 
mainn change in the solubility properties of natural resins is a consequence of 
oxidationn of the component molecules - part of a complex ageing process which 
resultss in the discolouration and embrittlement mentioned above - and this means 
thatt although the varnish will remain soluble, solvents of increasing polarity are 
neededd to remove older, more oxidised varnishes. 

Thee "drying" of oil paint takes place by polymerisation of the triglyceride 
moleculess which constitute the oil, a process which results in the formation of a 
threee dimensional polymer, in which the pigment particles are embedded. Ionic 
interactionss between pigments and acid groups formed by hydrolysis of the 
triglyceridee molecules can also occur, contributing to the formation of a rigid, 
cross-linkedd structure. These drying reactions of oil will be described in more 
detaill  in Chapter 3. Under suitable drying conditions, a paint structure is thus 
formedd which, although it can theoretically swell to some extent from the 
absorptionn of solvent, is resistant to disruption and dispersion by neutral organic 
solventss (i.e. those which are not acidic or basic). 

4 4 



Cleaning,Cleaning, controversy and research 

Thee properties of tempera paint, which was also widely used in traditional 
paintingg techniques, particularly before the sixteenth century, are outside the scope 
off  this discussion, but the principle is essentially the same. Egg tempera dries 
initiallyy by the evaporation of water, followed by a gradual hardening of the film 
resultingg from a combination of covalent and noncovalent bonding between the 
proteinn and lipid components of the egg yolk, as well as interactions with pigments 
[7].. This forms a rigid paint film which is similarly resistant to disruption by 
neutrall  organic solvents. 

Inn the case of oil paintings, an ideal cleaning situation might therefore be 
representedd by a rigid, extensively cross-linked oil paint film coated with a pure, 
moderatelyy oxidised resin varnish. This is not uncommon in paintings made using 
conventionall  techniques, and such cases present a relatively straightforward 
scenarioo for cleaning, in which paint and varnish layers can be readily 
differentiatedd on the basis of solubility. Many deviations from this ideal exist, 
however,, relating to the composition of both paint and varnish. These introduce 
varyingg degrees of risk to the process, and require careful discrimination and 
selectivityy in the cleaning techniques. 

Paintt films formulated with certain pigments and media can show 
sensitivityy to solvents. Some pigments, including carbon blacks and the organic 
earthh pigment Vandyke brown, inhibit the drying of oil. This is a consequence of 
minorr components of these pigments having antioxidant properties, which interfere 
withh the oxidative polymerisation of the oil [8, p. 39]. Other pigments, including 
vermilionn (mercuric sulphide), have a catalytic effect on the oxidative degradation 
off  the oil polymer [9]. Both of these effects will prevent the formation of an 
extensivelyy cross-linked polymer, and will produce a paint film which may remain 
vulnerablee indefinitely to disruption by solvents. Another factor is the proportion 
off  pigment to medium: paints formulated with a very low medium content may 
showw the same problems of solvent sensitivity. 

Additivess to the oil medium, such as wax and natural resins, will also 
preventt extensive polymerisation of the oil if present in large enough amounts. 
Additivess such as these became common in painting techniques during the 
eighteenthh and nineteenth centuries [10], and paintings from these periods often 
exhibitt solubility problems. 

Varnishess are sometimes encountered which are oil and resin mixtures, 
ratherr than pure resin. Oil-resin varnishes were widely used before the seventeenth 
century,, and were still in use as late as the nineteenth century [11], although by this 
timee they had generally been replaced by "spirit varnishes", i.e. resins dissolved in 
volatilee solvents [12]. If a large proportion of oil has been used in the varnish, it 
mayy polymerise to produce an insoluble film. This is particularly true in cases 
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wheree "hard resins", such as copal or amber, were used in place of the "soft resins" 
suchh as dammar and mastic, since the former are themselves much less readily 
solublee in organic solvents [13, pp. 51-56]. Even pure resin varnishes of 
considerablee age can become oxidised and hardened to the point that they are 
effectivelyy insoluble in the commonly used cleaning solvents: this is sometimes a 
problemm with residues of varnish left by a previous, partial cleaning treatment. 

Similarr solubility problems are encountered with retouchings, particularly 
thosee of significant age, which are more likely to have been carried out in a 
mediumm similar to that of the original paint. Aged, oil paint retouchings can be 
veryy difficult to remove because of their close similarity, in physical and chemical 
properties,, to the underlying paint layers. 

Moree recently, synthetic resins have been investigated as replacements for 
thee unstable, natural resin varnishes [14, 15]. Occasionally, ignorance of the 
propertiess of modern resins has led to paintings being coated with inappropriate 
materials:: resins such as polyurethanes, durable and chemical resistant polymers 
moree commonly used for applications such as coatings for aircraft, have sometimes 
beenn encountered as varnishes on paintings [16]. 

Becausee of these numerous factors, paint and varnish layers often do not 
presentt such clear differences in their solubility behaviour, and more subtle 
differencess in material properties must be exploited to separate varnish and 
retouchingss from the underlying, original paint. Solubility properties are the 
dominantt factor, but the differences are relative rather than absolute: each material 
exhibitss solubility in a specific range of solvents, according to its precise chemical 
composition,, and solvents or solvent mixtures are selected which are effective in 
dissolvingg varnish with minimal softening or swelling of the paint layer. These 
principless of solvent selection have been described by Hedley [17]. Mechanical 
propertiess are also exploited, in combination with solvent action: a varnish which 
iss insoluble in a given solvent may swell and soften sufficiently that it can be 
safelyy fragmented and "rubbed" from the paint surface. Even in cases where a 
vamishh is effectively soluble, a certain degree of mechanical action is often 
necessaryy to remove the dispersed material from the paint surface. In some 
instances,, cleaning can be done by mechanical action alone, without the use of 
solvents.. This can only be achieved in certain circumstances, for example where an 
extremelyy oxidised, brittle varnish is present over a smooth, well preserved paint 
layer.. In this case the varnish can be effectively pulverised and reduced to powder 
byy a gentle rubbing action. Because of the relative lack of control in this method, 
however,, it is rarely used as an overall cleaning treatment [18, p. 202], although 
localisedd areas of hardened, insoluble vamish sometimes require mechanical 
removal.. A scalpel blade can be used to gently break and cleave vamish fragments 
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fromfrom the paint surface, although this is a painstaking process, and must be carried 
outt with the aid of a microscope. 

Asidee from material differences in the painting, the action of solvents can 
alsoo be manipulated by the technique of the conservator. Precise control of factors 
suchh as the amount of solvent used in a cleaning swab, the time of application to 
thee paint area, the solvents' evaporation characteristics, as well as alternative 
cleaningg methods such as the use of gelled solvents or aqueous formulations, allow 
aa high degree of precision in cleaning even the more solvent sensitive paint layers. 
Wheree multiple layers of varnish, repaint and/or grime are present, a selective and 
sequentiall  removal of the different materials is generally necessary for controlled 
cleaning. . 

Thee ability to selectively remove varnish and overpaint is of course 
meaninglesss without first being able unequivocally to distinguish these additions 
fromfrom original layers. This is more of an issue for overpaint, although local varnish 
residuess can sometimes be confused with original glazes. A large number of 
criteriaa are used to identify non-original material, and for a large part these are 
empirical,, relying on the experience and judgement of the conservator. The 
decisionss require an understanding of the artist's technique and the properties of 
thee materials used, as well as close examination of the visual and material 
propertiess of specific areas of paint. In cases where there is uncertainty, scientific 
techniquess such as pigment analysis and the examination of paint cross sections 
cann be used to clarify the paint structure. 

Attemptss have been made to summarise the criteria used to identify 
additionss [19, 20], An unambiguous distinction cannot be made in all cases, 
however,, and if there is any doubt as to the originality of a passage of paint it 
shouldd clearly be left intact. 

Despitee the versatility of solvent cleaning methods, there are still situations 
inn which the physical properties of paint and varnish are such that cleaning is 
impossiblee without loss to the original paint layers. If this is found to be the case 
fromm initial cleaning tests, cleaning should not be attempted. Some periods and 
schoolss of painting, particularly of the eighteenth and nineteenth centuries when 
theree was a great deal of experimentation in the use of paint materials, frequently 
presentt problems in cleaning. Examples of uncleanable paintings by Stubbs and 
Reynoldss have been described [21, 22]. In addition, paintings are occasionally 
encounteredd in which the artist has reworked areas of the picture over a varnish 
layer.. Delacroix and Turner are among the artists known to have employed such 
practicess [23]. Complete cleaning of paintings by these artists may also be 
problematicc or impossible. 
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1.3.1.3. An examination of some criticisms 

Inn the light of this information, although there are clearly numerous risks 
associatedd with cleaning, it is evident that some of the more recurrent and 
generalisedd criticisms are based on oversimplified and artificial concepts of the 
cleaningg process. In particular, routine use of the terms "skinning", "scouring", etc. 
-- sometimes described in the less sensational but more ambiguous term 
"overcleaning""  - portray cleaning as an indiscriminate procedure. Discrimination 
iss the essential feature in the process of separating non-original from original 
material:: without the ability to selectively and controllably remove varnish or 
overpaint,, cleaning is not feasible. Much depends on the skill of the conservator, 
andd it is of course possible to damage a vulnerable painting through insensitive 
treatment,, but the removal of surface paint layers is not an inherent and 
unavoidablee consequence of solvent cleaning as implied by the more enthusiastic 
critics. . 

Off  the more specific criticisms, some are also based on fundamental 
misunderstandingss of painting materials and conservation techniques. Brian 
Sewell,, art critic for London's Evening Standard, commented on the cleaning of 
Canaletto'ss Stonemason's Yard at the National Gallery 

TheThe nation no doubt assumes that its treasured heritage of masterpieces is 
andand always has been treated with the greatest care, that work on them is 
undertakenundertaken only when essential, and that it is then executed to the highest aesthetic 
andand technical standards. Those working on the Canaletto in 1989, however, 
commentedcommented on the work of their predecessors in 1955 that their varnish was 
significantlysignificantly discoloured, their ultramarine retouchings were a mismatch for the 
painter'spainter's original Prussian blue... [24, p. 17] 

withh the implication that the varnish and retouchings had been applied in a 
discolouredd state, rather than this discolouration having occurred subsequent to the 
19555 treatment. Sewell also asks 

HowHow is it that a painting housed for 35 years in perfectly conditioned air, 
controlledcontrolled humidity and temperature, never exposed to the condensation of bath 
water,water, nor to the fumes of tobacco and the open fireplace, can in so short a time 
requirerequire a second major restoration? 

failingg to recognise that conservation materials such as varnish will 
discolourr and deteriorate naturally, without the adverse factors he describes, so that 
evenn paintings kept in "perfect" environmental conditions will require periodic 
retreatments. . 
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Incidentally,, many of the paintings described in these examples are in the 
collectionn of London's National Gallery. This is not because the Gallery's 
conservationn practices or policies are extraordinary, but because the institution has, 
forr somewhat arbitrary historical reasons, been the focus of a number of well 
documentedd controversies. These have become an informative source of the 
diversee opinions about conservation. 

Michaell  Daley, director in the UK of the organisation ArtWatch 
International,, was given access to several of the National Gallery's conservation 
records,, including that of Michelangelo's Entombment. He reported that 

...photographs...photographs in both of the two (sic) dossiers I have examined indicate 
solventsolvent inflicted injuries. One in the 'Entombment' dossier shows the effect of a 
testtest patch of solvent on one of the painting's figures. A pencilled note from the 
restorer,restorer, Helmut Ruhemann, observes that 'the cleaned strip here looks more 
unfinishedd than the uncleaned parts' - which is true: the cleaned section has a 
reducedreduced tonal and colour range, not an enhanced one as would be expected with 
dirtdirt  removal. [25, p. 57] 

Asidee from the confusion of varnish and dirt removal, this comment 
illustratess a misconception relating to the removal of overpaint. Paintings, 
particularlyy unfinished pictures - such as the Entombment, or those painted in an 
roughh and sketchy manner, have frequently been overpainted in the past by 
overenthusiasticc restorers in order to make them appear more "finished". 
Ruhemannn mentions the overpainting of the Michelangelo in his description of the 
19700 conservation treatment [26, p. 29]. The removal of overpaint in subsequent 
cleaningg treatments to reveal a painting which is more sketchy or unfinished in 
appearancee is often interpreted as damage by viewers who are familiar with the 
embellishedd version of the painting. Rembrandt's A Woman Bathing in a Stream 
wass also cleaned by Ruhemann at the National Gallery, in 1946, and provoked 
similarr accusations, particularly in response to the uncovering of the roughly 
paintedd hand and wrist of the figure from beneath a heavy layer of overpaint [18, 
pp.. 82-84, 89]. A number of criticisms of this treatment appeared in the letters page 
off  The Times [27, p. 115]. 

Thee perception of solvent cleaning as harmful is exacerbated by the fact 
thatt many paintings are in a poor state of preservation, often as a result of older 
conservationn treatments. Before the eighteenth century, cleaning methods 
employedd a variety of harsh materials, as diverse as potash (potassium hydroxide), 
smaltt (a type of pulverised glass) and even urine [28]. Caustic and abrasive agents 
suchh as these undoubtedly caused considerable damage to paint layers. The 
importantt distinction between caustic (acidic or alkaline) reagents and solvents is 
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thatt the former act by chemically disintegrating varnish - and, unless used with 
extremee care, paint - whereas solvents act by a physical swelling and dissolution, 
specificc to certain materials, as described above. 

Anyy existing damages in a painting are revealed by the removal of varnish 
andd overpaint in subsequent treatments and, as one conservator remarked 

...the...the last person to work on the surface of a picture is apt to be blamed for 
itsits final state. [29, p. 80] 

AA conspicuous example is Leonardo's Last Supper, a painting which is in 
ann extremely poor state of preservation, in this case largely as a result of the artist's 
usee of techniques unsuited to mural painting [30]. The recent conservation of the 
LastLast Supper, revealing the extensive damage, inevitably brought criticisms that the 
treatmentt had been destructive [31]. 

Anotherr recurrent feature in cleaning debates is a concern for the 
vulnerabilityy of glazes. The technique of glazing is widespread in traditional 
paintingg techniques, and in its most commonly used sense refers to the localised 
usee of transparent paint layers to modify the tone of the opaque, underlying 
colours.. The concern for glazes can be illustrated with a few examples, again from 
thee National Gallery's collection. Morris Moore, in 1846, commented on the 
cleaningg of Rubens' Peace and War: 

TheThe 'Peace and War', so preeminently rich and harmonious in colour, is 
nownow almost as remarkably crude and discordant. With characteristic ignorance the 
finefine rich glazings have been scoured off... [1, p. 75] 

Andreww Forge, in 1961, on Titian's Noli me Tangere and Virgin and Child 
withwith Saint John the Baptist and Female Saint: 

DoDo we have to take it on trust that the National Gallery cleaners have not 
removedremoved any original glazes from the surface of these Titians? [32] 

Michaell  Daley, in 1993, on Titian's Bacchus and Ariadne: 

TheThe Gallery's own restorers in the 19th century and again in the 1960s 
have,have, to the great consternation of artists and critics, contributed to [the] 
deteriorationdeterioration of the original condition ... With every cleaning and consequent loss 
ofof glazing, the sky has emerged stronger. [33] 

Thee attitude represented by these criticisms is put concisely by Richard 
Boston: : 

WheneverWhenever a great painting is cleaned there are those who will  argue that 
whatwhat was removed was not a discoloured varnish but the painter's original glaze. 
[5] ] 
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Givenn the frequency of accusations of this type, and the absence of 
supportingg technical evidence, some of the more aggressive claims appear to be 
simplyy a dramatic attempt to rationalise the altered appearance of a painting from 
cleaning.. The pronounced colour contrasts which often emerge in a cleaned picture 
mayy be interpreted by some to be the result of the loss of glazes applied by the 
artistt to "harmonise" the colours, rather than the loss of an obscuring (and, in a 
sense,, "harmonising") varnish. 

Theree also seems to be an instinctive correlation made between the 
aestheticc effects of glazes and their physical properties, or as one commentary 
putt it 

...the...the widespread belief that because glazes produce a delicate visual effect 
theythey are ipso facto chemically delicate and therefore very sensitive to the solvents 
normallynormally used in cleaning. [34, p. 190] 

Thiss belief is typified in a comment by Jacques Franck, relating to the 
feasibilityy of cleaning Leonardo's Mona Lisa 

...the...the glazes in areas of paint where Leonardo was depicting flesh are 
extremelyextremely thin and, in all probability, porous, friable and powdery ... Any Any attempt 
toto remove and replace [the varnish] by solvents or scalpels could seriously 
endangerendanger Leonardo's own work. [35] 

Off  interest are the characteristics Franck speculatively attributes to the 
glazess - in particular, such layers are typically medium-rich, and unlikely to be 
"powdery". . 

Often,, the vulnerability of glazes is attributed more specifically to the 
mediumm used for these layers. Handbooks of artists' materials, in particular the 
influentiall  manual by Max Doeraer, first published in 1921, promoted the idea that 
thee old masters achieved their effects by the extensive use of resinous or oil-resin 
media,, especially in glazes [36]. This belief was pervasive: a century earlier, the 
paintingg manual by Mérimée was endorsing similar views [37], and British 
instructionn books of the nineteenth century also recommended a variety of resinous 
orr otherwise solvent-sensitive media to emulate old master techniques [10]. 

Rembrandtt is one of the artists Doerner believed to have used resinous 
paintt media, and he warns 

...paintings...paintings of the Rembrandt school can be easily cleaned down to the 
groundground in a few minutes, particularly in the often very thinly painted shadow parts. 
[36,, p. 394] 

Inn a review of Doerner's book, Ruhemann suggests that these beliefs are 
basedd partly on experiments Doerner and his students carried out to achieve the 
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samee visual effects as the old masters [38]. The addition of resin to oil paint may 
indeedd have given a translucency similar to that found in old paintings, but it is 
noww known that an important factor in the translucent appearance of old paint is 
thee change in refractive index which oil undergoes as a result of chemical changes 
onn ageing [39]. Because of such long term changes in the paint medium, Doerner 
wouldd have found difficulty producing the desired effects even using precisely the 
samee materials as the masters. 

Beforee scientific methods had been adapted and widely applied to the 
analysiss of painting materials, it is understandable that the opinions of artists and 
copyistss on the materials used by old masters had a greater authority. Many artists 
inn the early part of the twentieth century would have been influenced by manuals 
suchh as Doerner's, not to mention the notoriously impermanent techniques of 
artistss such as Reynolds. Comments made in an editorial in The Connoisseur 
criticisingg the cleaning in 1936 of Velazquez' Philip IV of Spain in Brown and 
SilverSilver at the National Gallery illustrate this deference to artists' views 

...is...is not the opinion of Mr. Reginald Eves, A.R.A., who has made many 
admirableadmirable copies after Velazquez, and who asserts that 'the picture's subtle finish 
hashas been wiped away', worthy of attention? [40, p. 95] 

Statementss from the National Gallery in response to criticisms such as 
thosee quoted have referred to practical, historical and scientific evidence on the 
propertiess of glazes. In a response to a questionnaire sent to the Gallery following 
thee Exhibition of Cleaned Pictures in 1947-8, the point was made that 

TheThe brilliant and well preserved glazes which are found on many 
thoroughlythoroughly cleaned pictures contradict the belief that glazes are exceptionally 
susceptiblesusceptible to damage during cleaning. [41, p. 245] 

Att the other extreme, Ruhemann mentions examples of glazed vermilion 
paintt in which the glaze layers are far more solvent resistant than the underlying 
paintt [18, p. 191]. 

Onn the issue of the perceived delicacy of glaze layers, Joyce Plesters 
pointss out 

TheThe essential characteristic of a glaze is its transparency and not (as is 
sometimessometimes said) the thinness of the layer. [42, p. 458] 

Inn the same article, Plesters quotes historical recipes for glazes which 
suggestt that oil was commonly used as a medium, with small additions of resin 
sometimess made to improve the drying and visual properties [42, p. 459]. 

Thesee observations have been borne out by subsequent research carried out 
att the Gallery: systematic medium analyses have been carried out on samples from 
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aa wide range of paintings, and the results support Plesters' ideas, with samples 
fromfrom glaze layers of paintings from before the eighteenth century generally found 
too be oil based, sometimes with small additions of resin [43]. 

Thee concern for glazes has a rational basis in that they are surface layers, 
andd hence more directly susceptible to any solvent effects in cleaning, but technical 
andd practical evidence does not support the idea of these layers in general 
possessingg an inherent solvent sensitivity. This is not to say that glazes cannot 
presentt risks in cleaning, or that resinous media have not been used - certain 
combinationss of pigment and medium can exhibit solubility problems, as has been 
describedd - but rather that the attention paid in the controversies to this subject has 
beenn disproportionate. Conservators must be cautious of potential solubility 
problemss with glazes as they must with other types of paint. 

Another,, related source of controversy is the concept of patina. Applied to 
paintings,, this term is used in its most general sense to describe the positive 
qualitiess imparted to the picture with time. Most people would agree that this 
definitionn includes the craquelure of a paint film, and perhaps other factors such as 
thee increased translucency of paint layers, but the extent to which discoloured 
varnishh contributes to patina has been much debated [34, 42, 44, 45]. This is 
largelyy an aesthetic issue, related to the different approaches to cleaning outlined in 
thee introduction, and therefore outside the scope of this discussion. Sometimes, 
however,, the term is used in such a way to imply that physical damage to the 
paintingg can unwittingly be done by the complete removal of varnish. Difficulty in 
addressingg this idea arises from the ambiguous and inconsistent use of the term. 

Sarahh Walden, a conservator and enthusiastic proponent for the preser-
vationn of patina on paintings, who warns of its destruction in what she calls 
"overcleaning",, gives the following description: 

PatinaPatina is the by-product of time, and in the case of painting is an 
accumulationaccumulation of a number of facets of the ageing process. The craquelure itself is 
one.one. The slow transformation of texture and transparency undergone by each 
pigmentpigment and medium is another; and the interaction with a deteriorating varnish a 
third.third. The overall effect is as distinctive, evocative and intangible as the vintage of 
aa wine. [46, p. 125] 

Inn his review of Walden's book, Hedley made the point that the problem in 
presentingg or rationalising arguments for the preservation of patina during cleaning 
liess in the lack of a consistent definition for the term. In Walden's case, of 
particularr significance with regard to the safety of cleaning is the alleged 
"interaction""  of paint and varnish, which she does not define with any further 
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precision.. Used in such a nebulous way, patina can sometimes appear to be an 
emotionall  rather than a physical term, used to account for the sense that something 
"intangible""  is lost in cleaning. As Hedley observed, this is unhelpful in informing 
decisionss as to how to clean a painting. He asked more pragmatically 

WhatWhat exactly are these interactions of paint and varnish? How do they 
appear?appear? Are they removable during cleaning, can they be simulated when gone? Is 
itit  the aspect of age or harmonising which is most valued, or is it their particular 
inter-relation?inter-relation? [47, p. 4]. 

Walden'ss "interaction" perhaps corresponds to a phenomenon suggested by 
Franck,, in relation to cleaning tests carried out at the Louvre on Leonardo's The 
VirginVirgin and Child with Saint Anne 

[restoration]]  would be of great danger to the pictorial layer in the flesh 
area,area, because in my opinion part of the pigment has migrated into the varnish. 
EvenEven if the varnish is dirty, it plays a major role of protection, a sort of fixative for 
thethe underlying layer. [48, p. 157] 

AA comparable suggestion was also made by Stephen Rees Jones 

...the...the boundary between paint and varnish may be anything but clear; it 
maymay be indeterminate geometrically and operationally — that is, in its reaction to 
solventssolvents during cleaning. [49, p. 61] 

although,, from the rest of his text, it appears he was referring to specific, 
problematicc cases such as the use of resinous or poorly bound paint layers. 

Thee phenomenon Franck describes is conceivable in certain situations, for 
example,, if a varnish was applied to paint when still wet, or if the painting had 
undergonee some kind of regeneration treatment - paintings treated by the 
"Pettenkoferr process" have been found to exhibit such inter-migration of paint and 
varnishh [50]. Similarly, as Rees Jones indicates, varnish applied to extremely 
poorlyy bound or solvent sensitive paint layers may also result in indistinct 
boundariess between paint and varnish layers. These are problems associated with 
specificc painting techniques and conservation treatments, however, and are not 
entirelyy relevant to the issue of patina. With regard to cleaning, such situations 
shouldd become evident from initial cleaning tests and examinations, and cleaning 
wouldd be carried out with appropriate caution: complete varnish removal may not 
bee possible or advisable in these cases. For paintings made with more conventional 
andd sound techniques - such as Leonardo's Saint Anne - migration of pigmentt into 
thee varnish seems highly implausible, based on what is known of the properties of 
paintingg materials. David Bull, who cleaned another of Leonardo's paintings, the 
GinevraGinevra de' Bend, gave his opinion on the Louvre Leonardos 
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LeonardoLeonardo was using oil paint, and I don't see that there's anything 
particularparticular in the technique that could cause a conservator any special concern, 
otherother than one's obvious caution in working on any major work of art. [51, p. 159] 

Inn a discussion of patina largely concerned with aesthetic issues, Paul 
Philippott has also made references to technical aspects of the problem. In contrast 
too Franck's theory, Philippot describes a concept of patina in which it is the 
medium,, not the pigment, which migrates from the paint layer and is consequently 
vulnerablee in cleaning: 

...the...the migration of the binding medium toward the surface in the course of 
dryingdrying determines the luster of the surface, giving the tones their depth and 
transparency.transparency. Consequently, the luster may very well be altered by excessive 
cleaningcleaning long before this is revealed by a loss of pigment. In fact, we all too 
frequentlyfrequently find paintings ravaged by drastic cleaning that... has "pierced the skin " 
ofof the painting. [52, p. 375] 

Theree is obviously disagreement on the precise nature of the paint-varnish 
interface,, and this is a critical issue in some of the arguments about cleaning. The 
phenomenonn described by Philippot is unconvincing as a general problem, 
however,, since it denies the material differences between paint and varnish layers 
exploitedd in cleaning, which will exist whether or not a paint layer has the 
medium-richh "skin" he describes. As elsewhere in the debate, an indiscriminate 
removall  of material is implied, in which the removal of pigment is presented as the 
onlyy really discernible indicator of "complete" cleaning. 

Thee notion of patina is integral to the different cleaning ideologies - total, 
partiall  and selective cleaning - described by Hedley [2]. It is worth returning to 
thiss complex subject to consider some technical aspects of the different 
approaches.. The three categories are useful in defining the aesthetic objective of 
eachh approach, in terms of the visual effect of residual varnish layers, but, as 
Hedleyy acknowledged, from a practical point of view these clear-cut definitions 
cann be misleading. 

Partiall  cleaning in its ideal sense - the uniform thinning of a varnish layer, 
orr the removal of upper varnish layers to leave a single, even layer - relies on the 
varnishh being reasonably uniform, chemically and stratally, across the' paint 
surface.. In many cases, however, varnish will show variation in solubility in 
differentt areas of a painting, and the layer structure may also not be uniform over 
thee whole surface. In such cases, partial cleaning is likely to involve a degree of 
redistributionn of varnish from undercleaned areas to areas where the varnish has 
beenn removed more readily. Even in an ideal case, the exact mechanism of partial 
cleaningg is unclear. In cases where there are multiple varnish layers it may be 
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possiblee to selectively remove only the upper layers of vamish, but where there is 
noo clear solubility differential a precisely controlled "thinning" may not be 
feasible,, and some degree of redistribution of solubilised vamish across the paint 
surfacee is again likely to be involved [53]. As Hedley commented 

CandidCandid partial cleaners are prepared to admit that frequently the partial' 
effecteffect is achieved by reapplying a thin layer after the dirty varnish has, 
inadvertently,inadvertently, come off completely in the cleaning. [47, p. 4] 

Partiall  cleaning is also impossible for certain types of varnish, such as those 
containingg oil. More importantly, it precludes the possibility of removing 
discolouredd retouchings, or those which cover original paint, if these are present 
beneathh the varnish layers. In order to remove such retouchings, as practitioners of 
partiall  cleaning acknowledge, complete varnish removal is necessary [54, p. 77]. 

Totall  cleaning, too, can be a misleadingly generalised concept in practical 
terms:: adherents to this approach will not generally find it necessary, or advisable, 
too remove all traces of varnish from a paint surface [47, p. 4]. This is particularly 
truee for paintings which include solvent sensitive or otherwise problematic paint 
areas,, as discussed previously. 

Anotherr example of an approach to cleaning can be used to illustrate the 
overlapp between the different categories. John Brealey, who is more often cited as 
aa proponent of selective cleaning, describes an unusual conservation treatment he 
carriedd out on a portrait by Rembrandt: 

...when...when I examined it I could see that in the background there were still 
tracestraces of the original varnish, which was very beautiful... The rest of the picture 
hadhad a modern varnish, which was easy to take off. The problem then was simply to 
removeremove those remnants of old varnish which were distributed here and there in the 
darkdark background. I squeezed out each swab into a glass jar, and reduced it by 
evaporation,evaporation, and sprayed it evenly over the whole surface. And then I discovered 
thatthat it was possible to put thin-brushed varnish over the picture without disturbing 
thethe old varnish. [55, p. 53] 

Inn this example the aesthetic effect of partial cleaning has been achieved by 
totall  cleaning followed by a kind of "retouching" using the varnish residues. This 
techniquee is particularly difficult to categorise as regards the preservation of 
patina.. Some, such as Walden, might claim that the complete cleaning destroyed a 
vitall  interaction between paint and varnish; whereas others might regard the 
discolouredd varnish residue itself as patina. The same visual effect could arguably 
alsoo have been achieved by an overall tinting with a stable retouching pigment, 
effectivelyy a tinted varnish, with the advantage that the long term behaviour - in 
termss of changes in solubility or colour - would have been more predictable. Any 
conceptt of patina would thus be lost, however. 
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Brealey'ss treatment, and the problems associated with partial cleaning 
describedd above, illustrate situations in which the different approaches to cleaning 
aree used purely to aesthetic ends, since the methods used negate any perceived 
advantagess of avoiding direct contact of the cleaning materials with the paint 
surface. . 

1.4.1.4. The influence of cleaning research 

Thee investigations carried out in the 1950s and 60s into solvent effects and 
mechanismss of cleaning, initially by Nathan Stolow and Peter Jones at the 
Courtauldd Institute of Art, and Ian Graham in the Scientific Department of the 
Nationall  Gallery, provided important new information on the response of varnish 
andd oil paint layers to solvent. Of particular significance were the phenomena of 
swellingg and leaching of oil films, described in detail by Stolow [56]. 

Thee potential for swelling and softening of paint layers in certain solvents, 
withh a consequent enhanced risk of mechanical damage during cleaning, was 
alreadyy widely recognised by conservators in empirical terms. Stolow provided a 
physicall  description of the phenomenon, and outlined some of the main factors 
involved,, particularly with regard to the solubility parameters of solvents and paint 
films. . 

Leachingg - which is the focus of the research in this thesis - is a term 
describingg the extraction of soluble components of the organic binder, and is 
distinguishedd from the problems of solvent sensitivity and solubility of the type 
addressedd in previous sections in that it refers to the removal of organic material 
fromfrom a solid, insoluble matrix. Except in extreme cases, this process wil l not result 
inn disintegration of the physical structure of the paint film. The potential risks of 
leachingg are longer-term than the more direct risks of physical damage from 
swellingg or softening. In the experiments, leached films were found to have an 
increasedd brittleness, as a consequence of the soluble components having a 
plasticisingg effect in the paint film, and increased surface mattness resulting from 
disruptionn of the paint surface. This effect may contribute to some extent to the 
mattt and "chalky" appearance which paint surfaces often exhibit after varnish 
removal,, although it is not the only explanation: the natural processes of ageing 
wil ll  increase the mattness of a paint film to some extent, and "chalkiness" can 
resultt from residues of oxidised varnish left after cleaning. 

Ann early reference to the effects of solvents, which has been cited by some 
ass evidence of leaching [25, p. 56], was made by Morris Moore in 1853, criticising 
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thee treatment of Canaletto's Stonemason's Yard. This painting has, incidentally, 
sincee featured in subsequent controversies, as referred to previously. Following the 
18522 cleaning, Moore said 

ƒƒ will  here remark, that the chalky, veiled appearance of the immediate 
foregroundforeground is owing to the solvent having disturbed some portion of the body 
pigment.pigment. The sky has a smudged appearance, such as I know, from experience, to 
bebe the result of an improper action of some strong solvent. [3, p. 260] 

However,, since Moore was commenting on the appearance of the picture 
afterr cleaning and re-varnishing, his observations could not correspond to surface 
effectss which might have resulted from leaching, since any chalkiness or mattness 
inn the paint layer would have been counteracted by the saturating effect of the 
varnish.. Brommelle, examining the picture in 1955, acknowledged that it was in 
poorr condition, and suggested that Moore's observations may have been in 
reactionn to a combination of residual varnish left by an incomplete cleaning, and 
thee presence of extensive overpaint, which would have become more prominent as 
aa result of the cleaning treatment [3, p. 261]. 

Thee research into solvent effects identified important principles which 
helpedd in devising and assessing the safety of cleaning methods. In terms of the 
moree general debate on cleaning, however, an extra element of confusion was 
introduced,, largely as a result of differences in opinion as to what extent the 
behaviourr of the model paint films used in the experiments could be related to the 
behaviourr of the significantly aged paint layers in paintings. It is worth noting that 
thee limitations of the experiments were acknowledged by the researchers 
themselves: : 

AlthoughAlthough such experiments [on model films] permit studies on adequately 
characterizedcharacterized materials, the results are open to the criticism that they cannot be 
extrapolatedextrapolated to enable predictions of the behaviour of really old paint films. [57, p. 
119] ] 

...it...it must be emphasised that this paper is based on work as yet in its early 
stagesstages ... Though we mean to extend our scope in the future to ancient samples of 
paintpaint and varnish, so far the only materials examined have been varnishes 
[includingg oil films] painted out on glass plates three years ago or less. [6, p. 500] 

Thee change in understanding of solvent effects as a result of the research is 
reflectedd in statements from the National Gallery reports from different periods. In 
19544 it was candidly remarked that 

TheThe [cleaning] methods now in use may be capable of fundamental 
improvement,improvement, for they are still largely empirical. What actually takes place when a 
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solventsolvent comes in contact with a varnish or a medium or a pigment is still 
fundamentallyfundamentally a mystery. [58, p. 60] 

Statementss made later in 1962, following the publication of Stolow's 
research,, referred to his data, but in a superficial and somewhat confusing manner. 
Forr example, it was stated that 

N.N. Stolow... has published quantitative data on solvent action and oil-paint 
solubility,solubility, showing that the amount of soluble material in an average pigmented 
oldold oil film could amount to about 4%. [59, p. 62] 

Apartt from the value quoted being irrelevant out of context, especially 
withoutt a description of the paint film and solvent in question, the reference to 
"average""  and "old" paint films is curious since Stolow hadn't examined films 
olderr than 25 years. The report acknowledged that leaching effects could be an 
issuee for paintings, and commented, rather offhandedly, on how the effects might 
bee remedied in practice 

AtAt the most we may assume that nearly all the soluble material could be 
removedremoved from the very surface of the paint in a very thorough cleaning ... But any 
surfacesurface mattness caused by removal of soluble material from the medium can be 
entirelyentirely eliminated by the subsequent varnishing. [59, p. 62] 

Moree recently, in 1996, reference was made to research carried out on 
paintingss in the course of cleaning treatments at the National Gallery, to investigate 
thee effects of the specific treatments used: 

PreliminaryPreliminary findings show no evidence for degradative changes in the paint 
filmfilm as a result of the solvent cleaning methods employed at the Gallery... 

andd the opinion was expressed that 

...test...test films are not a reliable means of assessing the safety of cleaning 
procedures.procedures. [60, p. 52] 

Thiss concern - for the relevance of studies of young, model paint films -
wil ll  be discussed in more detail in the following chapter. It is a recurrent feature in 
referencess to the research, expressed in abrupt terms by Laurie as early as 1935 

ItIt  is obvious that experiments made on recent oil films are useless... [61, p. 34] 

Inn his book The Cleaning of Paintings, Ruhemann discusses cleaning 
researchh at some length. There are inconsistencies in his arguments, but his main 
point,, repeated a number of times through the course of the book, reflects the same 
concern: : 

...the...the laboratory tests used are very far removed from what happens during 
actualactual cleaning of paintings. The samples tested were comparatively young paint 
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filmsfilms and they were immersed in the pure solvents for a considerable length of 
time.time. [IS, p. 197] 

Givenn the cautious remarks of the authors, though, he is perhaps 
unreasonablee in asking 

...whether...whether the scientists have not considerably overrated the danger of 
leaching,leaching, misled by their own unrealistic experiments. [18, p. 305] 

orr dismissively referring to 

...deliberately...deliberately exaggerated token experiments [18, p. 201] 

Despitee these reservations, Ruhemann makes some quite specific inter-
pretationss of his own based on the research. For example, referring to Jones' 
researchh [57], he writes 

TheThe percentage of soluble matter in stand oil films, which he ascertained to 
bebe so much lower than that in raw oil films, may be significant because most old 
masters'masters' pictures were probably painted with oils much more like stand oil than 
likelike raw oil. [18, p. 305] 

Thiss is tenuous considering his previous criticisms of the age of 
experimentall  paint films and the use of immersion treatments - the data he refers 
too is based on 1 year old films extracted for 2 hours or more. 

Despitee these peculiarities, Ruhemann makes valid points about the nature 
off  the experiments and the danger in interpreting the results too literally. Others 
havee not been so critical in their assessment of the research. In a more recent 
paintingg conservation manual, Stolow's research on swelling and leaching is 
outlined,, and the somewhat casual inference is drawn that 

RemovingRemoving varnish with organic solvents invariably leads to irreversible 
changeschanges in the paint layer. [62, p. 360] 

Otherr restorers have interpreted leaching and swelling phenomena as 
technicall  arguments for the benefits of partial cleaning, on the basis that direct 
contactt of solvent with the paint layer is avoided by this method [54, pp. 72, 122]. 
Thiss idea was echoed in Hedley's comment that 

CloseClose contact must enhance the risks to the integrity of the uppermost layer 
ofof paint. [63, p. 176] 

Forr the practical reasons discussed above, however, the argument is 
oversimplified,, assuming that partial cleaning can be effected in its ideal, 
theoreticall  form - thinning, rather than redistributing, varnish. Additionally, 
Stoloww demonstrated that a varnish layer on a paint film does not necessarily act as 
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aa barrier to swelling or leaching, since solvents are able to penetrate rapidly 
throughh varnish into the paint layer [64, p. 58]. 

Elsewhere,, the research has been adopted in a crude form by some critics to 
reinforcee the idea that solvent cleaning is damaging to paintings. This can be 
illustratedd by Daley's response to more recent studies of solvent effects and 
cleaningg methods, reported in the 1990 IIC Congress preprints [65], from which he 
compiledd a montage of sound bites from various papers for dramatic purposes, 
withh an evident lack of interest in technical details of the individual studies 

CleaningCleaning science barely exists ... Swelling and leaching of moderately aged 
paintspaints are substantial ... Pigment sensitivity to solvents has been neglected by 
researchersresearchers ... Methods of removing this disfigured [varnish] film are a continuous 
sourcesource of controversy or even polemic ... we may never fully characterise or 
understandunderstand the surface of an aged, varnished, grime-laden paint film ... The effect 
ofof solvents on paint films is not completely understood ...It is also known that 
solventssolvents cause oil films to swell. Does the oil film eventually return to its original 
statestate or is it permanently changed? (all abbreviations are Daley's) [25, p. 57] 

Inn a book co-written with James Beck, Daley adapts research results in a 
similarlyy superficial way, avoiding description of the details of the experimental 
conditionss and model paint films used, apparently in order to imply that the effects 
weree observed on paintings themselves [66, p. 134]. 

Hee also provides his succinct summary 

...scientific...scientific evidence has recently confirmed that conventional solvents 
injureinjure paint. [33] 

Thiss type of loose interpretation of the research was referred to by Caroline 
Villerss in a review of the book written with Beck 

TheThe authors ... indifferently manipulate and misquote scientific evidence, 
forfor example on leaching during varnish removal, as if to illustrate confusion and 
uncertaintyuncertainty within the profession and undermine the apparent objectivity of the 
work.work. [67, p. 70] 

Thee wider influence of the research on cleaning practice has been based on 
moree moderate interpretations, somewhere between the extremes represented 
abovee of, on one hand, dismissing the work as irrelevant and, on the other, of 
takingg the results at face value to directly represent solvent effects on paintings. As 
Avivaa Burnstock remarked, 

NoneNone of the research shows damage to old masters [68, p. 61 ] 
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Evenn so, the principles identified by the research have emphasised the need 
forr caution in the use of solvents, and have been useful in rationalising and 
informingg approaches to cleaning. For example, Stolow's data on swelling have 
beenn used in conjunction with solubility parameter theories to provide guidelines 
forr selecting cleaning solvents which minimise risks to the paint layers [17]. 
Statementss recorded from a cleaning workshop at the 1975 AIC conference also 
illustratee an awareness among conservators of the potential effects of swelling and 
leaching,, and precautions taken in cleaning treatments [69]. 

Itt is clear, though, that the precise mechanisms of solvent cleaning and the 
relevantt chemistry of aged oil paint films are still not fully understood, and that 
furtherr research is necessary to build a clearer insight into the risks associated with 
cleaning. . 

7.5.. The role of science in conservation 

AA dominant feature of every cleaning controversy has been the difficulty in 
integratingg the aesthetic and scientific aspects of the debate, a problem which has 
beenn discussed at length before [2, 67]. As David Bomford noted 

...conservation...conservation stands uniquely at the meeting-point between history, the 
artsarts and the sciences, and what concerns - sometimes enrages - [some] critics is 
thatthat conservators tend to talk about supreme creations of our cultural past in 
matter-of-factmatter-of-fact material terms. The inference is then drawn that conservators are 
ignorantignorant of or uninterested in these artifacts for anything other than their physical 
andand chemical structure. Conservators are perceived as technicians incapable of 
aestheticaesthetic or historical judgement. [70, p. 3] 

Thee phenomenon was described in more general terms by Villers as 

...a...a binary opposition of Science and the Humanities that has been at the 
heartheart of the cleaning controversies this century. [67, p. 70] 

Thiss opposition is demonstrated by frequent reference to "scientific" and 
"aesthetic""  approaches to conservation, generally with the implication that the two 
aree mutually exclusive, and the term "scientific cleaning" often used by critics in a 
derogatoryy sense, or replaced with other disparaging terms such as "clinical" or 
"hygienic".. Although it is certainly possible to rely too heavily on material 
considerationss at the expense of aesthetics, or vice versa, both elements are 
essentiall  in making judgements about cleaning treatments. Gombrich was 
rearticulatingg basic principles when he suggested that 
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...restorers...restorers ... should take account not only of the chemistry of pigments, but 
alsoalso of the psychology of perception... [71, p. 48] 

Thee polarised view has also been expressed in romantic laments that 

TheThe restoration studio has been transformed into a conservation laboratory 
[72,, p. 349] 

orr that 

TheThe white coat has replaced the artist's smock [66, p. 129] 

Sometimes,, criticisms reflect a more general confusion about the roles of 
conservatorss and scientists, for example Sewell's comment that 

...laboratories...laboratories and scientists have such clear stylistic identities that it is 
nownow possible to look at the Queen's pictures or those of the National Trust and 
immediatelyimmediately identify the restorers, so paramount are their scientific over their 
aestheticaesthetic considerations. [24, p. 21] 

Thiss situation creates a conflict. Clearly it is necessary to communicate 
informationn about conservation methods, to inform a higher standard of criticism, 
andd to dispel ideas of what has been described as 

...the...the secrecy and hocus-pocus with which many restorers have surrounded 
themselvesthemselves in order to make their work appear more magical - and hence more 
valuable.valuable. [73, p. 21] 

However,, as remarked by Bomford, presenting the relevant technical 
considerationss has always been complicated by an unwillingness among some 
criticss to consider works of art in material terms. It is likely that this scepticism 
wil ll  always exist to some extent, but it can be hoped that it will be reduced by an 
increasingg familiarity with technical conservation issues. In the past this has been 
attemptedd through such means as exhibitions and catalogues, an early example of 
whichh was the exhibition of cleaned pictures held at the Louvre in 1796, a 
predecessorr of the controversial exhibition held at the National Gallery in 1947. 
Bothh exhibitions included partially cleaned pictures, which were doubtless a 
dramaticc demonstration of the need for cleaning, but more important in the case of 
thee National Gallery was the accompanying technical information in the catalogue 
whichh gave detailed descriptions of individual cleaning treatments [74]. More 
recentt examples include the treatments of two paintings by Vermeer at the 
Mauritshuis,, The Hague, which were carried out in a specially created studio in 
vieww of the public, and were described in a catalogue which explained 
conservationn techniques, including the selection of cleaning solvents [75]. The 
conservationn of Holbein's Ambassadors at the National Gallery was the subject of 
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aa BBC documentary which followed every stage of the treatment, and included a 
descriptionn of analytical tests carried out to investigate potential effects of the 
cleaningg solvents on the paint layers. These were also described in the catalogue of 
aa focus exhibition based around the cleaned picture [76]. 

Continuingg debate is also valuable. As Bomford observed 

ControversyControversy can be salutary. It makes conservators think about, reassess, 
justifyjustify and explain their actions and, if necessary, change the ways in which they 
work;work; it makes their critics confront the reality of what artworks and cultural 
artifactsartifacts really are. [70, p. 4] 

Thiss is only true if the criticism is reasonably sophisticated and informed, 
however.. The sensationalist invective favoured by some critics, which was a 
featuree of the nineteenth century controversies and which has become prominent 
againn in recent years, tends to be counterproductive, promoting an atmosphere of 
defensivenesss and hostility which hinders open discussion. This further emphasises 
thee importance of presenting and explaining conservation principles to a wider 
public. . 

Ass was mentioned above, the oversimplification and polarisation of issues 
iss a problem in the cleaning debate, as it is with any controversial subject. The 
problemm is not confined to criticisms of cleaning methods: statements intended to 
explainn the safety of solvent cleaning have sometimes been generalised and 
misleading.. Plenderleith, for example, wrote 

TheThe advantage of mastic is that, irrespective of its age, it can be removed, 
withwith ease, by solvents which have no softening effect on the underlying paint film 
[77,, p. 524] 

andd Stout remarked 

DriedDried oils do not respond to even the strongest of organic solvents [78, p. 21] ] 

Suchh comments fail to acknowledge the complex chemistry of oil paint, 
andd the risks inherent in cleaning. Caroline Keck was perhaps more realistic in 
stating g 

AllAll  cleaning is hazardous. [29, p. 79] 

Thee opinion expressed in the 1954 National Gallery report still holds true 
todayy - cleaning is, and is likely to remain, a largely empirical process. This is not 
too deny the value of having an improved technical understanding of paint materials 
andd cleaning methods, however. Hedley provided a reasonable description of the 
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role,, and limitations, of scientific research on complex subjects such as the 
cleaningg of paintings: 

ScienceScience then cannot provide the practical conservator with all the answers, 
itit  can only give information on which judgements can be more soundly based, skill 
andand experience must do the rest. [17, p. 16] 
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2.. A review of studies of solvent action 

Abstract t 

ThisThis chapter presents an overview of research which has been carried out into the 
effectseffects of organic solvents on oil paint films, including a brief survey of related 
studiesstudies concerned with alternative (gelled/aqueous) cleaning systems and paint 
mediamedia other than oil The relative advantages of studies based on model paint 
films,films, and those carried out using paintings, are discussed, and an outline is given 
ofof material presented in subsequent chapters. 

2.1.2.1. Introduction 

Duringg the Select Committee Enquiry which followed the first cleaning 
controversyy at London's National Gallery, Charles Eastlake, who was Keeper of 
thee Gallery at the onset of the controversy in 1846, was questioned on the value of 
scientificc research into conservation issues. The questions related to statements by 
Michaell  Faraday, who had, at the request of the Committee, carried out some 
simplee experiments of his own on the removability of varnish from several 
paintings,, and had suggested that further research on issues such as cleaning would 
bee useful [1, pp. 373-383]. 

Whilee Eastlake agreed that "it  would be desirable to have the assistance or 
adviceadvice of chemists, with reference to the restoration of pictures", he believed that 
scientistss should be consulted rather than employed at the Gallery, stating that it 
wouldd "complicate the machinery very much" if the Government decided to 
"appoint"appoint chemists to consider how solvents and chemical applications act upon 
pictures"pictures" [1, p. 469]. His remarks are of historical interest since, had his attitude 
beenn different, research into cleaning and solvent effects might have been taking 
placee at the Gallery almost a century earlier than Graham's investigations in the 
1950ss [2, p. 184]. 
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Althoughh the majority of research on the subject has been carried out 
subsequentt to this date, a number of studies had been carried out previously, and 
somee of the research in the industrial field dealt with related issues. This chapter 
wil ll  summarise research to date into solvent effects on oil paint films, with some 
referencee to studies on related subjects, such as solvent effects on other paint 
media,, and the use of aqueous/gelled cleaning agents. Research has tended to focus 
onn the use of volatile solvents, and their effects on oil paint, since these are, 
respectively,, the most widely used cleaning agents, and the most commonly used 
mediumm in traditional painting techniques. In addition, oil is a very versatile 
mediumm which is associated with a wide range of methods of application, including 
finefine surface applications - glazes, scumbles, etc. - which has contributed to the 
popularr perception of oil paintings being particularly sensitive to solvent cleaning, 
ass was shown in the previous chapter. This has also made it an obvious focus for 
researchh into solvent effects. 

Thee mechanisms and techniques of varnish removal, which have also been 
thee subject of a number of studies, will not be addressed here, except where results 
pertainn to effects on paint films. 

2.2.2.2. Early studies 

Inn the early part of the twentieth century, there were numerous studies in 
industryy of the properties and behaviour of drying oils such as linseed oil, because 
off  the importance of these materials in coatings applications. Although more 
attentionn was paid in these to the effects of outdoor exposure conditions such as 
waterr and prolonged UV irradiation than to the effects of organic solvents, some of 
thee earlier investigations used solvent extraction of oil films as a means of 
elucidatingg the drying mechanisms of the oil. 

Morrelll  in 1915 described acetone soluble fractions of linseed and poppy-
seedd oil polymerised at high temperature [3], and similar measurements were later 
madee by Elm, using trilinolenin as the film-forming material, and extracting dried 
filmsfilms in acetone, benzene and carbon tetrachloride [4]. The extractable material in 
thesee studies corresponded to the fraction of the oil not yet polymerised into the 
solidifiedd network, and was shown to become diminished during the initial drying 
process:: Nelson carried out stress-strain measurements on paint films, including 
linseedd oil, and interpreted these in terms of solid and liquid phases in the films, 
withh loss of elasticity resulting from a reduction of the liquid phase in the early 
stagess of drying and oxidation [5]. Experiments by Long and co-workers supported 
thiss idea, with a reduction in the proportion of acetone soluble phase in trilinolenin 
filmsfilms observed over a year of drying [6]. In addition, the dried films in this study 
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weree extracted in a range of solvents, and greater proportions of material were 
foundd to be extracted by oxygenated solvents, relative to hydrocarbons. Payne 
demonstratedd the influence of factors such as thickening pretreatments and the use 
off  driers on the amount of solvent extractable material in linseed oil films dried for 
33 or 6 weeks, using acetone, methanol and benzene [7], 

Thee first systematic studies of solvent effects in relation to cleaning 
paintingss were carried out by Stout in the 1930s. His experiments were designed to 
investigatee the mechanism of varnish removal, using a combination of solvent 
exposuree and mild friction, but since his series of "varnishes" included linseed oil, 
somee general observations could be made regarding potential effects on oil paint 
filmss [8]. A small percentage (3-4% by weight) of film material was found to be 
removedd from seven month old films of linseed oil by brief exposure to acetone, 
ethanoll  or ethylene dichloride, presumably from a combination of leaching and 
abrasionn of the softened film. Naphtha and toluene had no measurable effect. 

Att around the same time, Laurie described simple, empirical tests 
demonstratingg the softening effects of vapours of a series of solvents on the paint 
layerss of a forty year old painting, although details of the paint composition and 
solventt exposure were not provided [9]. 

Graham'ss experiments, like Stout's, were designed to investigate varnish 
removal,, although he too examined linseed oil and interpreted the results in terms 
off  potential effects on paint layers [10]. Solvent was observed to diffuse into and 
swelll  oil films, with a sharp boundary between the swollen and unswollen material. 
Differentt solvents were found to diffuse at different rates, in some cases relating to 
thee viscosity of the solvent. Leaching was measured (40-44% by weight of 6 
monthh old films extractable in ethanol, acetone and benzene) and the potential for 
embrittlementt of paint films as a result of loss of this plasticising, soluble material 
wass cautiously noted. 

Swellingg of oil films - calculated from dimensional changes of detached 
sampless in solvent - was measured for a variety of solvents, with the most 
significantt observations being made for solvent mixtures. The swelling effect of 
certainn binary mixtures was found to be greater than that expected, assuming a 
linearr relationship between the fractional composition of the solvents and the 
degreee of swelling, as illustrated in Figure 1. This finding cast doubt on the then 
commonn practice of using restrainers in cleaning - in which an "inactive" solvent 
suchh as turpentine is used to dampen the cleaning action of an "active" solvent 
suchh as ethanol - since the swelling action of the resultant solvent mixture may 
actuallyy be greater than either of the solvents alone. This phenomenon will be 
discussedd in more detail presently. 
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Figur ee 1 Equilibrium swelling of linseed stand oil film in binary solvent mixtures: 

generalisedgeneralised diagram representing mixtures of turpentine with a polar solvent such 

asas acetone or ethanol (reproduced from Graham [10]). 

Furtherr observations on swelling and leaching of pigmented and 

unpigmentedd linseed oil films, in organic solvents and water, were made by 

Brownee [11], although these were oriented to outdoor coating applications (some 

off  the films were "weathered" by UV irradiation and spraying with water). Paint 

filmsfilms were generally found to have an increased density after solvent exposure and 

drying,, and some of the films also became porous after solvent treatment. Swelling 

wass measured using a travelling microscope, and the results were interpreted in 

termss of polarity of paint films and solvents: for example, certain pigments 

(titaniumm and zinc oxides) caused increased swelling of paint films in water 

relativee to the organic solvents, and Browne suggested this was a consequence of 

thee more hydrophilic nature of paints made with these pigments. 

2.3.2.3. Swelling and leaching described in detail 

Thee investigations by Stolow in the 1950s-70s built substantially on the 

conceptss identified by Stout and Graham, providing detailed descriptions of 

swellingg and leaching phenomena, and explaining some of the important factors 

determiningg the response of paint films to solvent [12-15]. 

Stoloww made precise measurements of vertical swelling of supported paint 

filmsfilms using a specially designed instrument, in which solvent was supplied to the 

paintt film from a flat-ended tube positioned very close to the paint surface, and 
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variationn in solvent flow was used to indicate dimensional changes in the film [16]. 
Usingg this technique, the processes of swelling and leaching were followed for a 
varietyy of unpigmented and lead white pigmented films, up to 25 years old: 
swellingg was found to reach a maximum within a few minutes (depending on 
factorss such as paint film thickness and the solvent used), after which a degree of 
shrinkagee occurred, corresponding to the continued leaching of soluble material 
fromfrom the film. After drying, the solvent treated films were found to be denser and 
moree compact, in common with Browne's findings, as well as more brittle. The 
samee paint films exposed to solvent for a second time exhibited predominantly 
swellingg behaviour, gradually increasing to an equilibrium value, and without any 
observablee shrinkage from leaching [15, pp. 55-62]. The typical pattern of swelling 
andd leaching is illustrated in Figure 2. 
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Figuree 2 Swelling of 7 year old stand oil film in acetone, showing swelling and 
leachingleaching of the "virgin" film (a), and re-swelling of the same, leached film (b) 
(reproduced(reproduced from Stolow [14]). 

Thee equilibrium swelling values for a range of solvents were interpreted in 
termss of molecular volumes and, more importantly, solubility parameters. Swelling 
valuess for lead white pigmented stand oil films up to 14 years old were plotted in 
orderr of solubility parameters of the solvents used, using the system of Hildebrand 
[17,, pp. 424-439], and maximum swelling was found to correspond roughly to the 
solubilityy parameter region 9.3-9.9. This region includes methyl ethyl ketone, 

35 5 



ChapterChapter 2 

cyclohexanonee and a number of chlorinated solvents (an observation which 
accountss for the use of methylene chloride as a common ingredient in commercial 
paintt strippers [18]). Solvents far removed from this region - with solubility 
parameterss under 8 (various mineral spirits and hydrocarbons) or over 13 
(methanol,, water) - caused very littl e swelling. Although absolute swelling values 
variedd according to the age of the paint film, the pattern, and the "peak" swelling 
region,, were the same [15, pp. 90-95]. Results for two paint films, aged 27 weeks 
andd 7 years, are shown in Figure 3, with the corresponding Hildebrand parameters 
inn Table 1. 

77 8 9 10 11 12 13 14 15 7 8 9 10 11 12 13 14 15 

Hildebran dd solubilit y paramete r 

Figuree 3 Equilibrium swelling of lead white stand oil [urns in solvents, plotted in 
orderorder oj'Hildebrand solubility parameters, for films aged: a) 27 weeks; b) 7 years 
(reproducedfrom(reproducedfrom Stolow [14]). 

Thiss treatment of the data helped to explain Graham's results from binary 
solventt mixtures: a mixture of two solvents with solubility parameters on either 
sidee of the swelling region, such as turpentine and ethanol, may have a greater 
swellingg effect than either of the pure solvents, since the solubility parameter of the 
mixturee will be intermediate between those of the individual solvents. If both 
solventss are on the same side of the swelling region, however - as Graham 
observedd for benzene/chloroform and acetone/water mixtures - this effect will not 
bee observed. Stolow examined a number of solvent mixtures in this way [13, pp. 
400-401].. He also suggested that, using his data, a solvent's swelling properties 
couldd be predicted from its solubility parameter. This concept was later developed 
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Tablee 1 Hildebrand solubility parameters (5) for solvents in Figure 3 (from 
Stolow[13,15J). Stolow[13,15J). 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 

solvent solvent 

isooctane e 
w-hexane e 
«-heptane e 
whitee spirit 
cyclohexane e 
turpentine e 
carbonn tetrachloride 
ethyll  benzene 
xylenes s 
toluene e 
methyl-n-propyll  ketone 
benzene e 
diacetonee alcohol 
methyll  ethyl ketone 

S S 

7.3 3 
7.3 3 
7.4 4 
7.6 6 
8.2 2 
8.5 5 
8.6 6 
8.8 8 
8.8 8 
8.9 9 
8.9 9 
9.2 2 
9.2 2 
9.3 3 

15 5 
16 6 
17 7 
18 8 
19 9 
20 0 
21 1 
22 2 
23 3 
24 4 
25 5 
26 6 
27 7 
28 8 

solvent solvent 

trichloroethylene e 
ethylenee dichloride 
cellosolvee ! 

cyclohexanone e 
acetone e 
methyll  cellosolve2 

sec-butyll  alcohol 
n-amyll  alcohol 
isobutyll  alcohol 
«-butyll  alcohol 
isopropyll  alcohol 
«-propyll  alcohol 
ethanol l 
methanol l 

8 8 

9.3 3 
9.8 8 
9.9 9 
9.9 9 
10.0 0 
10.8 8 
10.8 8 
10.9 9 
11.1 1 
11.4 4 
11.5 5 
11.9 9 
12.7 7 
14.5 5 

11 2-ethoxyethanol 
22 2-methoxyethanol 

inn more practical terms by Hedley, who used Stolow's data in combination with 
thee system of Teas for graphically presenting solubility data [19] to predict solvent 
mixturess for cleaning which would minimise potential risks to the paint layers [20]. 
Thiss adaptation of the solubility parameter data to a simple, triangular plot has 
provedd to be a useful visual aid in the selection of cleaning solvents. Hedley also 
usedd this approach to rationalise certain applications of the "safety margin test" for 
cleaning,, which had been proposed by Ruhemann as a simple, empirical 
precaution,, but which, in the general form he presented, had the drawback of 
assumingg a more linear relationship between the concentration of "active" solvent 
inn a mixture and its swelling/solubility properties [21, pp. 192, 308-313]. As 
illustratedd in Figure 1, such linearity is not always followed, and the concept of 
"diluting""  an active solvent can be misleading. 

Thee swelling data was further interpreted by Stolow in terms of diffusion 
ratess of the different solvents, by comparing the times taken for swelling to reach 
completionn [15, pp. 95-105]. Solvents exhibited trends according to their molecular 
volumee and viscosity: those of low viscosity, such as acetone and benzene, 
producedd much more rapid swelling than more viscous solvents such as isobutyl 
alcohol.. Solvents with low molecular volume, such as methanol,, also showed rapid 
diffusionn and swelling. In addition, diffusion rates were dependent on film 
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properties,, with swelling occurring more rapidly in thin films, and more slowly in 
pigmentedd as compared to unpigmented films. De-swelling - corresponding to 
evaporationn of solvent from the paint film - was studied in some cases, and was 
foundd to occur more slowly than swelling. Unsupported paint samples exhibited 
moree rapid swelling than supported films, as a result of the greater surface area 
availablee for solvent penetration [15, p. 56]. 

Ass a complement to his studies of swelling, Stolow investigated the process 
off  leaching in some detail, using a wider variety of linseed oil paint samples [15, 
pp.. 62-68]. The majority of these were laboratory-prepared films, aged from <1 to 
255 years, with some exposed to additional light or thermal accelerated ageing 
conditions.. For lead white pigmented films and unpigmented films of stand oil and 
alkalii  refined linseed oil, the maximum amount of leaching was generally found to 
bee between 15 and 30% of medium content by weight for the range of films and 
solventss tested. With the exception of/i-hexane, the leaching effects of the solvents 
testedd - which included alcohols, ketones and chlorinated solvents - were found to 
bee of the same order. The relatively low leaching effect of w-hexane was attributed 
too the low swelling power of this solvent. Experiments using different times of 
exposuree to solvent indicated that leaching initially occurred rapidly, with 50% of 
thee total soluble material extracted from lead white pigmented and unpigmented 
filmss in acetone within 100 seconds, although the process was slow to reach 
completion,, taking over 3 days in some cases. 

Higherr leaching values were found for oil films made with other pigments: 
betweenn 46 and 56% of medium was extracted from films pigmented with barium 
sulphatee using various solvents, and as much as 84-87% was extracted from 
titaniumm dioxide and iron oxide pigmented films in acetone. These more 
pronouncedd values reflect a physical disintegration of the paint samples in solvent, 
aa consequence of the pigments having a photocatalytic effect on the degradation of 
thee oil polymer, accelerated in these cases by UV ageing. 

Quantitiess of extractable material showed some relationship with age of the 
paintt film, with paint films studied over a period of 25 years showing an initial 
decreasee in the proportion of material extractable, followed by a gradual increase. 
Thiss was explained in terms of the different reactions occurring in the film: it was 
suggestedd that an initial rapid polymerisation results in a reduced quantity of 
extractablee material, as demonstrated in earlier studies, but that after longer periods 
off  ageing, progressive oxidative degradation produces increasing quantities of 
extractables.. Unpigmented films in particular showed a pronounced increase in 
quantitiess of extractable material after longer ageing periods, up to 15 years. This 
trendd was not borne out by preliminary analyses of older paint samples, however 
(exampless were from a 48 year old palette, and a 17th century painting). These 
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gavee leaching values of the same order as, or lower than, those for the younger 
paintt films [15, pp. 65, 85]. 

Stoloww analysed the solvent extracts from various paint films, using gas 
chromatographyy and infrared spectroscopy, to determine their composition. These 
resultss will be discussed in the following chapter, which will describe the 
relationshipp between the drying reactions in the oil and the nature of the solvent 
extractablee components. 

Onn a practical note, both Graham and Stolow suggested the possibility of 
re-plasticising,, or "nourishing" paint films, using some kind of nonvolatile, non-
dryingg substance to replace the material removed by leaching [10, p. 504; 14, p. 
88].. This was not a new idea: the rejuvenation of a picture's surface after cleaning 
byy the application of some kind of oil (drying or non-drying) was not uncommon 
inn the past, although presumably it was carried out more for aesthetic than for 
mechanicall  purposes. Such treatments have never been generally accepted, 
however:: although a number of nineteenth century manuals recommended the 
practice,, one commentary includes a reference to the use of olive oil to "restore 
thethe oil in the paint which it was supposed had dried out of it", and condemns "this 
mostmost pernicious process ... than which nothing can be more injurious" (although 
thee supposedly injurious effects are not specified) [22, pp. 613-614]. The obvious 
problemm with the use of a drying oil for this purpose would be the likely 
irreversibilityy of the process, but the idea of applying this kind of treatment with 
alternativee materials in a more scientific, controlled manner has not received much 
attention.. This is perhaps because it is felt to go against the general principle of 
minimall  intervention in conservation: since the visual problems of surface 
mattnesss attributed to leaching can be largely resolved at the varnishing stage, such 
aa "nourishing" treatment would be intended primarily to improve the paint layer's 
longg term physical stability, and it would be very difficult to judge the need for this 
kindd of treatment in any particular case, or indeed its success. Hence it would be 
difficultt to justify what would be a relatively invasive treatment, unless the paint 
wass in obviously poor physical condition, in which case a more conventional 
consolidationn treatment would generally be appropriate. 

2.4.2.4. Later studies 

Studiess subsequent to Stolow's have provided additional information on 
swellingg and leaching effects, which in a large part corroborates the previous 
research.. Jones used one year old, unpigmented stand and raw linseed oil films in 
hiss studies, and found approximately 16 and 38% of these films to be extractable 
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byy weight, respectively, in isopropanol. Increased quantities of extractable material 
weree found for UV irradiated films, and from this Jones postulated that oil paint 
filmsfilms would generally show increasing quantities of soluble material with age, 
correspondingg to a progressive deterioration of the binding medium [23]. 

Thee embrittlement and increased density of paint films as a consequence of 
solventt leaching were measured in a study by McGlinchey, using differential 
scanningg calorimetry [24]. He analysed films of poppy, walnut and linseed oil 
pigmentedd with titanium, lead and zinc white pigments, which had undergone 
acceleratedd ageing treatments, and found the polar solvents acetone and ethanol to 
havee a greater effect than cyclohexane, which caused no observable changes in the 
paintt films' physical properties. The effects of solvents on mechanical properties 
off  paint films were also investigated by Hedley and co-workers, who used thermal 
mechanicall  and dielectric analysis techniques to analyse 12 year old oil films 
pigmentedd with lead white and burnt sienna [25]. Increased stiffness was observed 
ass a result of exposure to acetone and isopropanol, which again was attributed to 
thee leaching out of soluble components, although water was found to cause a 
reducedd stiffness. Changes were found to result from swab rolling with solvents, as 
welll  as from immersion in solvent, although the effects of swabbing were less 
pronounced.. Surface changes were also investigated in this study using scanning 
electronn microscopy (SEM), with erosion observed in some samples as a 
consequencee of loss of organic binder. Solvent effects were less in the lead white 
samples,, as compared to the burnt sienna, with respect to both stiffness and surface 
changes.. This can be attributed to the lower medium content of the lead white 
paint,, as well as the different drying properties of the pigments. 

Moree recently, similar results were obtained by Tumosa and co-workers 
[26],, who made stress-strain measurements on oil paint films made with various 
pigments,, aged between 6 and 20 years. Increased brittleness and stiffness were 
observedd after exposure to acetone or toluene for as littl e as 30 seconds. Samples 
testedd before the solvent had completely evaporated showed a reduced stiffness in 
somee cases, demonstrating the softening effect of the retained solvent. The results 
off  this study were interpreted, a littl e speculatively, in terms of a painting's ability 
too tolerate stresses from environmental fluctuations and handling following solvent 
treatment,, on the basis that the solvent exposed films in the tests retained a degree 
off  elasticity and plasticity. 

Erhardtt and Tsang [27] compared solvent effects on a range of pigmented 
oill  paint films, aged between 5 and 50 years. Solvent extraction was measured in 
termss of both weight changes and quantities of palmitic acid in the extracts, 
determinedd by gas chromatography (the analysis of leachable components by GC 
andd GCMS in this study will be described more fully in the following chapter). 
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Resultss were generally in agreement with Stolow's data, with the aromatic and 
oxygenatedd solvents: toluene, acetone and ethanol, producing higher leaching 
values,, and hexane having a lesser effect. Pigmentation was shown to have a 
pronouncedd effect on the quantities of material extractable, with the greatest 
proportionss extracted from raw sienna films, and the least from lead white films. 
Thiss difference was attributed in this case to the greater extent of cross linking in 
thee latter, catalysed by the lead white pigment. No clear correlations were observed 
betweenn the age of the paint films and solvent effects. In addition to leaching of 
organicc material, pigment was reported to be lost as a result of solvent treatment in 
manyy cases, presumably more from films made with the poorer drying pigments 
suchh as raw sienna, indicating the pronounced solvent sensitivity of some of the 
sampless used. 

Differentt exposure times to solvent were used, including a few 
measurementss of quantities of fatty acids extracted by swabs, but these data were 
nott compared with the immersion results. Changes in gloss were also measured, 
andd in general these paint films showed the reduction in gloss after solvent 
exposuree that would be expected, as a result of surface erosion from leaching, as 
welll  as from pigment loss in some cases. 

Thee same authors published additional data [28], in which leaching values 
forr a variety of solvents were interpreted in terms of solubility parameters. Lead 
whitee and raw sienna films were found to differ only in the overall quantities of 
materiall  extractable, not in their relative responses to different solvents. It was 
suggestedd from this that the response of these paint films was not related to 
differencess in the extent of oxidation in the oil polymer, which might be expected 
too shift the solvent sensitivity towards more polar solvents, but to other factors 
suchh as the overall degree of polymerisation. 

Thee same paper described experiments demonstrating that the application 
off  a solvent based varnish to an oil paint film can result in a similar extraction of 
solublee components as is found with exposure of the paint films to free solvent. 
Thiss was shown by the detection, using GC, of fatty acids in dried varnish films 
removedd from paint layers. The varnish was found to act as a poultice, with the 
solventt diffusing into the paint film and drawing soluble oil components up into 
thee varnish layer. This idea will be addressed in more detail in Chapter 5. 

Thee quantities of fatty acids extractable from paint films made with a 
varietyy of oil types, using four solvents, have been measured in a recent study by 
Schillingg and co-workers [29]. This was done primarily to investigate potential 
changess in fatty acid ratios which might influence medium analyses: significant 
proportionss of fatty acids were extracted from the films tested, but this did not 
hinderr identification of the oil type. 
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Solventt retention in paint layers was measured by Dauchot-Dehon, using 
radio-isotopicallyy labelled solvents applied to fragments of an 80 year old painting 
[30].. Results were consistent with previous studies of solvent loss from polymers 
[31],, demonstrating a two stage process: an initial, rapid loss corresponding to 
evaporationn from the paint surface; and a slower loss of residual solvent, limited by 
diffusionn through the paint structure. The second stage was very slow to reach 
completion,, with measurable quantities of solvent retained for long periods, over a 
monthh in some cases. 

AA related study by Masschelein-Kleiner and Deneyer used gravimetric 
measurementss to follow solvent loss from similar paint samples [32]. A wide range 
off  solvents were classified according to the time taken to evaporate from the 
samples,, and also to their rates of penetration, which were based theoretically on 
measurementss of viscosity and surface tension. Solvent mixtures for cleaning were 
recommendedd by the authors, on the principle that those with strong penetration 
andd retention are the most dangerous to the paint layers. Such specific 
recommendationss are potentially misleading, since they fail to acknowledge other 
importantt factors - most obviously, solubility parameters and associated swelling 
effects.. Solvents not retained strongly in the paint samples in these experiments 
includedd a number of chlorinated solvents identified in other studies as strong 
swellerss of oil paint, for example, and Hildebrand parameters for some of the 
recommendedd mixtures actually fall in the peak swelling region identified by 
Stoloww [15]. Another problem is that the criteria of penetration and retention do 
nott discriminate neutral solvents from acidic and basic compounds - ammonia and 
formicc acid are included in some of the proposed cleaning mixtures, and the 
distinctt risks associated with these materials are not referred to in the study. 

Thee conflicting recommendations from different studies illustrate the 
complexityy of the problem of determining risks in solvent cleaning, and the 
numerouss parameters involved. Diffusion and evaporation are indeed important 
factorss - one of Ruhemann's criticisms of Stolow's research, with reference to the 
usee of acetone for cleaning, was that his immersion and swelling data downplayed 
thee contribution of these properties [21, p. 201]. As Ruhemann correctly observed, 
muchh of the safety of cleaning relies on careful manipulation of solvents by the 
conservator:: scientific studies necessarily use simplified models of cleaning, which 
inn most cases can only provide general indicators of risk. Any specific 
recommendationss of cleaning solvents based on scientific studies, such as those of 
Masschelein-Kleinerr and Deneyer, must be carefully qualified, otherwise there is a 
riskrisk of creating a false sense of security in their use. 

Michalskii  expressed similar reservations about practical interpretations of 
scientificc data in his 1990 review of cleaning research, commenting that "the 
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subjectsubject requires more data and critical study from experienced practitioners 
beforebefore specific recommendations make sense" [33, p. 85]. His summary 
concentratedd on the physical aspects of solvent action, including diffusion and 
evaporation,, but also taking into account factors such as capillarity, occurring 
throughh cracks or pores in the paint structure, and the influence of pigment 
particles.. The disruption of pigment-medium interfaces by solvent interactions 
withh pigment particles was proposed as a possible cause of blanching, independent 
off  any effects of leaching or surface erosion. This theory might account for some 
instancess in which a paint area is very difficult to saturate with varnish, since such 
light-scatteringg voids within the paint layer, around pigment particles, would 
generallyy be inaccessible to varnish applied to the paint surface. 

Michalskii  also re-interpreted swelling data from previous studies using a 
threee dimensional plot of solubility parameters, which, although less visually 
comprehensiblee than the Teas plot used by Hedley, described above, allowed for a 
moree accurate distinction between different solvent properties. 

Thee problems of successfully applying solubility parameter systems to 
cleaningg problems have been discussed by Phenix [34], who pointed out that such 
applicationss are constrained not only by the limitations of the systems themselves 
inn describing solvent properties, but also by the limited available data on solubility 
propertiess of aged painting materials - varnish and, more importantly, oil paint. He 
suggestedd that the interpretations based on Stolow's swelling data, most of which 
weree obtained on relatively young films made with stand oil, may underestimate 
thee importance of polar interactions - hydrogen bonding in particular - which 
mightt be expected to be more significant in aged paint films that have undergone a 
greaterr degree of hydrolysis and oxidation. In practical terms, this would result in a 
shiftt of the swelling region for oil paint towards the more polar area of, for 
example,, the Teas chart. With regard to the solubility parameter systems 
themselves,, Phenix described more up to date systems, which give a better 
discriminationn of factors such as hydrogen bonding, and presented these as 
possiblee alternatives to the systems adapted by Hedley and Michalski. 

Inn a separate paper, Phenix reported on the use of a system of microscopy 
combinedd with digital image analysis to provide accurate measurements of 
dimensionall  changes in paint samples immersed in solvent [35]. This is one of the 
feww published studies of swelling effects since those of Stolow, along with the 
workk of Eissler and Princen, who made measurements of tensile and swelling 
propertiess of pigmented and unpigmented linseed oil films in various solvents [36]. 
Theirr results correlated fairly well with Stolow's data, although more attention was 
paidd to the effects of water than to organic solvents. Initial results described by 
Phenix,, obtained on thermally aged umber/oil paint samples, also showed some of 
thee same trends as in the swelling data of Stolow, in terms of solvent properties 
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suchh as diffusion coefficients and solubility parameters. Some of the more polar 
solvents,, ethanol and methanol in particular, caused greater swelling than had been 
foundd by Stolow, however. Basic reagents, triethanolamine and ammonium 
hydroxide,, were also tested, and exhibited strong swelling properties. A small 
numberr of older paint samples were tested, from eighteenth and nineteenth century 
paintings,, and these showed very littl e swelling in acetone (approx. 1-2% change 
inn area). A decrease in equilibrium swelling values of paint films aged up to 25 
yearss in certain solvents had been observed by Stolow [15, p. 93], and these initial 
resultss on much older paint samples suggest that this reduction in swelling 
potentiall  may be an ongoing trend. 

2.5.2.5. Studies of other paint media and cleaning systems 

Sincee the effects of volatile organic solvents on oil paint films are the focus 
off  this thesis, research into alternative paint media and cleaning agents will only be 
brieflyy summarised here. 

Thee response of egg tempera paint films to solvents were investigated by 
Khandekarr and co-workers [37], using films prepared with various pigments and 
exposedd to light and thermal ageing regimes. Surface changes as a result of solvent 
immersionn or swabbing were monitored using SEM, and quantities of lipid 
materiall  extracted were determined using GC. Significant quantities of the lipid 
contentt of these films were found to be extractable using organic solvents, 
particularlyy chlorinated solvents. Solvent extractable components of "megilp" paint 
sampless (made using combinations of drying oil and mastic) were analysed by 
Kokkorii  and colleagues, using direct temperature-resolved mass spectrometry 
(DTMS)) and GCMS [38]. Not surprisingly, considering the notorious solvent 
vulnerabilityy of this type of paint medium, large proportions of the megilp samples 
weree solvent extractable, particularly in the polar solvents ethanol and acetone. 
Solublee compounds were derived from both the resin and oil components of the 
megilps.. Boon and Van Och described the use of mass spectrometric techniques to 
investigatee the effects of different cleaning treatments on a solvent sensitive wax-
oill  painting, and found that a rapid method of varnish removal using a polar 
solventt mixture minimised the extraction of wax components from the paint layers 
[39]. . 

Burnstockk and Learner studied the cleaning action of a range of alkaline 
cleaningg reagents, including aqueous solutions, wax pastes and soap gels [40]. This 
studyy was concerned primarily with the effectiveness and mechanisms of removal 
off  an aged mastic varnish from an oil primed canvas, but some observations were 
madee on the effects of cleaning agents on the oil priming: erosion of the priming 
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layerr was observed in some cases using SEM, particularly with cleaning 
formulationss of high pH. This is consistent with the alkaline hydrolysis of the oil 
mediumm which would be expected from the use of such basic reagents. 

Thee past decade or so has seen a considerable amount of research 
concernedd with the aqueous and gelled cleaning formulations developed by 
Wolberss [41]. These were designed to introduce a greater degree of control and 
specificityy to the cleaning process, with various gels and emulsions formulated to 
actt selectively on individual varnish or overpaint layers. Recipes are based on resin 
acidss (structurally similar to natural varnish resins), enzymes or more traditional 
solventss as active ingredients. 

Onee of the theoretical advantages of these systems is the limited penetration 
off  solvents into the paint layers, with a consequently reduced risk of associated 
swellingg and leaching effects. This assumption has been tested by a number of 
studies,, including a simple investigation by Southall, who incorporated coloured 
dyess into gel and emulsion mixtures in order to empirically measure the extent of 
absorptionn and dispersion of the solvent components into a number of painted 
substratess [42], and found that capillary absorption was not significantly limited in 
alll  cases. Another study included GC analyses to quantify fatty acids extracted 
fromfrom a test paint film by immersion in an ethanol gel, which indicated that similar 
quantitiess of material were extracted from the paint by exposure to the gelled 
solventt as by exposure to liquid ethanol for the same period of time, and more than 
byy other solvents such as hexane and toluene [28]. Gels made with abietic acid and 
triethanolaminee (TEA, an organic base included in resin based cleaning 
formulationss for the formation of the resin acid salts) were also found to cause 
leachingg of fatty acids, in comparable quantities to free solvents. A later study by 
Erhardtt and Bischoff also found gels formulated with TEA to be active in 
extractingg fatty acids from test paint samples [43]. 

Kollerr carried out experiments in conjunction with the cleaning of a 
nineteenthh century painting using a gel based on deoxycholic acid [44], and 
concludedd that this bile acid was more effective in removing oil components from 
thee varnish than in its intended purpose of dissolving the oxidised resin. This 
observationn had obvious implications for the potential effects of deoxycholic acid 
onn oil paint layers, and a subsequent study by Ford and Byrne tested this idea, 
measuringg the relative effects of swab applications of a number of solvents and gel 
formulations,, in terms of extraction of fatty acids from paint layers during cleaning 
[45].. Two paintings were used in the tests, approximately 90 and 3 years old, and 
althoughh fatty acids were detected in swabs with both solvents and gels, no 
evidencee was found for the preferential extraction of lipid components by resin 
soapp gels, as might be expected from Roller's results. 
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Anotherr important concern with the use of gels and emulsions is the 
clearancee of the nonvolatile components - including detergents, gelling agents and 
organicc bases - from the paint surface after cleaning. The retention of such 
componentss has been studied, using radio-isotopically labelled compounds [46,47] 
andd by GCMS analysis of varnish or paint samples after cleaning [44, 48, 49], and 
appreciablee residues of detergents and resins have been detected on treated 
surfaces,, even after recommended clearance procedures. Effective clearance was 
moree of a problem for cleaning mixtures of high pH and detergent concentration 
[46].. Residues are a particular concern for compounds which might be expected to 
showw chemical activity in the long term, a problem which has been postulated for 
thee surfactants Triton X-100 [48] and Ethomeen C-12 [50], as well as for TEA [43, 
pp.. 19-20]. In addition, TEA has been found to have a softening effect on test paint 
filmsfilms [26]. 

Researcherss and conservators have also questioned the roles of different 
ingredientss in the cleaning mixtures, with some studies indicating that the 
supposedlyy active components - resin acids [48, 51] or lipase enzyme [52] -
contributee less to cleaning activity than the other components, intended primarily 
ass emulsi fiers, counterions for resin acids, or buffers. 

Despitee the problems associated with these cleaning systems, successful 
applicationss have been reported for problematic cleaning treatments in which 
conventionall  solvents were not found to give sufficient control or selectivity [41, 
53,, 54]. It has generally been stressed though that gels and emulsions are not 
intendedd as replacements for traditional solvent cleaning methods, but as additional 
toolss to enable conservators to address a wider range of cleaning problems [53, p. 
130;; 55, p. 75]. 

2.6.2.6. Model studies versus experiments on paintings 

Thee majority of the studies described above have been carried out using 
laboratory-preparedd paint films rather than samples from paintings, the main 
reasonn being, as Stolow observed, "it  is preferable to obtain data on films of 
preciselyprecisely known composition and origin, than to experiment on films whose past 
historyhistory is uncertain." [12, p. 10]. Aside from practical limitations, there are also 
obviouss ethical constraints on the extent to which experiments can be carried out 
onn old paintings, unless fragments of paintings are available for test purposes 
(severall  of the studies described used such fragments as test material). Laboratory 
preparedd films have the additional advantage that they can be formulated with a 
varietyy of pigments, media, film thicknesses, etc., to investigate the influence of 
thesee factors in a controlled manner. However, model paint films are necessarily 
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muchh younger than the paint layers they are intended to represent, and the extent to 
whichh data from model studies can be related to solvent effects on paintings has 
beenn much debated, as was illustrated in the previous chapter. Exchanges on the 
subjectt have sometimes become quite fervent [56]. 

Thee concern is a valid one. The long term drying chemistry of oil paint is 
nott thoroughly understood, but it is recognised that paint films continue to undergo 
chemicall  and physical changes over long periods of time, as has been highlighted 
inn recent research [57]. Paint films of considerable age, as in paintings hundreds of 
yearss old, are therefore likely to show differences in their response to solvents 
fromfrom the younger, model paint films. Some studies have used accelerated ageing 
treatmentss in an attempt to produce paint films closer in character to significantly 
agedd films, but for a chemically complex system such as drying oil, particularly if 
pigmentt is present, doubt has been expressed as to whether conditions of intense 
lightt and/or elevated temperature can be used to accurately reproduce the same 
combinationss of reactions that occur during long term, ambient ageing [58, p. 598; 
59]. . 

AA novel approach to cleaning research was taken in a recent study by White 
andd Roy, which was the first to present comparative analyses of samples taken 
fromfrom a series of paintings, dating from the fifteenth to nineteenth centuries, in the 
coursee of cleaning treatments [60]. (Other researchers have used samples from 
paintingss to investigate cleaning effects [39], but this was the first systematic and 
extensivee study of traditional oil and tempera paintings.) Paired samples were 
analysedd from paint areas cleaned mechanically (representing the paint film 
"beforee cleaning"), and using solvents, and no general differences were observed 
betweenn the samples, either in their organic composition (studied by GCMS) or 
physicall  structure (porosity, studied by SEM). One limitation of the organic 
analysiss was that, at least in the form published, the interpretations were only semi-
quantitative,, relying on visual comparisons of chromatograms, from which it was 
difficultt to judge what were stated to be "negligible" or "insignificant" differences. 
Quantitativee data, such as peak area ratios, would have allowed for more critical 
comparisons.. The SEM comparisons were more persuasive, and made more sense 
inn this respect, since the textural features of a paint layer are far more difficult to 
quantify.. Some quantitative GCMS data were presented, on extracts obtained from 
swabss after gently rubbing over exposed paint surfaces, and these were more 
convincingg than the whole paint analyses, with only trace quantities of fatty acids 
detectedd in these cases, even after prolonged exposure to acetone or propanol. 
Analyticall  aspects of this study will be discussed in more detail in Chapter 6, 
whichh describes experiments based on a similar approach of analysing samples 
fromfrom paintings before and after cleaning. 

47 7 



ChapterChapter 2 

Thiss research was important in that it began to put the model studies in a 
practicall  context, and provided data to support the generally held suspicion that 
cleaningg effects on significantly aged paint layers are considerably less pronounced 
thann the effects observed in studies of test films under more extreme conditions. 
Suchh model studies were perhaps too readily dismissed by the authors, however, 
andd some of the statements about cleaning over-generalised - such as a reference 
too "the long-held assumption of the safety and reliability of solvent cleaning 
methodsmethods for old master paintings " [60, p. 160], neglecting to acknowledge the fact 
thatt many paintings are certainly vulnerable to damage by solvents, as discussed in 
thee previous chapter. 

2.7.2.7. Aims of the current study 

Thee data of White and Roy demonstrate the problems in extrapolating data 
fromfrom the study of model paint films to represent the behaviour of much older films. 
Nonetheless,, the study of model films is important as it allows systematic, 
quantitativee studies which are difficult or inappropriate for old paintings, for which 
-- as mentioned above - analysis is limited to small samples, unless fragments or 
testt pieces are available for study. While no-one would argue that, for example, 
immersingg a young paint sample in solvent is representative of a cleaning 
treatment,, simplified experiments can be valuable in identifying principles of 
solventt action. The limitations of such studies must be recognised, however, and 
thee results put in context with data obtained from the study of paintings. 

Sampless from paintings have an additional drawback that they are more 
poorlyy defined in terms of composition, and this may have been altered to some 
extentt by previous conservation treatments, either from the removal of components 
byy cleaning agents or the introduction of additional materials such as varnishes and 
consolidants,, which will complicate interpretations further. For these reasons, 
treatmentt based studies of solvent effects are likely to be more empirical or limited 
inn scope. 

Thee current research is an attempt to integrate both approaches, of model 
studiess and object-based experiments, and is concerned with the solvent extractable 
componentss of oil paint films, using these as an indicator of the risks associated 
withh solvent cleaning. Specifically, of interest are the long term risks -
embrittlement,, optical effects - which have been associated with solvent leaching: 
moree immediate risks, such as the increased potential for mechanical damage as a 
consequencee of swelling or softening of paint layers, will not be addressed in this 
study.. (Swelling phenomena are the subject of ongoing research elsewhere [61].) 
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Thee intention is to build on the existing body of data on solvent leaching, to 
providee a clearer idea of the factors influencing the leaching process, and hence the 
cleaningg situations which are likely to present a greater degree of risk; as well as to 
providee more information on how the behaviour of relatively young, test paint 
filmss relates to thatt of much older films. 

Experimentss have been based primarily on the study of laboratory-prepared 
paintt films, with a range of ages from 3 to 65 years, none of which had undergone 
acceleratedd ageing. Where possible, results have been compared with analyses of 
sampless from paintings, with examples studied between 150 and 750 years old. 
Thee comparative data is aimed at addressing questions such as how much solvent 
extractablee material is present in considerably aged paint films, as compared to the 
youngerr test films; and how much can be extracted as a result of simulated 
conservationn treatments (cleaning and varnishing), as compared to immersion in 
solvent.. At the same time the importance of model studies is recognised in its own 
right,, for identifying trends in solvent effects relating to factors such as solvent 
type,, and age and pigmentation of the paint film, and for providing insights into the 
ageingg and deterioration reactions that occur in drying oil. This is especially true in 
lightt of the improved understanding of drying oil chemistry which has come from 
recentt research. 

InIn Chapter 3, experiments to characterise the solvent extractable material 
fromfrom a variety of oil paint films will be described, and the relationship of the 
solublee components to the drying reactions of the oil discussed. The quantitation of 
thee soluble components, using both measurements of change in weight and GC 
analysiss of fatty acids; and the relationship of the quantities of extractable material 
too various factors, including paint film composition and the solvent used for 
extraction,, will be addressed in Chapter 4. The specificity of different solvents, 
withh regard to the type of material extracted, will also be discussed in this chapter. 

Chapterr 5 describes an investigation of the effects of varnishes in extracting 
solublee components from a paint film, and the influence of the resin component of 
thee varnish on its solvent properties and leaching action, and Chapter 6 presents 
dataa from experiments to quantify the material extracted by cleaning tests on 
paintings,, dating from the seventeenth to nineteenth centuries. 

Thee methods of sample derivatisation used for GC analysis of fatty acids, 
andd the adaptations made to the methods for these studies, will be discussed in 
Chapterr 7. 
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Abstract t 

TheThe solvent extractable fractions from a variety of pigmented linseed oil films of 
differentdifferent ages, including samples from paintings, were characterised using 
chromatographic,chromatographic, spectroscopic and mass spectrometry techniques. The soluble 
materialmaterial is a complex mixture of compounds, including free fatty acids, mono-, di-
andand triglycerides, as well as higher molecular weight, cross-linked species. The 
relativerelative proportions of these components vary according to factors such as 
pigmentationpigmentation and age of the paint films, and the time of exposure to solvent. This 
varietyvariety of soluble compounds reflects the complex set of reactions which takes 
placeplace as an oil film ages. 

3.3. L Introduction 

3.1.1.3.1.1. Drying and ageing of linseed oil 

InIn order to discuss the solvent extractable components of oil paint films, it 
wil ll  be helpful first to describe briefly the composition of drying oils such as 
linseedd oil, and outline the reactions that occur during drying. 

Thee major components of linseed oil are triglycerides, of the type 
illustratedd in Figure 1. These consist of a glycerol molecule attached via ester links 
too three fatty acid chains. The fatty acids are predominantly of five types: palmitic, 
stearic,, oleic, linoleic and linolenic acid. The relative proportions of these' show 
somee variation according to the source of the oil, but typical values are listed in 
Tablee 1. It is the high proportion of unsaturated fatty acids, in particular the 
polyunsaturatedd linoleic and linolenic acids, which give linseed oil its drying 
properties.. The polymerisation ("drying") takes place by a free radical mechanism, 
involvingg the oxidation and subsequent cross-linking of fatty acid chains, thought 
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Tablee 1 Typical percentages of component fatty acids in linseed oil (data from 

SolomonSolomon [5]). 

fattyfatty acid 

palmitic c 
stearic c 
oleic c 
linoleic c 
linolenic c 

abbreviation abbreviation 

C16 6 
C18 8 
C18:l l 
C18:2 2 
C18:3 3 

systematicsystematic name 

hexadecanoic c 
octadecanoic c 
cw-9-octadecenoic c 
cis-9,cis-9,12-octadecadienoic 12-octadecadienoic 
cis-9,cis-9,12,15-octadecatrienoic 12,15-octadecatrienoic 

% % 

6 6 
4 4 
22 2 
16 6 
52 2 

too occur mainly at the reactive methylene groups positioned between the double 

bondss in the polyunsaturated acids. This produces a three-dimensional network of 

cross-linkedd triglycerides. The polymerisation process has been described in detail 

elsewheree [1, pp. 35-38; 2-4], and wil l not be repeated here. 

Figur ee 1 Typical structure of a linseed oil triglyceride, derived from palmitic, 

linoleiclinoleic and linolenic acids. A = ester bond, B = reactive methylene. 

Inn addition to cross-linking, alternative reactions can occur which lead to 

thee production of smaller molecules. Chain scission at the reactive sites in the 

carbonn chain produces low molecular weight compounds, which can oxidise 

furtherr to produce a variety of species, including acids, aldehydes, ketones and 

alcohols,, as well as carbon dioxide and water [5, 6]. Many of these compounds are 

volatile,, and evaporate from the film in the early stages in drying (giving oil paint 

itss characteristic odour). Other reaction products wil l remain in the paint film, 

eitherr because they are less volatile, or because they remain covalently attached to 

thee glyceride network. The most common of these are monoesters of dicarboxylic 
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acidss (i.e. dicarboxylic acids bound to the oil polymer via one ester linkage -
whichh yield the characteristic dicarboxylic esters in GC analysis of drying oils). 
Thee monoester of the nine carbon azelaic acid is the most abundant, but others 
includingg suberic (C8) and sebacic (CIO) esters are also produced. Structures for 
thesee compounds are shown in Figure 2. 

Figuree 2 Monoesters of dicarboxylic acids in dried linseed oil: a) suberic, b) 
azelaic,azelaic, c) sebacic. R = oil polymer network. 

Anotherr reaction which can occur is hydrolysis of the ester linkages. A 
singlee reaction of this type will produce a free fatty acid and a diglyceride (either 
off  which could be cross-linked to other molecules, depending on the nature of the 
fattyy acids and the stage in drying), and further hydrolysis reactions will lead to the 
productionn of monoglycerides, and free glycerol. The extent to which hydrolysis 
occurss as a natural part of ageing is not well understood: whereas previous reports 
havee suggested that it is not a significant process in the ageing of oil paint films [7, 
p.. 322], recent research suggests hydrolysis can occur to a considerable degree, 
withh up to 95% of ester links found to be hydrolysed in paint samples dating from 
thee 19th century [8]. 

Thee various reactions described above can be seen to have occurred to 
somee extent in fresh, undried linseed oil. Figure 3 shows size exclusion 
chromatogramss of four different types of linseed oil: alkali refined, cold pressed, 
sunn thickened and stand oil. SEC is a technique which separates compounds 
accordingg to their molecular size, with the largest components eluting first and 
smallerr components later. The main peak in each chromatogram corresponds to the 
linseedd oil triglycerides. The smaller peak eluting after this main peak corresponds 
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too free fatty acids produced by hydrolysis of the triglycerides, which are present in 

smalll  and variable amounts in the alkali refined, cold pressed and sun thickened 

oils,, with a greater amount found in the stand oil. The broad peak eluting earlier in 

thee sun thickened and stand oil samples corresponds to partially polymerised 

material,, resulting from the pre-thickening treatments used to produce these oils. A 

muchh greater proportion of this higher molecular weight material is present in the 

standd oil, which was correspondingly more viscous. Distinct peaks can be seen in 

thiss region in the pre-thickened oils corresponding to triglyceride dimers and 

trimers. . 
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Figur ee 3 Size exclusion chromatograms of linseed oils: a) stand oil, b) sun 

thickened,thickened, c) cold pressed, d) alkali refined, (i) = free fatty acids, (ii ) = 

triglycerides,triglycerides, (iii ) = triglyceride dimers, trimers, (iv) = partially polymerised 

material. material. 

Numerouss factors wil l influence the types of reactions occurring, and the 

ratee at which they take place. One of the most important of these is the pigment 

compositionn of the paint film. Pigment effects are complex, and poorly understood, 

butt certain pigments are known to have catalytic or inhibiting effects on the 

variouss reaction pathways described [1, pp. 38-39]. In addition, hydrolysed fatty 

acidss can form salts with metal ions in certain mineral pigments, a process which 

cann play a part in the production of a stable paint structure [8]. Basic pigments 

suchh as lead white (basic lead carbonate) are also thought to promote 
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saponificationn of the oil, to produce lead salts of the fatty acids. Other factors 
whichh can affect the drying properties of oil are the processing methods used in its 
manufacture,, such as the pre-thickening treatments mentioned above [9, pp. 726-
734],, as well as the use of driers [9, pp. 761-763]. 

Thee chemical changes in the drying paint film are accompanied by physical 
changes,, including an increased stiffness and brittleness resulting from the loss of 
volatilee components from the film, in combination with increased cross-Unking. 
Thee formation of ionic interactions can also contribute to the increased stiffness 
[8]--

3.1.2.3.1.2. Previous studies of solvent extracts 

Itt is clear that as an oil film dries the complex system of reactions outlined 
abovee will produce a wide range of compounds with different molecular weights 
andd degrees of oxidation. As has been mentioned, many of these are volatile and 
wil ll  evaporate from the paint film, but compounds which are larger and less 
volatilee will remain in the film, held within the cross linked oil polymer. It is these 
compoundss which are thought to have a plasticising role in the paint film, and can 
potentiallyy be extracted by solvents. 

Thee most detailed analyses of solvent extracts were carried out by Stolow 
[10,, U] who used infra red spectroscopy (IR) and gas chromatography (GC) to 
studyy extracts from a range of pigmented and unpigmented oil films. The results 
weree interpreted in terms of a soluble fraction composed of unpolymerised 
triglyceridess - those containing palmitic and stearic acid, as well as the less 
reactive,, monounsaturated oleic acid - in combination with lower molecular 
weightt oxidation products, such as dicarboxylic acids, aldehydes and 
hydroperoxides.. A "non-esterifiable portion" was also described, referring to 
materiall  which was not converted to methyl esters by the GC derivatisation method 
used,, but this fraction - which formed a significant percentage of many of the 
extractss - was not further characterised in the study. It was also speculated that the 
compoundss extracted could include "low molecular weight polymers" [10, p. 81], 
althoughh results from measurements of the quantities of material extracted using 
solventss of different swelling power suggested that the molecular weight range of 
thee extractable material was limited to low molecular weight species [10, p. 69]. 

Ann investigation by Jones [12], who used paper chromatography and thin 
layerr chromatography to analyse isopropanol extracts from unpigmented raw and 
standd linseed oil films, did not find evidence for intact triglycerides in the extracts. 
Instead,, a heterogeneous mixture of material was found, which was interpreted 
generallyy to represent "fragments of polymer chains" and "by-products of the 
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oxidationn reaction". A more precise identification was not possible using these 
techniques. . 

AA more recent study by Erhardt and Tsang [13] included GC and gas 
chromatographyy - mass spectrometry (GCMS) analyses of solvent extracts from a 
rangee of oil paint films, of different age and pigmentation. The major low 
molecularr weight components in the extracts were found to be the saturated fatty 
acids,, palmitic and stearic, along with small amounts of monounsaturated and 
dicarboxylicc acids. Unlike previous studies, this work acknowledged the role of 
hydrolysiss in the natural ageing of oil paint, responsible for the conversion of 
triglyceridess in the paint film to the free fatty acids detected in the extracts. Other 
componentss of the extracts were attributed to paint film components other than oil, 
includingg wax, plasticisers from synthetic polymers, natural resin components, and, 
inn some cases, organic pigments. 

Inn another study, Hedley and co-workers found evidence for the polar 
naturee of acetone-extractable material from a lead white paint film, using dielectric 
thermall  analysis [14]. Analysis of the paint films before and after solvent treatment 
usingg Fourier transform infrared spectroscopy (FTIR) indicated that the extracted 
materiall  included fatty acids, as was found by Erhardt and Tsang. 

Furtherr evidence of hydrolytic decomposition in paint films, made from a 
varietyy of drying oils and pigments, and aged under different conditions, was found 
byy Schilling and co-workers [15]. Mono- and diglycerides, in addition to free, 
saturatedd and dicarboxylic acids, were detected in acetone extracts from these films 
usingg GCMS. Another study, by Tumosa and co-workers, used GCMS to identify 
mono-,, di- and triglycerides of palmitic and stearic acids in acetone extracts from 
bothh a six year old paint film and an eighteenth century paint sample [16]. 

Analysiss of solvent extracts from paint films using GCMS has also been 
carriedd out by van den Berg and colleagues, as part of a research project 
investigatingg the ageing mechanisms of oil paint, and has identified numerous low 
molecularr weight compounds formed during the drying process [8]. A theoretical 
modell  of long-term ageing processes was described by members of the same 
researchh group, in which oil film components susceptible to removal by solvents 
aree termed the "mobile phase" [17]. In this model, it is postulated that in young, 
curingg oil paint, the mobile phase consists of partially oxidised and non-oxidisable 
triglycerides;; and that in mature paint films, cross-linking and hydrolysis of ester 
bondss have progressed so that the mobile phase consists primarily of free fatty 
acids,, diacids and glycerol. 

Inn the current study a number of analytical techniques were used: GC, 
FTIR,, liquid chromatography mass spectrometry (LCMS), SEC, and direct 
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temperaturee resolved mass spectrometry (DTMS); to analyse solvent extracts from 
aa range of paint films, including samples from paintings. As well as providing an 
improvedd understanding of the types of compounds extractable from dried oil paint 
withh solvent, and their relationship to factors such as the age and pigmentation of 
thee paint, these investigations also give insights into the ageing and deterioration 
reactionss occurring in an oil paint film. 

3.2.3.2. Experimental 

Paintt films used for the experiments described in this chapter include a set 
off  samples prepared at the National Gallery of Art in 1993, using sun thickened 
linseedd oil and a range of pigments: ivory black, umber, Naples yellow and lead 
white.. Additional pigmented oil films were prepared at the Courtauld Institute of 
Artt and the National Gallery of Canada in the 1950s and 60s, and others at the 
Foggg Art Museum at Harvard University between 1933 and 1936. Full details of 
thee paint samples are given in Appendix 3. None of the paint films used had 
undergonee accelerated ageing. 

Solventt extracts from samples from two oil paintings on canvas, dating 
fromfrom the eighteenth and early nineteenth centuries, and from two panel paintings 
fromfrom the seventeenth century, were also analysed: details of these paintings are 
alsoo given in Appendix 3. 

AA range of solvents has been used in the study: most of the extracts 
describedd in this paper were obtained using acetone or ethanol, since, of the 
solventss tested, these were typically found to extract the greatest amounts of 
material. . 

Samplee sizes used for analysis varied according to the analytical technique, 
andd the amount of sample available: for GC and DTMS, paint samples weighing 1-
5mgg were immersed in 0.1-0.5mL solvent. Samples from paintings, 0.5-lmm2, 
weree immersed in 0.1-0.3mL solvent. For FTIR, LCMS and SEC, 8-40mg samples 
weree immersed in l-2mL solvent. After immersion for a given period (generally 24 
hours),, the liquid fraction was transferred to a second vial, and dried under a 
streamm of nitrogen, with gentle warming. Where the paint sample was brittle or 
fragmented,fragmented, the extract solution was filtered through a 0.45 um PTFE (Teflon) 
filterfilter  to remove any solid particles, before drying. The dried extract was 
redissolvedd or derivatised as needed for analysis. 

Detailss of analytical conditions for the various techniques are given in 
Appendixx 1, and derivatisation methods for GC analysis are described in detail in 
Chapterr 7. 
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3.3.3.3. Results and discussion 

3.3.1.3.3.1. Gas chromatography, infrared spectroscopy 

Analysiss of solvent extracts from oil paint samples using GC, after 
hydrolysiss and methylation, shows the presence of fatty acids derived from the oil 
medium.. Figure 4 shows a typical chromatogram, of an acetone extract from a 32 
yearr old linseed oil film pigmented with lead white. (Extracts were obtained by 
immersionn of paint samples in solvent for 24 hours, unless otherwise stated.) The 
mainn components detected are methyl esters of the long chain saturated fatty acids, 
palmiticc and stearic acid; and of the dicarboxylic acids produced by oxidative 
scissionn of unsaturated fatty acids: primarily azelaic acid (C9), with smaller 
amountss of suberic (C8) and sebacic (CIO) acid. Peaks in the late part of the 
chromatogram,, eluting after methyl stearate, are characteristic of oxidised CI8 
acidss derived from unsaturated fatty acids in the oil [8]. This chromatogram 
representss the total fatty acids in the extract, and does not indicate whether these 
aree present in the form of free acids or glyceride esters. 
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Figuree 4 Gas chromatogram of acetone extract extract from 32 year old lead white + 
linseedlinseed oil film. Su = dimethyl suberate, Az = dimethyl azelate, Se = dimethyl 
sebacate,sebacate, P = methyl palmitate, S = methyl stearate. 

Infraredd spectroscopy (FTIR) provided additional information on the 
compositionn of the extracted material. Figure 5a shows the IR spectrum of an 
acetonee extract, this time from a 3 year old linseed oil film pigmented with ivory 
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black,, extracted for 1 hour. A notable feature of the spectrum is the presence of 

twoo absorbances in the carbonyl region, at wavenumbers 1740 and 1716, which 

appearr to correspond to carbonyl groups present in esterified and free fatty acids 

respectively.. This was confirmed by analysing another sample of the same extract, 

afterr treatment with diazomethane, a reagent which converts free fatty acids into 

methyll  esters (see below). The spectrum of the methylated extract, Figure 5b, has a 

singlee carbonyl absorbance at wavenumber 1740, corresponding to fatty acid 

glyceridee esters plus methyl esters. This result indicates that the extract contains 

bothh free fatty acids and glyceride esters. 

40000 350 0 300 0 250 0 200 0 150 0 100 0 50 0 

wavenumber r 

Figur ee 5 FTIR spectra of acetone extract from 3 year old ivory black + linseed 

oiloil  film: a) untreated, b) methylated. 

Thee relative proportions of these two types of species in the extracts were 

calculatedd using GC, derivatising samples using diazomethane in a modification of 

thee method described by Mill s [18]. In the modified method, which is described in 

detaill  in Chapter 7, the extract sample is derivatised and analysed in two stages, 

producingg two separate chromatograms, the first representing only those fatty acids 

presentt in the sample as free acids, and the second corresponding to total fatty 

acids,, whether initially present in their free form or as glyceride esters. By use of 

ann internal standard, the proportion of each fatty acid in the sample present in its 
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freefree form can be calculated using peak area ratios of the fatty acid methyl esters to 
thee standard in both chromatograms. 

Proportionss of free fatty acids found in extracts from a range of paint films, 
off  different age and pigmentation, are listed in Table 2. (For azelaic acid, "free 
acids""  refer to those with a carboxylic acid group at both ends of the molecule, and 
thee ester acids are attached to glycerol at one end only. This is because only one 
endd of the molecule is initially attached to the glyceride, the other being formed by 
oxidativee scission of the fatty acid chain. It should be noted that a slight change 
wass made to the derivatisation method during these measurements, and that the 
valuess for percentage free azelaic acid in the test paint films analysed initially - i.e. 
thee first 10 samples in Table 2 - may to be overestimated to some degree. See 
Chapterr 7 for details.) 

Thee smallest proportions of free fatty acids were found in the extracts from 
thee younger paint films: for paint films aged 3-5 years, between 25 and 43% of 
palmiticc acid extracted was in the form of free acids; and 22 to 45% of azelaic acid. 
Thiss indicates that the extractable fraction of these films is predominantly 
glyceridee material. For paint films aged 32 and 63 years, between 42 and 68% 
palmiticc acid is extracted as free acids, and between 20 and 52% azelaic acid. The 
highestt proportions of free acids were found in extracts from samples from 
paintingss over 150 years old, represented in this study by an early 19th century 
Americann portrait on canvas (samples were from a flesh paint area, lead white 
based;; and a black pigmented area), an 18th century canvas painting (samples from 
ann area of sky paint, lead white based), and two 17th century Dutch panel paintings 
(yelloww paint from a painting by Cesar van Everdingen, and sky paint from a 
paintingg by an unknown artist, both samples pigmented predominantly with lead 
white).. Details of all paintings are given in Appendix 3. An anomaly in Table 2 is 
thee ethanol extract from the sample from the second panel painting, in which a 
relativelyy small proportion of the azelaic acid extracted is in its free form, but the 
reasonn for this irregular result is not obvious. Samples from the 19th and 17th 
centuryy paintings included ground in addition to paint layers, and although the 
binderr for the ground was not determined, it is likely that in some cases the soluble 
materiall  derives in part from oil-based ground layers. 

Itt is difficult to draw definite conclusions from these older samples, since 
thee conservation history of the paintings is not known in detail, and some of the 
solublee material may already have been removed by previous treatments. The 
resultss do, however, show a general correlation between the age of the paint and 
thee proportions of free fatty acids in the extracts, relating to a progressive 
hydrolysiss of the glyceride structure of the paint film. 

64 4 



TheThe solvent extractable components 

Tablee 2 Percentages of free (non-esterified) fatty acids in solvent extracts. 

paintpaint film (oil/pigment) 

sunn thickened linseed/Naples yellow 
sunn thickened linseed/ivory black 
sunn thickened linseed/umber 
sunn thickened linseed/ivory black 
sunn thickened linseed/ivory black 
sunn thickened linseed/umber 
sunn thickened linseed/umber 
sunn thickened linseed/lead white 
alkalii  refined linseed/lead white 
standd oil/lead white 

SamplesSamples from CI 9th canvas painting2 

linseedd oil/black 
linseedd oil/lead white (flesh paint) 

SamplesSamples from CI 8th canvas painting 

linseedd oil/lead white (sky paint) 

SamplesSamples from CI 7th panel paintings 

linseedd oil/lead white (yellow paint) 
linseedd oil/lead white (sky paint) 

ageage (yr) 

3 3 
3 3 
3 3 
4 4 
4 4 
4 4 
4 4 
5 5 
32 2 
63 3 

-150 0 
-150 0 

-250 0 

-350 0 
-350 0 

solvent solvent 

acetone e 
acetone e 
acetone e 
acetone e 
ethanol l 
acetone e 
ethanol l 
acetone e 
acetone e 
ethanol l 

acetone e 
acetone e 

acetone e 

ethanol l 
ethanol l 

PPx x 

29 9 
25 5 
26 6 
35 5 
33 3 
33 3 
31 1 
43 3 
42 2 
68 8 

75 5 
80 0 

82 2 

61 1 
72 2 

AzAzl l 

33 3 
22 2 
34 4 
43 3 
39 9 
42 2 
45 5 
38 8 
20 0 
52 2 

62 2 
58 8 

n.a. . 

62 2 
27 7 

11 percentages of palmitic (P) and azelaic (Az) acid in extracts in the form of free acids 
22 for samples from paintings, the predominant pigment in the paint mixture is listed 
33 quantity of azelaic acid extracted from this sample was too small to be measured accurately 

Noo obvious correlation can be seen in the data between the pigmentation of 
thee films and the proportions of free fatty acids in the extracts, even though the 
pigmentt might be expected to have a significant effect on the drying reactions in 
thee films, including hydrolysis to produce free fatty acids. 

3.3.2.3.3.2. Size exclusion chromatography 

Additionall  information on the composition of the extractable material was 
obtainedd using SEC. The chromatogram for an acetone extract from a 3 year old 
linseedd oil film pigmented with umber is shown in Figure 6, along with a 
chromatogramm for cold pressed linseed oil. An approximate molecular weight scale 
wass calculated from calibration with a series of standards (see Appendix 1). 

Thee SEC trace of the extract from the umber film shows two regions, with 
peakss corresponding to the positions of the triglyceride and fatty acid peaks in the 
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linseedd oil chromatogram. This correlates with the results of GC and FTIR, 
showingg that the extract consists of fatty acids both in their free form, and 
esterifiedd as glycerides. The main peak has a broad tail into the high molecular 
weightt region, and although specific molecular weights cannot be calculated from 
thee standards, this at least indicates that higher molecular weight species, i.e. cross-
linkedd or oligomeric glycerides and/or fatty acids, are also present in the extract. 

o o 
o. . 
CO O 

100000 1000 

molecularr weight 

Figuree 6 Size exclusion chromatograms: a) acetone extract from 3 year old 
umberumber + linseed oil film, b) cold pressed linseed oil. 

Inn Figure 7, the chromatogram for the extract from the umber paint film is 
comparedd with chromatograms for acetone extracts from other paint films in the 
samee series: 3 year old films pigmented with lead white, Naples yellow and ivory 
black.. The traces have been normalised to the peak in the fatty acid position for 
comparison,, and do not give an idea of the relative quantities of material extracted 
fromm the different films. The general profile is similar in all of the extracts, and, as 
withh the GC data, no obvious correlation can be seen between the pigmentation 
andd the composition of the soluble material in the paint film. Perhaps most 
surprisingg is the close similarity of the chromatograms of the extracts from the 
ivoryy black and lead white films, since these pigments might be said to represent 
extremess in terms of their effects on oil drying: lead white is a catalyst of oxidation 
andd drying, and black pigments such as ivory black are thought to retard the drying 
processs [l,p. 39]. 

66 6 



TheThe solvent extractable components 

10000 00 1000 0 100 0 10 0 

molecularr weight 

Figur ee 7 Size exclusion chromatograms of acetone extracts from 3 year old 

linseedlinseed oil films pigmented with: a) umber, b) ivory black, c) lead white, d) Naples 

yellow. yellow. 

Figuree 8 shows a series of chromatograms of extracts from the umber paint 

film,film,  this time obtained using xylene, with different immersion times in the 

solvent.. The chromatograms are again normalised to the peak in the fatty acid 

position.. There is not a great change in the overall profile, from extraction times of 

100 minutes to 24 hours, with a significant proportion of the glyceride/cross-linked 

materiall  (i.e. the peak eluting earlier) extracted even in the 10 minute immersion. 

AA gradual increase in the proportion of higher molecular weight material can be 

seenn with increasing immersion time, however, along with a broadening of the 

peakk front, indicating the presence of material of increasing molecular weight. This 

mayy be related to progressive swelling of the paint film with longer solvent 

exposures,, or it may simply be a steric effect, reflecting the slower diffusion of the 

larger,, more complex molecules. 
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Figuree 8 Size exclusion chromatograms of extracts from 3 year old umber + 
linseedlinseed oil film, after immersion in xylene for: a) 10 minutes, b) 1 hour, c) 3 hours, 
d)d) 24 hours. 

3.3.3.3.3.3. Liquid chromatography mass spectrometry 

Somee of the glyceride species in the extracts were identified using LCMS, a 
techniquee which allows the separation and identification of higher molecular 
weightt and oxidised compounds, which are less suitable for analysis by GC [19]. 
Figuree 9 shows a chromatogram of an acetone extract from the same umber paint 
filmm analysed in the previous section (although at the time of analysis it was 4 
yearss old, rather than 3 years), extracted for 1 hour. A reversed phase liquid 
chromatographyy system was used with a water-acetonitrile gradient, which gave a 
separationn of compounds on the basis of polarity, with more polar compounds 
elutingg earlier, and less polar compounds later in the chromatogram (see Appendix 
11 for details). 

Twoo main groups of compounds can be seen in the extract. The group 
elutingg between 44 and 55 minutes includes mono-, di- and triglycerides, generally 
containingg at least one saturated or monounsaturated (oleic) fatty acid residue. 
Speciess identified by mass spectrometry include monopalmitin, monoolein and 
monostearin;; mixed diglycerides of azelaic acid with palmitic, stearic or oleic acid; 
andd a triglyceride with one stearic and two azelaic acid residues. Some of the 
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compoundss show more than one peak, corresponding to isomers with the fatty 

acidss in different positions. 

Thee group of compounds eluting between 8 and 24 minutes includes 

mono-,, di- and triglycerides of oxidised fatty acid residues, such as azelaic acid. 

Speciess identified included mono-, di- and triazelain, as well as azelaic acid. 

u— — 
..J J 

10.00 0 30.000 40.00 
minutes s 

Figur ee 9 Total ion chromatogram (LC) of acetone extract from 4 year old umber 

++  linseed oil film. mA = monoazelain, Az = azelaic acid, dA = diazelain, tA = 

triazelain,triazelain, X = possible isomers of ketone CI8 fatty acids, mP = monopalmitin, 

mOmO = monoolein, dPA = diglyceride of palmitic and azelaic acids, dOA = 

diglyceridediglyceride of oleic and azelaic acids, mS = monostearin, dSA = diglyceride of 

stearicstearic and azelaic acids, tAAS = triglyceride with one stearic and two azelaic acid 

residues. residues. 

Manyy other peaks were not readily identifiable, since appropriate standards 

weree not available, but the mass spectra suggest a number of these are other fatty 

acidd and glyceride species containing oxidised functional groups. For example, the 

groupp of four compounds eluting between 34 and 38 minutes were tentatively 

identifiedd as isomers of a CI8 fatty acid with an a,(3-unsaturated ketone 

functionalityy in the carbon chain. These compounds exhibited UV absorbance, 

whichh supports this identification. 

AA similar range of compounds was identified in acetone extracts from paint 

filmsfilms from the same series pigmented with ivory black and Naples yellow. A 

greaterr proportion of intact triglycerides, and species containing the 

monounsaturatedd oleic acid, were detected in the extract from the ivory black film. 
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Thiss indicates that the drying and oxidation processes have not progressed to the 
samee extent in this paint film, which is consistent with the slower drying properties 
associatedd with this pigment [1, p. 39]. 

Forr comparison with the analyses of solvent extracts from laboratory-
preparedd paint films, an acetone extract from a sample of black paint from the 19th 
centuryy portrait (see Appendix) was also analysed. This exhibited a smaller range 
off  identifiable compounds than in extracts from the younger paint films, but among 
thee compounds detected were mono- and diazelain [20]. The reduced quantities of 
glyceridee species in this sample are consistent with the GC results, which show an 
increasingg proportion of free fatty acids relative to glyceride esters in extracts from 
thee older paint samples. 

S3S3 A. Direct temperature resolved mass spectrometry 

Thee LCMS and SEC methods required relatively large samples for analysis, 
andd so the extracts studied with these techniques were primarily from younger 
paintt films (3-4 years), of which larger amounts were available. For smaller 
samples,, extracts were studied using DTMS, a technique which is suitable for the 
analysiss of small samples of complex material [21, 22]. In this technique, the 
samplee is applied to a filament which is heated in the ion source of a mass 
spectrometer.. Volatilised molecules are immediately ionised, and a mass spectrum 
iss recorded every second. By gradually raising the temperature of the filament, a 
separationn is achieved between different fractions of the sample: low molecular 
weight,, volatile compounds are detected first; followed by non-volatile and 
polymericc components, which are pyrolysed and released at higher temperatures. 
Somee inorganic components can also be detected in certain samples. A total ion 
currentt (TIC) is produced as a function of temperature, which gives general 
informationn about the composition of the sample. Mass spectra can be summed for 
thee whole sample to give an overview of its chemical composition, or for different 
regionss within the TIC, to give information on the compounds released within 
differentt temperature ranges. The analysis time is short - approximately two 
minutes. . 

Figuree 10a shows the TIC for an acetone extract from a 32 year old linseed 
oill  film pigmented with lead white. Material can be seen to desorb in different 
regions,, and summed mass spectra for three regions are shown in Figures lOb-d. 

Inn the mass spectrum from the low temperature region, scans 1-17 (Figure 
10b),, the main peaks are m/z 256 and 284, corresponding to free palmitic and 
stearicc acid. Fragment ions are also produced with m/z 213, 129 and 73. These 
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Figur ee 10 DTMS TIC for acetone extract from 32 year old lead white + linseed 

oiloil  film (a), with summed mass spectra for scans 1-17 (b), 17-65 (c), 65-75 (d). 
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saturatedd fatty acids are relatively volatile, hence their appearance early in the 
temperaturee profile. 

Thee mass spectrum from the middle region of the TIC, scans 17-65 (Figure 
10c),, shows additional peaks corresponding to less volatile species in the extract. 
Peakss at m/z 155 and 171 are characteristic of oxidised CI 8 fatty acids, and m/z 98 
iss produced from the dicarboxylic azelaic acid. Peaks are also present at m/z 239 
andd 267, which are acylium ions formed from palmitic and stearic acids bound as 
esters.. It is likely that these are formed from glyceride species in the sample. The 
seriess of peaks with m/z 550, 578 and 606 correspond to diglyceryl units: 
dipalmitin,, palmitostearin and distearin, respectively. In addition to being formed 
fromfrom diglycerides, these same ions can also be produced by fragmentation of 
triglycerides. . 

Thee higher temperature mass spectrum, scans 65-75 (Figure lOd), contains 
manyy of the same peaks seen in the previous spectra. In addition, there is a higher 
levell  of the large number of peaks in the range m/z 50-400, skewed towards the 
lowerr m/z region. This complex pattern of ions is characteristic of the numerous 
smalll  fragments produced by pyrolysis of cross-linked oil material. 

Thesee results indicate that the acetone extract from this older paint film also 
containss a higher molecular weight component, corresponding to partially cross-
linkedd material, as was found in the SEC studies of extracts from the younger paint 
films.films. The DTMS data do not give an indication of the molecular weight range 
represented,, however. 

DTMSS analyses were also carried out on extracts from a number of samples 
fromfrom paintings, dating from the 17th to 19th centuries. Results are shown in Figure 
111 for an ethanol extract from a sample of flesh paint, lead white based, from a mid 
17thh century panel painting by Jacob van Campen. The TIC for this sample, Figure 
11a,, shows material desorbing in different regions, as for the extract from the 32 
yearr old sample. Many of the same peaks can be seen in the summed mass spectra, 
Figuress llb-d, corresponding to the various fatty acid species described above. 
Additionall  peaks are present in this sample, particularly in the region m/z 390-460, 
whichh are characteristic of triterpenoid resin components [22], indicating the 
presencee of residual varnish in the paint sample (the paint areas were cleared of 
varnishh mechanically, using a scalpel, before sampling). The summed mass 
spectrumm for the latter part of the TIC profile, scans 54-75 (Figure lid) indicates 
thee presence of some higher molecular weight, cross-linked material in this sample 
too.. However, because of the presence of the residual triterpenoid material in the 
sample,, it cannot be said with confidence that the cross-linked material is derived 
fromfrom the oil binder, since specific mass spectrometric markers for such cross-
linkedd oil material have not been determined. From the previous analysis (Figure 
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10)) it seems likely that cross-linked oil components are present in the sample to 
somee extent, but it can also be expected that higher molecular weight resin 
componentss are contributing to the mass spectral profile in this region [22], and 
thesee different types of cross-linked material cannot be readily distinguished using 
DTMS.. This presence of additional components such as varnishes is one problem 
whenn analysing samples from paintings, as compared to laboratory prepared oil 
paintt samples. 

3.4.3.4. Conclusions 

Thee fraction of a dried oil paint film extractable with solvents consists of a 
complexx mixture of compounds, produced by the various reactions occurring in the 
dryingg oil (cross-linking, oxidative scission, hydrolysis, etc.). These include free 
fattyy acids, oxidised fatty acids, mono-, di- and triglycerides, and a higher 
molecularr weight component consisting of partially cross-linked material. The 
relativee proportions of these different types of compound vary according to factors 
suchh as the age and pigmentation of the paint film, and the time of exposure to 
solvent. . 

Detailedd characterisation of glyceride species and higher molecular weight 
materiall  was carried out only on extracts from relatively young films (32 years or 
less).. Because of the limitations of sample size, and contamination by additional 
materialss such as varnish, it was not possible to determine the composition of the 
extractablee material from the much older samples from paintings in as much detail. 

Gass chromatographic measurements indicate an increasing proportion of 
freefree fatty acids in solvent extracts from paint films of increasing age, although a 
significantt proportion of esterified (glyceride) fatty acids are still present in 
extractss from paint samples dating from as early as the 17th century. 

Thee results of SEC analysis indicate that compounds of increasing 
molecularr weight can be extracted from a paint film with longer solvent exposures. 
Thiss supports the idea of avoiding prolonged exposure, and allowing a paint 
surfacee to dry between successive applications of solvent. 
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4.. Quantities of extractable material in paint films 

Abstract t 

TheThe solvent extractable material from a range of oil paint films was quantified, 
fromfrom both changes in weight and gas chromatographic measurements of 
componentcomponent fatty acids in paint samples and solvent extracts. The quantities of 
solublesoluble material, and rate of extraction, depend on factors including the 
pigmentationpigmentation and age of the paint film, as well as the solvent used for extraction. 
SolventsSolvents show some specificity with regard to the types of material extracted, with 
thethe more polar solvents found to extract a greater proportion of more oxidised, 
polarpolar paint film components, and compounds of higher molecular weight. Results 
fromfrom the analysis of paint films of different ages, and from samples from paintings, 
suggestsuggest a progressive decrease in the proportion of solvent extractable material 
withwith age, although considerable quantities of extractables were found in paint 
samplessamples as much as 700 years old. 

4.1.4.1. Introduction 

AA number of previous investigations into the effects of solvents on oil paint 
filmsfilms have included measurements of the quantities of material extractable from a 
varietyy of pigmented and unpigmented films. The most detailed of these studies, 
whichh were summarised in Chapter 2, were carried out by Stolow [1,2], who used 
gass chromatographic (GC) and weight measurements to determine the amounts of 
materiall  extractable from oil paint samples using a range of solvents, and to 
investigatee the influence of various factors on the leaching process. Subsequent 
studiess have provided further information on the effect of various factors - such as 
pigmentation,, oil type and age of paint samples - on the quantities of extractables 
[3-6]. . 

Ass was described in Chapter 2, the majority of these studies have been 
carriedd out using laboratory-prepared paint films of well defined composition, and 
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althoughh this approach to research has considerable advantages, there are also 
limitationss which must be borne in mind when interpreting data from relatively 
youngg test paint films. These relate to the long term changes which occur in the 
physicall  and chemical properties of paint films, as has been highlighted in recent 
researchh [7]. Some of these changes in paint films, with respect to the composition 
off  the extractable material, were illustrated in the previous chapter. 

Thee data presented in this chapter were obtained from the study of both test 
paintt films, aged between 3 and 65 years, and of samples from paintings, dating 
fromfrom the thirteenth to nineteenth centuries. Quantities of material extractable from 
paintt samples were determined either from measurements of change in weight, or 
fromfrom gas chromatographic (GC) analysis of specific fatty acids extracted from the 
films.. The experiments on test paint films proved useful in identifying trends in the 
responsee of different paint films to solvent, and giving further information on the 
factorss influencing the leaching process: the rates of extraction in different 
solvents,, and the relationship of the quantities of material extractable to factors 
suchh as pigmentation, medium content and age of the paint film, were investigated. 
Thee specific action of different solvents, in terms of the composition of the 
materiall  extracted, was also considered. Extract samples were analysed using size 
exclusionn chromatography (SEC) and liquid chromatography mass spectrometry 
(LCMS)) to supplement the information obtained using GC. 

Sampless from paintings were analysed for comparison with results from the 
youngerr test films, to investigate similarities and differences in the response of the 
differentt types of paint sample to solvent. 

Anotherr issue discussed in Chapter 2 was the extreme nature of immersion 
experimentss of the type described in this chapter, which are obviously far removed 
fromfrom conservation practice. The absolute quantities of extractable material 
identifiedd by such tests are indeed of limited use in isolation - as described above, 
suchh studies are really intended to identify general trends in the response of 
differentt types of paint films to solvent. Experiments to measure the leaching 
effectss of more "realistic" solvent exposures will be described in Chapters 5 and 6. 

4.2.4.2. Experimental 

Paintt films used in the experiments described in this chapter were acquired 
fromfrom various museums and research collections, and include a set of films prepared 
att the National Gallery of Art in 1993, sampless prepared at the Courtauld Institute 
off  Art and the National Gallery of Canada in the 1950s and 60s, and samples 
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preparedd at the Fogg Art Museum at Harvard University in the 1930s. Since the 
experimentss described were carried out over a period of years, the ages stated for 
thee paint films are approximate, given to the nearest year. None of the films used 
hadd undergone accelerated ageing. 

Thee paintings sampled for analysis were an early nineteenth century 
portraitt on canvas, and a seventeenth century painting on wood panel. Samples of 
paintt taken from the Westminster Retable, dating from the thirteenth century, were 
alsoo analysed. Full details of the paint samples and paintings used in the study are 
givenn in Appendix 3. 

Thee solvents used were Sol340HT (a low aromatic hydrocarbon mineral 
spiritt produced by Shell Chemical, sometimes sold as Stoddard solvent), xylenes (a 
mixturee of ortho, meta and para isomers), methylene chloride, acetone, iso-
propanoll  and ethanol. 

Driedd residues of Sol340HT were found to contain numerous compounds 
whichh interfered with GC analysis, and the solvent was therefore redistilled before 
usee to improve its purity, discarding the initial distillate and the final, small volume 
off  residue in the distillation flask. Since the solvent is a mineral spirit, composed of 
aa complex mixture of hydrocarbons with different boiling points, such a distillation 
wil ll  alter its composition to some extent (resulting in the loss of the compounds of 
lowestt and highest boiling points). However, for the purposes of these 
experiments,, it was felt that the general properties of the distilled solvent would 
nott be altered significantly. All other solvents used in the study were high purity 
(analytical)) grades. 

Forr measurements of weight change in test paint samples, unsupported 
sampless weighing between 3 and 20mg were immersed in l-2mL solvent for the 
specifiedd time, then removed and placed on a PTFE (Teflon) support to dry. 
Dryingg was generally complete (to a constant weight) within 24 hours, although up 
too 9 days were allowed for the slower drying solvents. Samples were generally 
intactt sections of film, but where the paint was brittle or fragmented, the sample 
wass put in a small basket made from stainless steel wire mesh for weighing and 
immersion.. Weighing was carried out using a Mettier H51AR balance, accurate to 
lOug.. For both weighing and GC measurements, duplicate samples were analysed 
inn most experiments, including analyses of samples from paintings, and the results 
presentedd are averages. In a few cases where limited material was available, only 
singlee samples were analysed. 

Detailss of analytical conditions for GC, SEC and LCMS are given in 
Appendixx 1. Derivatisation methods for GC analysis, and methods of quantitation 
off  extractable fatty acids, are described in detail in Chapter 7. 
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4.3.4.3. Results and discussion 

4.3.1.4.3.1. Material extracted by different solvents 

Solventss show some degree of specificity in terms of the components they 
extractt from paint films. This is illustrated in Figure 1, which shows gas 
chromatogramss of extracts obtained from samples of a 32 year old linseed oil film 
pigmentedd with lead white, using three solvents: acetone, xylene and Sol340HT. 
(Extractss were obtained by immersion of paint samples in solvent for 24 hours, 
unlesss otherwise stated.) As described in Chapter 3, the main components detected 
aree methyl esters of the long chain saturated fatty acids: palmitic and stearic acid; 
andd the dicarboxylic acids: azelaic, suberic and sebacic acid. The relative 
proportionss of these fatty acids are different in the three solvent extracts, 
particularlyy with regard to the shorter chain fatty acids. Acetone extracts the 
greatestt proportion of azelaic, suberic and sebacic acids. A smaller proportion of 
thesee compounds is found in the xylene extract, and only a trace is detected in the 
Sol340HTT extract. 
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Figuree 1 Gas chromatograms of solvent extracts from 32 year old lead white + 
linseedlinseed oil film: a) acetone, b) xylene, c) Sol340HT. Su = dimethyl suberate, Az = 
dimethyldimethyl azelate, Se = dimethyl sebacate, P = methyl palmitate, S = methyl 
stearate. stearate. 
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Thesee results relate to die polarity of the solvents and the extracted 
components:: the dicarboxylic acids are more polar than palmitic and stearic acid, 
becausee of the presence in these compounds of two oxygenated functional groups, 
ass well as their shorter chain length. The proportions of dicarboxylic acids found in 
thee solvent extracts are therefore consistent with the properties of the solvents: 
acetonee is a polar, oxygenated solvent; xylene an aromatic solvent of intermediate 
polarity;; and Sol340HT a nonpolar hydrocarbon solvent. 

Thee same trend is observed with the analysis of glycerides in the extracts 
usingg LCMS. Figure 2 shows chromatograms of solvent extracts from a 4 year old 
linseedd oil film pigmented with umber, analysed by LCMS. The same three 
solvents:: acetone, xylene and Sol340HT; were used for extraction. The water-
acetonitrilee solvent gradient system used for the chromatography (see Appendix 1) 
gavee a separation of compounds on the basis of polarity, with more polar 
compoundss eluting earlier, and less polar compounds later in the chromatogram. 
Detailss of the glyceride species identified by LCMS were given in Chapter 3 
(Figuree 9). 

Thee acetone extract contains the greatest proportion of the more polar, 
oxidisedd compounds eluting between 8 and 24 minutes (species identified included 
mono-,, di- and triglycerides of azelaic acid - see Chapter 3 for details), the xylene 
extractt an intermediate amount, and the Sol340HT extract contains only traces of 
thesee compounds. 

Thee specific action of solvents can also be seen in the molecular weight 
distributionn of extractable material, as shown by SEC. Figure 3 shows size 
exclusionn chromatograms for material extracted from the umber pigmented linseed 
oill  film, 3 years old at the time of analysis, using acetone, xylene and Sol340HT. 
Ass described in Chapter 3, the chromatograms show two regions: a low molecular 
weightt region corresponding to free fatty acids, and a higher molecular weight 
regionn corresponding to glycerides and partially cross-linked material. The traces 
havee been normalised to the peak in the fatty acid position (eluting later in the 
chromatogram)) to indicate the relative proportions of these two fractions. 
Comparisonn of the traces shows that the acetone extract contains the greatest 
proportionn of glyceride/cross-linked material, xylene an intermediate amount, and 
Sol340HTT mostly free fatty acids, with only a small proportion of the higher 
molecularr weight compounds. In addition, the broadening of the tail of the main 
peakk into the high molecular weight region, in increasing order: Sol340HT, xylene, 
acetone;; indicates that compounds of increasing molecular weight are being 
extractedd from this paint film with the use of the more polar solvents. This effect is 
probablyy a consequence both of the increased swelling power of the more polar 
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Figuree 2 Total ion chromatograms (LC) of solvent extracts from 4 year old 
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Figuree 3 Size exclusion chromatograms of solvent extracts from 3 year old umber 
++  linseed oil film: a) acetone, b) xylene, c) Sol340HT. 

solvents,, and of the relative polarity of the material in the two fractions: the higher 
molecularr weight fraction includes partially polymerised material derived from 
unsaturatedd fatty acids in the linseed oil, which will have become more polar 
throughh the incorporation of oxygen in the cross-linking process. 

4.3.2.4.3.2. Methods of quantitation of extractables 

Whenn analysing oil paint films which are well characterised in terms of 
composition,, and available in relatively large amounts (in the order of milligrams 
att least), it is possible to weigh samples before and after extraction, giving a 
reliablee measure of the quantity of material extracted from the oil binder. For 
smallerr samples, such as those taken from paintings, this cannot be done to a high 
degreee of accuracy. As described in previous chapters, samples from paintings 
havee the additional problem that extractable material will not be derived 
exclusivelyy from the binding medium, and may include components of additional 
materials,, such as varnishes and consolidants. For such samples, measurements of 
weightt change are impractical, and it is necessary to use marker compounds to 
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indicatee the quantities of material extracted - the most obvious being the 
componentt fatty acids in dried linseed oil such as palmitic and azelaic acid. 

Thee variability in the coi ïposition of solvent extracts, described above, has 
somee relevance to quantitative measurements using marker compounds, however: 
aa single compound, such as palmitic acid, will not necessarily be the most accurate 
indicatorr of the overall quantity of material extracted. This must be borne in mind 
whenn interpreting such measurements. The fatty acid measurements described in 
thiss paper use both palmitic and azelaic acid as marker compounds where possible. 

4.3.3.4.3.3. Measurements of extractables by weight 

Thee quantities of material extracted from samples of three paint films: sun 
thickenedd linseed oil pigmented with ivory black, umber and lead white; using a 
rangee of solvents, are plotted in Figure 4. The ivory black and umber films were 
approximatelyy four years old when the measurements were made, and the lead 
whitee film six years old. Results are plotted as weight percentage of the binding 
medium,, calculated from the pigment to binder ratio of each film. These values are 
alsoo listed in Table 1, which compiles data from the various paint films tested. 
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Figuree 4 Percentages of binding medium extracted from ivory black, umber and 
leadlead white paint films after 24 hour immersion in solvent. 

Thee greatest quantities of material are extracted from the umber paint film, 
withh almost 50% of the binding medium extracted in ethanol. This is probably a 
consequencee of the high medium content (41% oil), and relatively slow drying 
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Tablee 1 Quantities of solvent extractable material in oil paint films. 

paintpaint film, age 

Napless yellow + sun thickened linseed 
oill  (s.tl.o.), 3 years 

umberr  + s.tl.o., 4 years 

ivoryy black + s.t.l.o., 4 years 

leadd white + s.tl.0., 6 years 

leadd white + alkali refined l.o., 32 years 

solvent solvent 

acetone e 

ethanol l 
acetone e 

MeCl2 2 

xylene e 

Sol340HT T 

ethanol l 
acetone e 

MeCl2 2 

xylene e 
SoD40HT T 
ethanol l 
acetone e 
MeCl2 2 

xylene e 
Sol340HT T 
acetone e 

extraction extraction 
timetime (hr) 

0.17 7 
0.33 3 
1 1 
3 3 
24 4 
24 4 
0.17 7 
0.33 3 
1 1 
3 3 
24 4 
0.17 7 
0.33 3 
1 1 
3 3 
24 4 
0.17 7 
0.33 3 
1 1 
3 3 
24 4 
0.17 7 
0.33 3 
1 1 
3 3 
24 4 
24 4 
0.17 7 
0.33 3 
1 1 
3 3 
24 4 
24 4 
24 4 
24 4 
24 4 
24 4 
24 4 
24 4 
24 4 
24 4 

%film %film 
extracted' extracted' 

5.2 2 
5.6 6 
6.8 8 
7.0 0 
7.9 9 
20.0 0 
14.7 7 
15.7 7 
16.1 1 
16.3 3 
17.7 7 
12.8 8 
13.6 6 
14.7 7 
14.8 8 
14.9 9 
6.1 1 
6.4 4 
7.0 0 
8.4 4 
9.0 0 
0.4 4 
0.8 8 
1.5 5 
1.7 7 
3.0 0 
10.1 1 
9.4 4 
9.2 2 
9.7 7 
9.6 6 
10.0 0 
9.4 4 
7.5 5 
3.0 0 
4.2 2 
3.8 8 
3.1 1 
2.2 2 
0.7 7 
3.1 1 

%% medium 
extractedextracted" " 

22.2 2 
23.8 8 
28.8 8 
29.6 6 
33.4 4 
48.5 5 
35.7 7 
38.0 0 
39.1 1 
39.5 5 
42.9 9 
31.2 2 
33.0 0 
35.6 6 
35.9 9 
36.1 1 
14.8 8 
15.5 5 
17.1 1 
20.4 4 
21.9 9 
0.9 0.9 
2.0 0 
3.6 6 
4.2 2 
7.4 4 
32.3 3 
30.0 0 
29.4 4 
31.1 1 
30.8 8 
31.9 9 
30.2 2 
23.9 9 
9.4 4 
31.3 3 
28.4 4 
22.9 9 
16.1 1 
5.6 6 
20.5 5 

11 percent total film weight extracted 
22 percent medium extracted, calculated using pigment to binder ratio 

properties,, of this paint film. For the other films, the quantities extractable are of 
thee same order as those found in previous studies [1,3], with maximum values of 
aroundd 30% medium extractable. It should be noted that despite the high extraction 
values,, all the paint samples remained intact, and there was no evidence of pigment 
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losss in any of the solvents. The solvents in Figure 4 are placed in order of their 
Hildebrandd solubility parameter, 8, a value related to the polarity of the solvent. 
Thesee values are listed in Table 2. (A number of solubility parameter systems exist, 
withh different emphasis on specific solvent properties [10], but the Hildebrand 
parameterr has been used in previous research [1] and is convenient as a general 
indicatorr of polarity.) 

Tablee 2 Hildebrand solubility parameters (8) for solvents used in study. 

solvent solvent 

Sol340HT T 
xylene e 
methylenee chloride 
acetone e 
2-propanol l 
ethanol l 

S S 

7.4* * 
8.8 8 
9.7 7 
10.0 0 
11.5* * 
12.7 7 

**  From Shell literature [8], others from Crowley et al. [9] 

Thee lowest quantities of material extracted in each solvent were found for 
thee lead white film. This is consistent with the drying properties of the film, which 
iss likely to be more extensively cross-linked as a result of the catalytic effect of the 
leadd pigment. (The additional ageing period experienced by this film will also have 
influencedd the results to some extent, although it seems likely that the pigmentation 
wil ll  be the main factor within this age range.) Perhaps surprisingly, however, the 
leadd white values are not all that different from those for the ivory black film, 
whichh would be expected to have the poorest drying properties of the three films. 
Thee inhibiting effect of ivory black pigment on oxidation is indicated by gas 
chromatogramss of samples from the paint films, shown in Figure 5. The ivory 
blackk paint sample contains a high proportion of oleic acid - a monounsaturated 
fattyy acid which decomposes during oxidation of the paint film to form azelaic acid 
andd other products - indicating that drying has not progressed to an advanced state 
inn this film. The umber paint sample contains much less oleic acid, and 
correspondinglyy more azelaic acid, and the lead white sample contains only a trace 
off  oleic acid. The reduced oxidation in the ivory black film is reflected in the 
resultss in Figure 4, with this film showing the highest quantities extractable of the 
threee paint films in the least polar solvents: Sol340HT and xylene. 

Al ll  paint films show a general correlation between the polarity of the 
solventt and the overall quantity of material extracted, with ethanol having the 
greatestt effect in each case, and Sol340HT the least. The intermediate effect of 
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Figuree 5 Gas chromatograms of samples from ivory black, umber and lead white 
paintpaint films. Az = dimethyl azelate, P = methyl palmitate, O = methyl oleate, S = 
methylmethyl stearate. 

methylenee chloride is perhaps surprising, considering the high swelling effect 
whichh has been demonstrated for chlorinated solvents in this solubility parameter 
regionn [1, p. 92]. This suggests that the degree of swelling is not necessarily the 
mostt important factor determining the amount of leaching that occurs, and that the 
solubilityy parameters of the solvent and extractable compounds play an important 
role.. The idea that swelling and leaching phenomena are not necessarily closely 
relatedd was also mentioned by Stolow, illustrated by his results for methanol, 
whichh was a poor swelling solvent but caused a considerable amount of leaching 
[l.P-92]. . 

Inn Figure 6, quantities of extractable material are plotted for paint samples 
immersedd in acetone for different periods of time, from 10 minutes to 24 hours. 
Thee samples were from films of sun thickened linseed oil pigmented with Naples 
yelloww (approximately 3 years old), umber and ivory black (4 years). The data 
fromm Table 1 have been plotted as percentages of the 24 hour value for each series: 
althoughh this doesn't necessarily represent the end point of extraction in all cases, 
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plottingg in this way gives an indication of the relative rates of extraction from the 

differentt paint films. Extraction occurs rapidly for all of the paint films, with over 

65%% of the 24 hour extraction value reached within 10 minutes in each case. This 

correlatess with the results of Stolow, who found extraction to occur rapidly from 

leadd white and unpigmented films in acetone [1, pp. 62-63]. 

.22 o 
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fcfc o 

== i 
20 0 

-- Naples yellow 

-umber r 

-ivoryy black 

00 3 6 9 12 15 18 21 24 

extractionn time (hours) 

Figur ee 6 Proportions of soluble material extracted from Naples yellow, umber 

andand ivory black paint films with different immersion times in acetone, expressed as 

percentagespercentages of 24 hour extraction value. 

Extractionn is most rapid for the ivory black film, with 94% of the 24 hour 

valuee extracted in 10 minutes, and least so for the Naples yellow film, with 67% 

extractedd in this time. Despite the umber film showing the greatest overall 

quantitiess extractable in acetone (see Table 1), the rate of extraction is intermediate 

betweenn the ivory black and Naples yellow films. These results also seem to be 

relatedd to the drying properties of the pigments: ivory black retards drying; Naples 

yelloww is predominantly lead antimonate, which accelerates drying [11]; and 

umberr has an intermediate effect, complicated by the presence of both manganese, 

aa drying accelerator, and iron oxides, which tend to produce more poorly drying 

filmsfilms [12, pp. 83-84]. Again, the age discrepancy between these paint films cannot 

bee ruled out as a factor in their relative responses to solvent, but it is likely that 

pigmentt effects are more dominant. 

Quantitiess of material extracted from samples of the umber paint film 

immersedd for different periods of time in four solvents: acetone, methylene 
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chloride,, xylene and Sol340HT; are plotted in Figure 7. The data for each series 
aree again plotted as percentages of the 24 hour extraction value. Comparison with 
Figuree 4 shows that the fastest acting solvents are not necessarily those that extract 
thee most material. Extraction occurs most rapidly in methylene chloride, with 86% 
off  the 24 hour value extracted in 10 minutes. The speed of action of this solvent is 
relatedd to its diffusion characteristics: it is able to penetrate rapidly into paint films 
onn account of its small molecular size and low viscosity. The influence of the 
physicall  properties of solvents on their diffusion into oil films has been discussed 
inn some detail by Stolow [13]. Acetone and xylene also act quickly, with 83% and 
68%% of the 24 hour value extracted in 10 minutes, respectively, and Sol340HT has 
aa much slower effect, with only 12% extracted in 10 minutes. The shape of the plot 
alsoo indicates that extraction is far from completion in Sol340HT even after 24 
hours. . 

20 0 

0 0 
00 3 6 9 12 15 18 21 24 

extractionn time (hours) 

Figuree 7 Proportions of soluble material extracted from umber paint film with 
differentdifferent immersion times in solvent, expressed as percentages of 24 hour 
extractionextraction value. 

4.3.4.4.3.4. Quantities of extractable fatty acids 

Quantitiess of fatty acids extractable from paint samples have been 
determinedd using two methods. For the younger paint films, of which more 
materiall  was available, samples taken from paint films before and after extraction 
inn solvent were weighed and analysed using GC, with an internal standard. This 
allowedd calculation of the concentrations of component fatty acids in the paint 
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samples,, and the quantities of fatty acids extracted were determined from 
differencess in fatty acid concentrations in the samples before and after extraction. 
Forr other samples, including those from paintings, samples were immersed in 
solventt for 24 hours, after which the extract solution was transferred to a separate 
vial,, and the extracted material and paint sample residue were analysed separately, 
usingg GC with an internal standard as before. Quantities of fatty acids in the extract 
weree then calculated as percentages of the total fatty acids, i.e. those in the residue 
pluss extract. Both methods are described in more detail in Chapter 7. 

Resultss obtained from a range of paint films, using the two methods, are 
listedd in Table 3. In some cases, both methods were used to determine quantities 
extractablee from samples of the same paint film (see results for umber film 
extractedd in acetone and methylene chloride). The close correspondence of the 
valuess obtained is reassuring, from the point of view of the reliability of these 
methodss (further considerations regarding the accuracy and precision of 
quantitationn are discussed in Chapter 7). 

Tablee 3 Quantities of palmitic (P) and azelaic (Az) acids extracted from paint 
filmsfilms by 24 hour immersion in solvent, expressed as percentages of total fatty acids 
inin films before extraction. A and B refer to the two methods of quantitation, which 
areare described in the text. 

paintpaint film, age 

Napless yellow + sun thickened linseed 
oill  (s.t.1.0.), 3 years 

umberr  + s.t.l.o., 4 years 

ivoryy black + s.tlo., 4 years 

leadd white + s.M.o., 5 years 
leadd white + raw l.o., 22 years 
leadd white + alkali refined (a.r.l.o.), 

333 years 
leadd white + a.r.l.o., 44 years 
leadd white + stand l.o., 44 years 
leadd white + stand l.o., 62 years 

leadd white + raw l.o., 65 years 
leadd white + stand l.o., 65 years 

solvent solvent 

acetone e 
ethanol l 
acetone e 
MeCl2 2 

xylene e 
Sol340HT T 
ethanol l 
acetone e 
MeCl2 2 

xylene e 
Sol340HT T 
acetone e 
acetone e 

acetone e 
acetone e 
acetone e 
acetone e 
ethanol l 
acetone e 
acetone e 

%% P extracted 
A A 

55 5 
69 9 
67 7 
65 5 
56 6 
35 5 
51 1 
49 9 
50 0 
47 7 
33 3 

B B 

67 7 
65 5 

55 5 
61 1 

43 3 
43 3 
39 9 
40 0 
47 7 
27 7 
28 8 

%% Az extracted 
A A 

44 4 
61 1 
56 6 
48 8 
30 0 
3 3 

42 2 
41 1 
39 9 
31 1 
9 9 

B B 

60 0 
51 1 

40 0 
24 4 

18 8 
22 2 
22 2 
21 1 
18 8 
14 4 
15 5 
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Thee quantities of palmitic and azelaic acids extracted from samples of the 4 

yearr old umber and ivory black paint films in different solvents are plotted in 

Figuree 8. The results correlate fairly closely with the weight losses plotted in 

Figuree 4, with increasing proportions of fatty acids extracted with solvents of 

increasingg polarity, and greater overall quantities of extractables generally found 

forr the umber film. One feature of the results worth noting is that the proportions 

off  these individual marker compounds extracted from the paint samples are greater 

thann the overall proportion of medium extracted - almost 70% of palmitic acid is 

extractedd from the umber paint film with ethanol, compared to 49% of medium in 

thee same solvent. This is because palmitic and azelaic acid do not participate in the 

cross-linkingg reactions of the drying oil, and are therefore more likely to form part 

off  the soluble fraction of the paint film, either as free acids or in the form of 

glyceridee species. 

SOI340HT T xylene e MeCI22 acetone ethanol 

SOI340HT T xylene e MeCI22 acetone ethanol 

Figur ee 8 Proportions of palmitic and azelaic acids extracted from umber (a) and 

ivoryivory black (b) paint films after 24 hour immersion in solvent, expressed as 

percentagespercentages of total fatty acids in films. 
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Figuree 8 again shows the relationship between the polarity of the solvent 
andd the relative proportions of the fatty acids extracted, as described previously. A 
greaterr proportion of the more polar, dicarboxylic azelaic acid relative to palmitic 
acidd is seen in the results for the more polar solvents, particularly ethanol and 
acetone,, and a much smaller proportion of this compound is seen in the results for 
thee nonpolar hydrocarbon solvent Sol340HT. 

Inn Figure 9, the proportions of fatty acids extractable in acetone are plotted 
forr lead white paint samples of different ages. Although the samples were from 
paintt films with different formulations, particularly with regard to oil type (the 
differentt linseed oils used: raw, alkali refined, sun thickened and stand oil; are 
indicatedd in Figure 9), and had not been aged under identical environmental 
conditions,, a general trend can be seen of decreasing quantities of extractable 
materiall  with age, reflected in both the palmitic and azelaic acid data. Quantities of 
extractabless measured as weight loss are also listed for two lead white films in 
Tablee 1, and show a similar reduction in the 32 year old film (20.5% medium) 
relativee to the 6 year old film (28.4%), although the different formulations and 

70--
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oo 50 
o o g g 
?? 40 
en n 
g g 

'o o 
** 30 
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.2 2 

°° 20 
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Figuree 9 Proportions of palmitic acid (solid figures) and azelaic acid (hollow 
figures)figures) extracted from lead white paint samples after 24 hour immersion in 
acetone,acetone, expressed as percentages of total fatty acids in samples. Films made with 

 = raw linseed oil,  = alkali refined l.o., A - sun thickened l.o.,  = stand l.o. 
TrendlinesTrendlines were added using an exponential function. 

azelaic c 

~ii  1 1 1 1 1 1 
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ageingg environments of these films must again be borne in mind. In Figure 9, the 
oill  type doesn't appear to have a significant effect on the proportions of material 
extractable,, indicated in particular by the close correlation of values obtained for 
sampless from paint films of the same age (44 and 65 years) made with different 
typess of oil. 

Stoloww observed increasing proportions of extractable material in films of 
leadd white and stand oil aged up to 25 years [1, pp. 66-67]. The current results 
suggestt that with longer periods of ageing, a gradual stabilisation of the paint film 
occurs,, reducing the quantity of material extractable. This correlates with 
conclusionss drawn from early studies of drying oils in the industrial field [14, p. 
1088].. Whether this stabilisation is a result of continuing polymerisation of drying 
oil,, or by interactions between organic and inorganic components of the paint film, 
cann only be speculated. A recent study has shown that aged oil paint films can be 
considerablyy hydrolysed, and has postulated that ionic interactions between 
pigmentt and medium play a dominant structural role in these films [7]. Such ionic 
interactionss could also be a factor in the reduced quantities of extractables 
observedd here. 

Interactionss between pigment and organic film components could also help 
too explain the lower quantities of azelaic acid, relative to palmitic acid, which are 
consistentlyy found to be extractable from all of the paint films tested: the 
dicarboxylicc azelaic acid will have a greater potential to form ionic interactions 
withh inorganic components in the paint film than the monocarboxylic palmitic 
acid,, and this could be a reason for it being less readily extractable. 

4.3.5.4.3.5. Analysis of previously leached films 

AA small number of paint samples were available which had been exposed to 
solventss previously, having been used for swelling and leaching measurements by 
Stoloww in the 50s and 60s. It was useful to analyse these samples again, to see if 
additionall  solvent extractable material had accumulated since the previous 
experiments.. Some investigations of this type had been carried out by Stolow 
himself,, who found that further leaching occurred in acetone from 15 year old lead 
white/standd oil films, which had initially been extracted in the same solvent after 1 
orr 7 years' ageing [1, pp. 67-68], The present study was an opportunity to 
investigatee the formation of soluble material over considerably longer ageing 
periods. . 
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Thee paint samples analysed were as follows: 

1.. Sample from 64 year old lead white/stand oil film, previously extracted 13 
hourss in ethanol after 25 years' ageing. 

2.. Sample from 46 year old lead white/stand oil film, previously extracted in a 
seriess of solvents, including methanol, ethanol, propanol and acetone, after 18 
weeks'' ageing. 

Sampless 1 and 2 were extracted for 24 hours in ethanol and acetone, 
respectively.. The initial solvent treatments described would be expected to have 
removedd the bulk of material soluble in these solvents, and hence any further 
leachingg measured will represent material formed as a result of continuing 
deteriorationn in the paint film. The weight losses and quantities of fatty acids 
extractedd are listed in Table 4. Weight losses as percent medium are approximate, 
andd represent the percentage of the remaining medium content of the paint sample 
afterr the initial solvent treatment, estimated from Stolow's data. Likewise, the fatty 
acidd data are percentages of remaining fatty acids in the films after the initial 
leaching. . 

Tablee 4 Quantities of solvent extractable material in previously leached paint 

samples. samples. 

sample sample 

1 1 

2 2 

age age 

255 years 
644 years 
188 weeks 
466 years 

solvent solvent 

ethanol l 
ethanol l 
series s 
acetone e 

%film %film 
extracted extracted 

5.22 ' 
1.5 5 
5.00 ' 
1.7 7 

%% medium 
extracted extracted 

25' ' 
9 9 
27' ' 
12 2 

%P %P 
extracted extracted 

n.d. . 
35 5 
n.d. . 
35 5 

%Az %Az 
extracted extracted 

n.d. . 
18 8 
n.d. . 
17 7 

'dataa from Stolowfl, 15] 
22 see text for details 
n.d.. = not determined 

Significantt quantities of material were extracted from both samples, 
althoughh at lower levels than in the initial leaching treatment. This corroborates the 
resultss of Stolow, demonstrating that extractable compounds continue to form in a 
paintt film after an initial, "exhaustive" leaching treatment, as a result of ongoing 
ageingg and deterioration processes in the film. The results for Sample 1 are perhaps 
moree informative than those for Sample 2, which had only a relatively short drying 
periodd before the first solvent treatment, and would still have been undergoing 
considerablee chemical changes at this stage. The 25 year old film would have been 
moree thoroughly dried by the first treatment. Despite this difference, however, the 
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resultss for the two samples correspond closely, particularly with regard to 
quantitiess of fatty acids extracted. 

Thesee results, along with the data described in the previous section, 
illustratee the complex nature of the drying chemistry of oil paint: the "drying" 
reactionss of cross-linking, and other processes such as the ionic interactions 
describedd previously, take place concurrently with degradative reactions -
hydrolysiss and oxidative scission - producing smaller molecules. This means that 
thee net effect of these various reactions may be a gradual stabilisation of the paint 
film,film,  even though degradation processes are still occurring. 

4.3.6.4.3.6. Solvent extraction of samples from paintings 

Sampless from paintings were analysed to determine quantities of 
extractablee fatty acids, for comparison with the results from the test paint samples 
describedd above. The paintings studied were an early 19th century American 
portraitt on canvas, and a 17th century painting on panel by Jacob van Campen. 
Sampless from the 13th century Westminster Retable were also analysed. (Details 
off  the paintings are given in Appendix 3). Pigment and medium analysis of the 
19thh and 17th century paintings indicated a fairly straightforward technique, with 
conventionall  pigments bound in pure linseed oil, and no evidence of non-drying 
additivess to the medium. The 13th century samples were also found to be based on 
linseedd oil. 

Sampless from the 19th century painting were taken from an area of flesh 
paint,, consisting of well bound, lead white based paint, after first removing vamish 
mechanically,, using a scalpel blade. Samples from the van Campen were also 
takenn from a flesh paint area, lead white based, after a similar mechanical varnish 
removal.. Samples from the Westminster Retable, made with a dark pigment 
mixturee (including carbon black), were fragments which had detached from the 
support,, and hence it was not possible to separate the varnish layers prior to 
extraction.. It is therefore conceivable that some fatty acids detected in the extracts 
fromfrom these samples could be derived from an oil-containing varnish layer, although 
thee thin varnish layers formed only a small proportion of the bulk of the samples. 

Quantitiess of fatty acids extractable from the paint samples using different 
solventss are plotted in Figure 10, and listed in Table 5 (the van Campen samples 
weree extracted in an additional solvent - isopropanol). It should be noted that 
sampless from the 19th century painting consisted of ground in addition to paint 
layers,, and although the binder for the ground was not determined, it is likely that 
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Sol340HTT xylene MeCI2 2 acetone e ethanol l 
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Figur ee 10 Proportions of palmitic and azelaic acids extracted from 19th century 

(a),(a), 17th century (b) and 13th century (c) paint samples after 24 hour immersion in 

solvent,solvent, expressed as percentages of total fatty acids in samples. 
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Tablee 5 Quantities of palmitic (P) and azelaic (Az) acids extracted from samples 
fromfrom paintings by 24 hour immersion in solvent, expressed as percentages of total 
fattyfatty acids in samples before extraction. 

samplesample description 

earlyy 19th century (flesh paint) 

midd 17th century (flesh paint) 

13thh century (dark paint) 

solvent solvent 

ethanol l 
acetone e 
MeCl2 2 

xylene e 
Sol340HT T 

ethanol l 
2-propanol l 
acetone e 
MeCl2 2 
xylene e 
Sol340HT T 

ethanol l 
acetone e 
MeCl2 2 
xylene e 
Sol340HT T 

%P %P 
extracted extracted 

39 9 
23 3 
60 0 
13 3 
2 2 

37 7 
7 7 
14 4 
49 9 
10 0 
4 4 

49 9 
28 8 
44 4 
10 0 
7 7 

%Az %Az 
extracted extracted 

18 8 
12 2 
10 0 
1 1 
1 1 

5 5 
<1 1 
2 2 
2 2 
<1 1 
<1 1 

37 7 
16 6 
4 4 
<1 1 
<1 1 

itt is oil based, and will therefore be the source of some of the extractable fatty 
acidss detected. 

Ass was mentioned previously, the analysis of samples from paintings is 
complicatedd by the fact that solvent extractable material will include compounds 
otherr than those deriving from the original binding medium - varnish components, 
consolidants,, and, in some cases, additives to the paint medium. In these examples, 
however,, the preliminary analyses of samples from the same paint areas indicated 
thatt the medium was pure linseed oil, free of fatty acid contaminants/additives such 
ass wax, and it was concluded that fatty acids detected in the solvent extracts were 
derivedd from the binding medium (although, as mentioned above, in the case of the 
Westminsterr samples it is possible that some fatty acids may be derived from a 
varnishh layer). The ratios of fatty acids in the extracts were consistent with this 
idea. . 

Itt can be seen in Figure 10 that significant quantities of fatty acids remain 
solublee in these much older paint samples, although generally at lower levels than 
inn younger paint films in the same solvents. A notable feature is the pronounced 
effectt of methylene chloride on the older samples, with 60% palmitic acid 
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extractedd from the 19th century samples in this solvent, 49% from the 17th century 
samples,, and 44% from the 13th century samples. For the other solvents, the 
patternpattern is similar to that seen for the 4 year old samples, with the more polar 
solventss generally extracting greater quantities of material. The samples from the 
threee paintings show some variation in their responses to the different solvents, for 
examplee the pronounced effect of ethanol found for the 13th century samples, but 
itit  is difficult to make any detailed interpretations from the results for individual 
paintings,, given the numerous variable factors (age, pigmentation, etc.) involved. 
Ass with the samples from test films, all of the paint samples remained intact in 
thesee experiments, with no evidence of disintegration or pigment loss in any of the 
solvents. . 

Thee leaching action of methylene chloride in these cases could be 
associatedd with the swelling properties of this solvent, although it seems unlikely 
thatt the older, relatively hard paint samples should be more prone to swelling than 
younger,, more flexible paint films - current research, in fact, suggests that very 
littl ee swelling occurs in much older paint films [16]. Another factor to consider is 
thee solubility properties of fatty acids, which make up an increasing proportion of 
thee extractable material in older paint films, relative to glycerides and higher 
molecularr weight compounds, as described in the previous chapter. The solubilities 
off  palmitic acid in five solvents are plotted in Figure 11 - data for methylene 
chloridee and Sol340HT were not found, but solubilities for chloroform 
(trichloromethane)) and hexane, which are of similar chemical type and solubility 
parameter,, have been plotted instead. These solubility values bear some 
resemblancee to the extraction data in Figure 10, with palmitic acid showing the 
highestt solubility in the chlorohydrocarbon solvent, chloroform. The pronounced 
effectt of methylene chloride in these examples may relate to the fact that the 
chlorohydrocarbonss are good solvents for free fatty acids, making them more 
efficientt in extracting these compounds from the solid paint matrix. In studies of 
lipidd extraction from biological tissues, similar relationships have been observed 
betweenn the absolute solubilities of lipid compounds in solvents and the efficiency 
off  the solvents in extracting lipid material from tissues [17]. It has been suggested 
thatt the high solubility of fatty acids in chlorinated solvents is a result of specific 
dipolee interactions between the chlorine-carbon and hydroxyl groups in the two 
moleculess [18, pp. 276-277]. 

Thesee solvent properties would also account for the observations of 
Masschelein-Kleinerr and co-workers, who reported that the material extractable 
fromfrom 15th century oil paint samples using chloroform was sufficient to carry out 
mediumm analysis [20, p. 116]. 
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hexanee xylene chloroform acetone ethanol 

Figuree 11 Solubility of palmitic acid in organic solvents. Data from Bailey [18] 
andand Singleton [19]. 

Itt is also worth comparing extraction results for these samples in acetone 
withh the results for the lead white test paint films, plotted in Figure 9. Samples 
fromm the 19th and 17th century paintings can be considered to be predominantly 
leadd white and linseed oil, and the quantities of fatty acids extractable in acetone -
23%% palmitic acid extracted from the 19th century samples, and 14% from the 17th 
centuryy samples - are consistent with a continued trend for decreasing proportions 
off  extractable material with age, as seen with the test films. This is conjectural 
basedd on only two examples, however, and alterations to the quantities of 
extractablee material by previous exposure to solvent, during cleaning treatments, 
mayy also have influenced the results to some extent. 

4.4.4.4. Conclusions 

Thee quantities of solvent extractable material in oil paint films, and the rate 
off  extraction in solvent, are dependent on a number of factors, including the 
pigmentationn and medium content of the films. Greater amounts of soluble 
materiall  were found to be present, and extraction occurred more rapidly, in paint 
filmsfilms with slower drying pigments and high medium content. 

Thee more polar solvents were generally found to extract the greatest 
quantitiess of material from the paint films tested, although methylene chloride - a 
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chlorohydrocarbonn solvent of intermediate polarity - was found to have a 
pronouncedd leaching effect on the older (thirteenth to nineteenth century) paint 
samples.. The reason for this effect is not clear: it may be related to the swelling 
propertiess of the solvent, but it could also be the result of specific solvent 
interactionss with free fatty acids, which form an increasing proportion of the 
extractablee material in older paint films. It is difficult to make more specific 
interpretations,, with respect to solubility properties, from the limited range of 
solventss tested. Further experiments using a wider range of solvents - as well as 
solventt mixtures - may give a clearer idea of the relationships of leaching effects 
too factors such as solubility parameters and swelling properties. 

Off  the solvents used in the experiments, methylene chloride also showed 
thee most rapid leaching, in contrast to the nonpolar solvents such as Sol340HT, in 
whichh extraction was very slow to reach completion. 

Thee pronounced effects of the more polar and chlorinated solvents in these 
experimentss reinforce the idea that use of these types of solvent should be limited 
ass far as possible, although the exaggerated nature of the tests should once more be 
emphasised. . 

Analysiss of lead white pigmented films of different ages showed a trend of 
decreasingg proportions of acetone extractable material with age, suggesting that 
ongoingg chemical changes over extended ageing periods have produced a gradual 
stabilisationn (either from increased cross-linking, or noncovalent interactions such 
ass ionic bonds) in these paint films. This trend was borne out by acetone extraction 
measurementss carried out on lead white based samples from paintings, although 
significantt quantities of soluble fatty acids were still found in these and other paint 
sampless as much as 700 years old. 

Evenn with the apparent overall stabilisation of paint films with age, analysis 
off  previously leached films indicated that additional extractable material continues 
too form in a paint film after an initial, "exhaustive" leaching, as a consequence of 
ongoingg degradation processes. 

Furtherr studies to investigate changes in swelling properties of paint films 
overr long periods of ageing would be a useful complement to these measurements 
off  solvent extractables, to give a better overall picture of how the long term 
chemicall  changes in paint films influence their response to solvent. 
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5.. Extraction of soluble material from a paint film by a 
varnishh solution 

Abstract t 

ExperimentsExperiments were carried out to investigate the extraction of soluble components 
fromfrom a paint film by a solvent based varnish applied to the film. A series of oil 
paintpaint samples were coated with varnishes formulated with a range of resins and 
solvents.solvents. The extraction of fatty acids from the paint film into the varnish layer was 
measuredmeasured by gas chromatographic analysis of the dried varnish film, and of 
samplessamples of the paint film before and after treatment. The quantities extracted were 
foundfound to depend not only on the solvent used to apply the varnish, but also on the 
resinresin component, with varnishes formulated with more polar, oxygenated resins 
extractingextracting more than those made from a nonpolar, hydrocarbon resin. The results 
areare interpreted in the context of extraction experiments using free solvents. 

5.1.5.1. Introduction 

Muchh of the research which has been carried out into the effects of solvents 
onn paint layers has focussed on the effects of free solvents, since these have 
traditionallyy been - and remain - the most widely used agents for cleaning 
paintings. . 

Anotherr instance in which paintings are exposed to solvents is during the 
applicationn of a varnish. An investigation by Tsang and Erhardt [1] demonstrated 
thatt application of a solvent-based varnish to oil paint films can result in a similar 
extractionn of soluble components as is found with exposure of the paint films to 
freee solvent. This was shown by the detection, using gas chromatography, of fatty 
acidss in dried varnish films removed from paint layers. The varnish was found to 
actt as a poultice, with the solvent diffusing into the paint film and drawing soluble 
oill  components up into the varnish layer. These results reinforced the idea that the 
choicee of solvents for use in the application of a varnish is important, from the 
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pointt of view of possible effects on the paint film, in addition to those for use in 
cleaningg treatments [2j. 

Thiss study was designed to investigate these ideas further, by carrying out a 
seriess of tests in which different varnish formulations were applied to an oil paint 
film,, and gas chromatographic analysis was used to determine the quantities of 
organicc material transferred from the paint into the varnish layers. Further 
alterationss in the organic composition of the paint film following subsequent 
removall  of the varnish layers using solvent swabs, in a simulation of cleaning, 
weree also measured. 

Thesee experiments were intended to provide some indication of the 
potentiall  leaching effect of more "realistic" solvent exposures, for comparison with 
thee extraction experiments involving immersion of paint samples in solvent, as 
describedd in previous chapters. Additionally, the different varnish formulations 
weree tested to investigate the influence of varnish composition on the leaching 
process. . 

5.2.5.2. Experimental 

5.2.1.5.2.1. Paint film and varnishes 

Thee paint film used in the study was made from sun thickened linseed oil, 
pigmentedd with umber, aged 3-4 years (see Appendix 3 for details). This was 
selectedd as a uniform paint layer of well defined composition. In addition, this 
paintt formulation has a high medium content, and is relatively slow drying, which 
meanss that extraction of soluble components will be exaggerated, and more easily 
measuredd than in a fast drying paint with low medium content, such as lead white. 

Varnishess were made using the resins Paraloid B-72 (an ethyl methacrylate 
-- methyl acrylate copolymer), MS2A (a chemically reduced ketone resin), 
Regalrezz 1094 (a hydrocarbon resin) and dammar resin. B-72 was dissolved in 
xylenee (2g in lOmL), MS2A and Regalrez in Sol340HT (7.5g in lOmL, and 9g in 
lOmL,, respectively), and dammar in a mixture of Sol340HT and xylene (lOg in 
7mLL Sol340HT/3mL xylene). The xylene used was a mixture of ortho, meta and 
parapara isomers. The Sol340HT was redistilled prior to use, to remove components of 
loww volatility which were found to interfere with GC analysis (see Chapter 4, 
experimentall  section, for details). 

Thee varnish concentrations were chosen empirically to give solutions of 
approximatelyy equal viscosity. They were more viscous than would generally be 
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usedd in practice: this was to produce thicker films which could be more easily 
removedd from the paint film after drying. 

Thesee materials represent resins and solvents with a range of properties: 
resinss which are polymeric (B-72) and low molecular weight (MS2A, Regalrez, 
dammar);; natural (dammar) and synthetic (B-72, MS2A, Regalrez); and solvents 
withh different polarity and aromatic content. 

5.2.2.5.2.2. Varnishing and cleaning simulations 

Sectionss of paint film on Mylar, a few square centimetres each, were used 
forr the tests. Small samples of paint were taken from these films, before 
varnishing,, for gas chromatographic (GC) analysis to determine the initial fatty 
acidd levels in the paint film. (Quantitative GC methods are described in detail in 
Chapterr 7.) Varnish was then applied to the paint film in a single coat and allowed 
too dry. 

Fattyy acids transferred into the varnish layers were measured in two ways: 
byy analysis of the dried varnish layer, and of the paint layer after mechanical 
removall  of the varnish. For mechanical removal of the polymeric resin, B-72, it 
wass possible to peel away the dry film. For the low molecular weight resins it was 
necessaryy to fragment the varnish film using a scalpel blade. Only half of the paint 
sectionn was cleared of varnish mechanically in each case, with the remainder of the 
varnishh left for removal using solvent. 

Thee mechanically removed resin samples were extracted in solvent to 
separatee the fatty acid components for analysis. Polar solvents were selected in 
whichh the resins were predominantly insoluble, but in which fatty acids and 
glyceridess would be readily soluble: ethanol for B-72, and acetone for the other 
resinss (no single solvent was found in which all resins were insoluble, but it was 
feltt that both ethanol and acetone would be effective in removing the bulk of lipid 
componentss from the resin samples, and that the results would be comparable). 
Afterr extraction for 24 hours, the liquid fraction was reduced to dryness under a 
streamm of nitrogen, and analysed using GC. 

Sampless were also taken from the mechanically cleared paint film for GC 
analysis,, to provide an additional measurement of alterations of fatty acid levels in 
thee paint layer. 

Thee remaining varnish was removed from the paint samples using solvent 
andd cotton swabs, in a simulation of cleaning. The same solvent was used as in the 
formulationn of the varnish, except in the case of dammar, where pure xylene was 
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used.. After allowing the solvent to dry, further paint samples were taken for 
measurementt of the final fatty acid levels in the paint film. 

Thee experimental procedure for the analysis of paint samples at different 
stagess is illustrated schematically in Figure 1 (analysis of dried varnish scrapings 
wass carried out using separate paint samples). Duplicate experiments were 
generallyy run for each varnish tested, and averages of results are presented, unless 
otherwisee stated. 

sectionn of paint film on Mylar 

sampless taken 

II ^

varnish,, allow to dry 

quantitativee GC analysis 

mechanicallyy remove 1/2 varnish 

sampless taken 

-*-* * g quantitative GC analysis 

removee remaining varnish with solvent 

sampless taken 

 1  I I II * 
quantitativee GC analysis 

Figuree 1 Scheme for experiments to measure leaching effects of varnishing and 
cleaning. cleaning. 
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Itt should be noted that the cleaning step in these experiments is not 
intendedd to be representative of a typical cleaning procedure. This would be very 
difficultt to achieve, since there is so much variation in practical situations 
accordingg to factors such as the types of materials used, their age and extent of 
deterioration.. The tests were made to provide a simple, preliminary comparison of 
thee effects of relatively brief, superficial exposures to varnish solutions and free 
solvent. . 

Inn addition, the absolute quantities of fatty acids extracted are unlikely to be 
representativee of any extraction of material that might occur in practice. The paint 
filmm used for the test was young (approximately 3 years), and made with a high 
mediumm content and relatively slow drying pigment, and will differ from much 
olderr paint films in the proportion, and type, of soluble material, as discussed in 
previouss chapters. However, experiments carried out on a uniform and well-
definedd film allow for controlled comparisons of the relative effects of the different 
treatmentss and solvents. Experiments to measure cleaning effects on paintings, 
datingg from the seventeenth to nineteenth centuries, will be described in Chapter 6. 

5.3.5.3. Results 

5.3.1.5.3.1. Analysis of resin samples 

Thee quantities of fatty acids detected in samples of varnish removed from 
paintt films are presented in Figure 2, plotted as micrograms of each fatty acid 
extractedd per square millimetre of paint. Data for the duplicates of each experiment 
aree given in Table 1. These measurements are consistent with the findings of Tsang 
andd Erhardt [1], that exposure of an oil paint film to a relatively small amount of 
solventt in the form of a varnish can still have a measurable leaching effect. 

Forr each sample, the proportions of palmitic and stearic acids are similar, 
withh P:S ratios of between 1.3 and 1.8. These are consistent with P:S ratios found 
inn the untreated paint samples, and are typical for linseed oil [3]. 

Clearr differences can be seen between the amounts extracted by the 
differentt varnishes, with extraction occurring in the order: dammar > MS2A > 
B-722 > Regalrez. As with the solvent extraction results for this paint film described 
inn Chapter 4, these differences are more pronounced for azelaic acid. 

Thee differences cannot be explained purely on the basis of the solvent used 
forr the application of the varnish: if this were the case, the Regalrez and MS2A 
varnishes,, being applied in the low aromatic mineral spirit Sol340HT, would be 
expectedd to have the least effect. B-72, applied in the more polar, aromatic xylene, 
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Regalrezz + 
SOI340HT T 

MS2AA + 
SOI340HT T 

dammarr + 
Sol/xylene e 

B722 + xylene 

Figuree 2 Fatty acids extracted from paint films by different varnish formulations. 

wouldd have a greater effect; and dammar, applied in a mixture of the two solvents, 
wouldd have an intermediate effect. 

Thee relative rates of evaporation of the two solvents will have some 
influence:: Sol340HT is a much slower evaporating solvent than xylene, and will 
thereforee stay in contact with the paint layers for considerably longer when applied 
inn a varnish. This does not, however, explain the large differences observed 
betweenn the results for Regalrez and MS2A, both applied in the same solvent. 

Tablee 1 Quantities of fatty acids extracted from paint fdm by varnishes. Results 
forfor duplicates of each experiment are shown. 

varnish varnish 

Regalrezz 1094 #1 
Regalrezz 1094 #2 

Paraloidd B-72 #1 
Paraloidd B-72 #2 

MS2A#1 1 
MS2AA #2 

dammarr #1 
dammarr #2 

fattyfatty acids detected (fig per 
palmitic palmitic 

0.06 6 
0.05 5 

0.08 8 
0.08 8 

0.12 2 
0.13 3 

0.12 2 
0.14 4 

stearic stearic 

0.04 4 
0.04 4 

0.05 5 
0.05 5 

0.06 6 
0.08 8 

0.07 7 
0.09 9 

mm^mm ̂paint) 
azelaic azelaic 

n.d. . 
n.d. . 

0.01 1 
0.01 1 

0.03 3 
0.03 3 

0.06 6 
0.07 7 

n.d.. = not detected 
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Thee results therefore appear to be influenced by the resin component of the 
varnish;; this will be discussed in more detail below. 

5.3.2.5.3.2. Analysis of paint samples 

Sampless taken from the paint films for analysis by GC provided an 
alternativee measure of materials extracted from the films. Samples were taken 
beforee varnishing; from paint areas which had been varnished and then cleared of 
varnishh mechanically; and from areas which had been varnished and then solvent 
cleanedd using swabs (see Figure 1). Comparisons of fatty acid levels in the 
differentt groups of samples allowed estimations of the quantities of the component 
fattyy acids extracted from the paint film by varnishing alone, and by varnishing 
followedd by cleaning (see Chapter 7 for details of quantitative GC analysis). 

Inn the cleaning step, solvent exposure was not controlled in terms of the 
timee of exposure or the amount of solvent used; the varnish was simply removed as 
inn a normal cleaning procedure until no visible residue remained. It is recognised 
thatt a degree of variability will be involved in such a subjective procedure, 
althoughh it was expected that the removal of varnish to the same endpoint would 
actt as an internal control to some extent. 

Too test the degree of variability, five replicate tests of the same experiment 
weree carried out, varnishing with B-72 in xylene, and cleaning with xylene. The 
levelss of palmitic acid remaining in the paint films are plotted in Figure 3, as 
percentagess of the initial levels, calculated from the untreated samples. Five paint 
sampless were analysed at each stage (before varnishing, after varnishing and after 
cleaning)) and mean values are plotted, with the degree of variation observed within 
eachh group of samples indicated. For comparison, results are included for samples 
off  the same paint film immersed in xylene for 10 minutes and 24 hours. 

Reductionss in the level of palmitic acid in the paint films are observed after 
bothh varnishing and solvent cleaning, with reductions in the mean palmitic acid 
concentrationn (calculated from the GC analyses) of between 9 and 15% after 
varnishingg alone, and between 12 and 17% after both varnishing and cleaning. 
Onlyy small differences are seen between the results for the five samples, and these 
mayy be due as much to inhomogeneity in the paint film as to variations in 
experimentall  procedure. This result suggested that the procedure was reasonably 
reproducible,, and duplicate tests only were carried out for the remainder of the 
varnishh types. 
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Figuree 3 Reductions in fatty acid levels in paint funis after varnishing and 
cleaningcleaning treatments: replicates using B-72/xylene. (A) before treatment, (B) after 
varnishingvarnishing only (cleaned mechanically), (C) after varnishing + cleaning (solvent 
cleaned).cleaned). Results are included for 10 minute and 24 hour immersions in xylene. 

Resultss obtained for the different varnish formulations are plotted in Figure 
4.. Data for Figures 3 and 4 are given in Table 2. The reductions in palmitic acid 
levelss after varnishing correlate with the quantities found in the varnish samples, 
withh extraction occurring in the order: dammar > MS2A > B-72 > Regalrez. 

Furtherr reductions after cleaning are not observed in all cases: the greatest 
differencee is seen in the B-72 coated films cleaned with xylene, and for the other 
filmsfilms the differences are smaller, in relation to the degree of variation found within 
thee groups of samples. This is further evidence that the resin component of the 
varnishh has a role in the leaching process. 

5.4.5.4. Discussion 

5.4.1.5.4.1. Influence of resin components 

AA consideration of the chemistry of the resin components of the varnishes 
providess a clearer explanation of the different effects observed. The chemistry of 
thee synthetic, low molecular weight resins, Regalrez 1094 and MS2A, is not 
knownn precisely, but hypothetical structures, based on suppliers' information and 
publishedd studies [4-6], are given in Figures 5a and b. Regalrez 1094 is a hydro-
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Tablee 2 Changes in palmitic acid levels in paint films after varnishing and 

cleaningcleaning treatments. Results for replicates of experiments are shown. 

varnish varnish 

Paraloidd B-72 #1 
Paraloidd B-72 #2 
Paraloidd B-72 #3 
Paraloidd B-72 #4 
Paraloidd B-72 #5 

Regalrezz #1 
Regalrezz #2 

MS2AA #1 
MS2AA #2 

dammar6 6 

[Pjb.t.[Pjb.t.1 1 

1 1 
16.Ü0.8 8 

4 4 
2 2 
5 5 

6 6 
8 8 

6 6 
0 0 

0 0 

[PJa.v.[PJa.v.1 1 

6 6 
2 2 
6 6 
7 7 
4 4 

4 4 
7 7 

6 6 
7 7 

4 4 

[PJa.c.[PJa.c. 3 

7 7 
5 5 
5 5 
2 2 
7 7 

8 8 
4 4 

4 4 
7 7 

3 3 

%a.v.%a.v. 4 

6 6 
2 2 
0 0 
1 1 
3 3 

5 5 
92.Ü5.3 3 

7 7 
1 1 

8 8 

%a.c.%a.c. 5 

9 9 
9 9 
1 1 
5 5 
3 3 

2 2 
8 8 

4 4 
5 5 

1 1 

Palmiticc acid concentration in paint film before treatment, expressed as ug per mg paint 
Palmiticc acid concentration after varnishing only (mechanically cleared) 
Palmiticc acid concentration after varnishing + cleaning (solvent cleaned) 
%% palmitic acid remaining in paint film after varnishing 
%% palmitic acid remaining in paint film after varnishing + cleaning 
Onlyy one experiment was carried out with dammar 

80 0 

60 0 

40 0 

20 0 

n n 

T T 

[ ff  I 
BB C 

Regalrezz + 
Sol340HT T 

r r 
I I 
AA  l I 

BB l 

C C 

B722 + xylene 

I I t t 
A A 

BB C 

MS2AA + 
SOI340HT T 

' ' A A 

tt  i 
BB C 

dammarr + 
Sol340HT/xylene e 

Figur ee 4 Reductions in fatty acid levels in paint films after varnishing and 

cleaningcleaning treatments using different resins and solvents. (A) before treatment, (B) 

afterafter varnishing only (cleaned mechanically), (C) after varnishing + cleaning 

(solvent(solvent cleaned) . 
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carbonn resin, made by oligomerisation of styrene and a-methylstyrene, and 

subsequentt hydrogenation (Figure 5a). MS2A is a chemically reduced ketone resin. 

Itt is based on the same starting components as ketone resins: cyclohexanone and 

methyll  cyclohexanone, but with the carbonyl groups replaced by hydroxyls (Figure 

5b). . 

RR = H or CH, 

b) ) 

OH H OHH CH,OH OH 

NRR L R 

RR = H or CH, 

c) ) 

Ethyll  methacrylate 

COOCH, , 

d) ) 

Methyll  acrylate 

Figur ee 5 Typical chemical structures of resin components: (a) Regalrez 1094, (b) 

MS2A,MS2A, (c) Paraloid B-72, (d) hydroxydammarenone, a component of dammar. 

Paraloidd B-72 is an acrylic resin, a copolymer of ethyl methacrylate (70%) 

andd methyl acrylate (30%), represented in Figure 5c. The natural resin dammar has 

aa complex composition, the major fraction consisting of tri terpenoids: a diverse 

groupp of tetra- and pentacyclic hydrocarbons. One of the more abundant 

triterpenoidss in dammar, hydroxydammarenone, is illustrated in Figure 5d. 

Numerouss other structures have been identified, with variations in numbers and 

positionss of hydroxyl, carbonyl and carboxylic acid substituents, and double bonds 

inn the carbon skeleton [7-10]. 

Thee higher extraction values observed for MS2A and dammar seem most 

likelyy to be associated with the polar functionalities - hydroxyl, carbonyl and 
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carboxylicc acid - contained in the structures of these resins. It is to be expected that 
thee dissolution of a resin with polar character in a nonpolar solvent, such as the 
Sol340HTT used in these experiments, will increase the overall polarity of the 
solution.. The varnish solution can be considered in the same way as a mixture of 
solvents,, with the solvent properties of the mixture being intermediate between 
thosee of the constituent solvents. 

Thiss influence of the resin component on the solvent properties of a varnish 
solutionn can also be illustrated by the solubility properties of mixtures of resins. 
Laropall  A81 is a low molecular weight aldehyde resin, produced by condensation 
off  aliphatic aldehydes with urea [11]. It is insoluble in low aromatic mineral spirits 
suchh as Sol340HT: when mixed with this solvent it softens and forms a discrete, 
gelledd layer, but does not dissolve. When an equal amount of MS2A is added to the 
mixture,, however, a clear solution of both resins in the solvent is formed. This is 
illustratedd in Figure 6, which shows two mixtures made of 2g A81 in lOmL 
Sol340HT,, with a further addition of 2g MS2A to the second mixture. The solvent 
propertiess of the Sol340HT have been modified by the addition of MS2A 
sufficientlyy to completely dissolve the A81. 

Figuree 6 Mixtures of resins with Sol340HT. A = 2g Laropal A81 + lOmL 
Sol340HT:Sol340HT: a discrete, undissolved layer of the resin can be seen. B = 2g Laropal 
A81A81 + 2gMS2A + lOmL Sol340HT: the two resins form a clear solution. 
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5.4.2.5.4.2. Extraction of fatty acids 

Inn terms of effects on the paint film, the greater quantities of fatty acids 
extractedd by varnishes made with the more polar resins are consistent with the 
resultss of extraction with solvents, described in Chapter 4, with the more polar 
(aromaticc or oxygenated) solvents having a greater leaching effect than nonpolar, 
hydrocarbonn solvents. In contrast to MS2A and dammar, the hydrocarbon structure 
off  Regalrez, with no polar substituents, produces a varnish solution with low 
polarity,, explaining the low extraction values obtained for this resin. 

Thee differences observed between palmitic acid levels in paint samples 
afterr varnishing alone (i.e. mechanically cleared), and after varnishing followed by 
solventt cleaning, shown in Figure 4, further illustrate this effect. For Regalrez and 
MS2A,, extraction is seen to occur mainly at the varnishing stage, with the 
additionall  cleaning step appearing to have no significant effect. This supports the 
ideaa that it is the resin solution which is behaving as the active solvent in these 
cases,, and a brief exposure to the free solvent, in cleaning, has no significant effect. 
(Althoughh cleaning involves the production of a solution of the resin, this is 
immediatelyy removed, and the paint film is predominantly exposed to the free 
solvent.)) For the samples varnished with B-72, extraction of palmitic acid is seen 
too occur at both the varnishing and cleaning stages, indicating that exposure to the 
solvent,, xylene, is sufficient to cause extraction, whether in a varnish or in its free 
form. . 

Thee quantities of azelaic acid extracted by the varnishes, shown in Figure 2, 
aree also consistent with the previous solvent extraction results. Proportionally more 
azelaicc acid is extracted by the MS2A and dammar varnishes, there were no 
detectablee quantities of the acid in the Regalrez samples, and only minor amounts 
weree detected in the B-72 samples. 

5.5.5.5. Conclusions 

Thee action of solvents on oil paint films is a consideration not only for 
cleaningg treatments, but also for the application of a varnish, which involves 
exposuree of the paint surface to solvent for a considerable period of time. 

Measurementss of the quantities of fatty acids extracted from an oil paint 
filmfilm  by an applied varnish indicate that the effects of the varnish solution depend 
nott only on the solvent used, but also on the resin component of the varnish. 
Varnishess formulated from resins with polar functionalities, represented in this 
studyy by the reduced ketone resin, MS2A, and the natural resin, dammar; were 
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observedd to have a greater leaching potential than a varnish formulated from the 
hydrocarbonn resin, Regalrez 1094, in the same solvent. 

Practicall  situations in which these effects could be a particular 
considerationn include the varnishing of a painting which shows vulnerability to 
solvents,, in which case the choice of a hydrocarbon resin may be more appropriate 
thann an oxygenated resin, such as the MS2A and dammar tested here. If repeated 
applicationss of a working varnish are being made to a painting during treatment, it 
wouldd also be preferable to use a nonpolar, hydrocarbon resin. 

Thee influence of the resin component on the solvent properties of a varnish 
solutionn also helps to explain some phenomena observed in conservation 
treatments,, such as the disruption of inpainting by a subsequent varnish 
application,, where the solvent used in the varnish on its own would not be 
expectedd to dissolve the inpainting medium. For example, the application of a final 
varnishh of MS2A, in a mineral spirit solvent such as the Sol340HT used in these 
experiments,, has been found to disrupt (i.e. resolubilise) inpainting applied in 
Laropall  A81, whereas a final varnish of Regalrez in the same solvent has no effect 
onn the inpainting [12]. 

Thee results obtained for the paint film in this study are deliberately 
exaggerated,, and will not be directly applicable to the wide range of paint films 
encounteredd in practice. As illustrated in previous chapters, the response of a 
paintingg to different treatments will depend on its exact chemical composition, 
whichh wil l vary greatly according to factors such as its age and the materials used. 
Thee different effects observed in these experiments, however, demonstrate that the 
resinn component of a varnish should be taken into account, in addition to the 
solventt used for its application, when considering possible solvent effects on a 
painting. . 

Materials Materials 

Paraloidd B-72 (formerly Acryloid B-72): Conservation Materials Ltd., 1165 
Mariettaa Way, P.O. Box 2884, Sparks, NV 89431, USA, (702) 331 0582. 

MS2A:: Linden Chemicals Ltd., 18 Trinity Court, Birchwood, Warrington, 
Cheshiree WA3 6QT, UK, (0925) 850220. 

Regalrezz 1094: Hercules Inc, 1313 North Market Street, Wilmington, DE 19894, 
USA,, (302) 594 5000. 

Dammar,, Shell Sol340HT: Conservation Support Systems, 924 West Pedregosa 
Street,, Santa Barbara, CA 93101, USA, (805) 682 9843. 
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Laropall  A81: BASF Corporation, 3000 Continental Drive North, Mount Olive, NJ 
07828,, USA, (973) 426 2600. 
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6.. Measurements of cleaning effects on paintings 

Abstract t 

ExperimentsExperiments were carried out to investigate the extraction of soluble components 
fromfrom paint layers by solvent cleaning treatments, represented by cleaning tests 
carriedcarried out on paintings dating from the seventeenth to nineteenth centuries. 
QuantitiesQuantities of extractable fatty acids in paint samples taken before and after the 
locallocal cleaning treatments were determined, and changes in the quantities 
extractableextractable as a result of cleaning were used to indicate the magnitude of leaching 
effects.effects. A small, but measurable proportion of the soluble fatty acids was found to 
bebe extracted by cleaning in some cases, but in others no significant alterations in 
thethe levels of extractable fatty acids were observed. This was despite prolonged 
cleaningcleaning using polar solvents in most of the tests. Some analyses of extracts from 
cleaningcleaning swabs were also carried out. 

6.1.6.1. Introduction 

Measurementss of quantities of solvent extractable material from samples 
fromm oil paintings dating from the thirteenth to nineteenth centuries were described 
inn Chapter 4, indicating that significant amounts of extractable fatty acids remain 
inn paint layers even after extensive periods of ageing. Furthermore, experiments 
describedd in the previous chapter, involving simulated varnishing and cleaning 
treatmentss carried out on a test paint film, demonstrated that solvent exposures 
moree typical of conservation practice could result in measurable depletions of 
componentss of the oil medium, although the effects were generally at a lower level 
thann those observed in immersion studies. 

Generallyy speaking, these results would suggest that leaching from cleaning 
orr other treatments is a tangible risk even for oil paintings of considerable age. 
However,, it is important to carry out treatment-based experiments on paintings, to 

117 7 



ChapterChapter 6 

gett a clearer idea of the magnitude of leaching effects which might be expected in 
practicall  situations. 

Thee only detailed study of this type published to date is that of White and 
Royy [1], which has already been described briefly in Chapter 2. The authors made 
comparativee analyses of samples from a series of paintings, dating from the 
fifteenthfifteenth to nineteenth centuries, taken before and after solvent cleaning treatments. 
GCMSS was used to determine the organic composition of the paint samples, and 
SEMM to investigate possible changes in the paint structure, and no evidence was 
foundd for chemical or physical changes to paint layers in the cases studied. 

Ass mentioned in Chapter 2, most of the organic analyses as presented in the 
paperr were only semi-quantitative, requiring visual comparisons of paired 
chromatogramss of paint samples before and after cleaning to indicate whether or 
nott changes in the relative proportions of fatty acid components had occurred. It 
wass therefore difficult to make a critical assessment of the data, for which 
differencess were generally stated to be "within experimental error". 

Thee basis for the chromatographic comparisons is also worth consideration. 
Paintt samples were derivatised for GCMS analysis using the quaternary 
ammoniumm reagent TMTFTH (which has also been used extensively in the current 
studyy - details of derivatisation methods are given in the following chapter). 
Chromatogramss are obtained from this reagent with peaks corresponding to "total" 
fattyy acids in the sample, i.e. whether these were initially present as free acids, 
metall  salts or glyceride esters. The comparisons made by White and Roy were 
basedd partly on the assumption that the more polar, short chain carboxylic acids, 
particularlyy the dicarboxylics (azelaic etc.), would be more susceptible to removal 
byy polar cleaning solvents such as acetone and alcohols [1, pp. 160-161]. Any 
selectivee removal of the smaller molecular species should then be evident as a 
reducedd proportion of the corresponding peaks in the chromatogram after cleaning, 
relativee to the larger components such as palmitic and stearic acid. This assumption 
doess not appear to be supported by experimental evidence, however, and conflicts 
withh published studies based on analyses of paint samples and solvent extracts 
fromfrom younger, laboratory prepared paint films, as well as the current study, which 
indicatee that the relatively nonpolar palmitic and stearic acids are generally 
extractedd more readily than dicarboxylics such as azelaic acid, even using polar 
solventss [2, 3]. In Chapter 4 it was speculated that the lower proportions of azelaic 
acidd found to be extractable from pigmented paint films might relate to the greater 
potentiall  of this polar, difunctional fatty acid to form ionic interactions with the 
inorganicc (pigment) components of the paint film. From these data, therefore, if 
anyy change in fatty acid ratios is to be expected in a paint film as a result of 
leachingg it would more likely be an increase in azelaic relative to palmitic and 
stearicc acids. In any case, the leaching effect would have to be quite pronounced to 
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producee a change in fatty acid ratios apparent from a simple visual comparison of 
chromatograms. . 

Becausee of the limitations of this type of analytical comparison, the other 
partss of the study - analyses of cleaning swabs rubbed gently over exposed paint 
areas,, in which negligible quantities of fatty acids were detected; and SEM 
comparisonss of structural features of paint layers - were more compelling as 
demonstrationss that solvent cleaning was having no significant effects in the cases 
studied. . 

Withh regard to the analysis of swab extracts, measurements of quantities of 
fattyy acids in cleaning swabs were also reported in an earlier study by Ford and 
Byrnee [4], who found variable quantities of palmitic and stearic acid in cotton 
swabss which had been impregnated with various cleaning agents (including 
solventss and resin soap gels) and rolled over the surface of an approximately 90 
yearr old, unvarnished oil painting (details of the paint tested, such as pigmentation, 
weree not provided). Quantities extracted were in the order of micrograms fatty acid 
perr cm2 paint area, with higher values for strongly alkaline reagents, although the 
authorss acknowledged these values were highly dependent on variable factors 
(timee of exposure, pressure, etc.) inherent in the swabbing procedure. These results 
aree in contrast to the upper limit of nanograms of fatty acids extractable with 
prolongedd exposure to an acetone swab, for a corresponding area of white paint in 
aa sixteenth century painting, which was found by White and Roy [1, p. 163]. 

Experimentss described in this chapter are based on a similar approach of 
analysingg samples from paintings before and after solvent cleaning. Instead of 
comparingg analyses of "total" fatty acids in paint samples, however, measurements 
havee been made of the proportions of solvent extractable fatty acids in each 
sample,, as in Chapter 4, and any differences in these quantities of extractable 
materiall  in samples before and after cleaning are used to indicate the extent to 
whichh leaching has occurred. It is recognised that there will be some natural 
variationn from sample to sample, and multiple samples have been analysed in each 
case,, to account for inherent variations in the chemical composition of the paint 
layers. . 

Testss were carried out on a number of paintings dating from the 
seventeenthh to nineteenth centuries, with an aim to measuring quantities of fatty 
acidss extracted from paint layers as a result of solvent cleaning. In some cases, 
extractss from swabs were also analysed, as an alternative measure of extracted 
fattyy acids. 
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6.2.6.2. Experimental 

Thee paintings used in the study were an early nineteenth century portrait, a 
fragmentfragment from an eighteenth century painting, and several pictures from a 
seventeenthh century group of large scale paintings. Details of these are listed in 
Appendixx 3, and further information on the paint areas tested is given in the 
resultss section. All of the paintings were oil on canvas. 

Thee sampling approach consisted of first taking samples from an area of 
paintt which had been cleared of varnish mechanically using a scalpel (this was 
carriedd out under a microscope), after which an adjacent area of paint was cleaned 
thoroughlyy using solvent swabs in simulation of a cleaning treatment (albeit a 
thoroughh one). The paint was allowed to dry, and further samples were taken from 
thee cleaned area. All sampling was carried out in a small area of paint, which was 
selectedd to be uniform in its texture, pigmentation, etc. The samples generally 
consistedd of sections through several paint layers, often including ground, and were 
inspectedd microscopically before analysis to ensure similarity in terms of size and 
layerr structure. Intact paint fragments of this type were used, rather than scrapings 
fromfrom a single paint layer, as they were more suited to the extraction measurements, 
typicallyy producing more reproducible results (the difficulty of making extraction 
measurementss using paint scrapings will be discussed further in the results 
section).. This approach does impose certain limits on the interpretations from these 
experiments,, however, as will be discussed later. 

Multiplee samples were taken - five each "before cleaning" (i.e. from the 
mechanicallyy cleaned area) and after solvent cleaning. In the extraction 
experimentss described in Chapter 4 for samples from paintings, duplicate samples 
weree generally used, but for these more critical measurements a larger number was 
usedd to reduce the likelihood of statistical error as much as possible. (The use of 
multiplee samples is one disadvantage of the method, and limits the extent to which 
experimentss can be carried out on paintings in good condition: the paintings used 
inn this study were either fragments/test pieces, or large scale pictures for which 
suchh a sampling protocol was less problematic.) 

Eachh sample was then extracted in solvent for 24 hours - usually the same 
solventt as was used for cleaning - and the extractable fatty acids quantified using 
GC.. The procedure was the same as that used in Chapter 4, involving separate 
analysess of the solvent fraction and the extracted paint sample, and is described in 
detaill  in Chapter 7. Average results from the measurements before and after 
cleaningg were then compared to determine if any change in the quantities of 
extractablee fatty acids could be observed as a result of the cleaning treatment. 
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Thee examples reported in this chapter have generally used pure acetone or 
ethanoll  as cleaning solvents. These represent quite "strong" solvents in terms of 
generall  conservation practice, but were chosen initially to test the experimental 
approach,, as they were considered more likely to produce measurable effects than 
"milder""  cleaning treatments. 

Swabb extract measurements were made on small areas of paint, cleared of 
varnishh mechanically using a scalpel. The exposed paint surface was cleaned using 
aa dry cotton swab, followed by brief surface cleaning witii a swab moistened with 
hexane,, to remove any small fragments of abraded paint which might otherwise 
appearr in subsequent swabs as "soluble" material. A small swab of cotton wool, 
whichh had been previously cleaned ultrasonically in a sequence of solvents to 
removee any contaminating fatty acids, was then taken using tweezers, moistened 
withh solvent, and rolled gently over the exposed paint for a given time (typically 
10-200 seconds). Factors such as the amount of solvent in the swab and the pressure 
off  application to the paint surface were controlled empirically as far as possible. 
Caree was taken to avoid contamination of the swab at any stage - the cotton wool 
wass only handled using clean tweezers. 

Afterr allowing the swab to dry, it was put in a glass vial with 0.5mL of a 
2:11 mixture of methylene chloride and ethanol", and extracted ultrasonically for 5-
100 minutes. The solvent was transferred to a second vial, a further 0.5mL of the 
samee mixture added to the swab, and the extraction repeated. The choice of this 
extractionn solvent was based on similar mixtures - using chloroform and methanol 
-- which have been shown to be efficient in the extraction of fatty materials in 
biologicall  applications [5]. Tests using fatty acid standards confirmed the 
efficiencyy of extraction using this method. 

Thee combined solvent extract was dried under a stream of nitrogen, with 
gentlee warming, and derivatised for GC using TMTFTH (5% solution in 
methanol),, after the addition of methyl tridecanoate as an internal standard. The 
solutionn was left to react overnight, and an aliquot directly injected into the GC. 
Quantitiess of fatty acids in the extracts were determined using peak area ratios with 
thee internal standard. 

Wheree possible, pigmentation of the paint areas tested was determined 
usingg x-ray fluorescence spectroscopy, or from cross sections using SEM with 
energyy dispersive spectroscopy (EDS). 
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6.3.6.3. Results and discussion 

6.3.1.6.3.1. Analysis of paint samples 

Thee youngest painting tested was an early 19th century American portrait 
byy an unknown artist. As described in Chapter 4, preliminary pigment and medium 
analysiss for this painting indicated a fairly straightforward technique, with 
conventionall  pigments bound in pure linseed oil, and no evidence of non-drying 
additivess to the medium. Samples were taken from adjacent locations in an area of 
fleshh paint, consisting of well bound, lead white based paint (also including some 
vermilion),, which had been cleared of varnish using three methods: mechanically 
cleanedd (using a scalpel), cleaned using acetone, and cleaned using an 
acetone/Sol340HTT mixture (2:5). The quantities of fatty acids extractable from 
thesee samples in acetone were then determined (fifteen samples were analysed in 
totall  - five from each cleaning test area), and results are plotted in Figure 1, with 
thee degree of variation observed within each group of samples indicated. The 
swabbingg in these cleaning tests was prolonged, giving a longer exposure to 
solventt than would generally be used in practice. 
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Figuree 1 Proportions of palmitic and stearic acids extractable from samples from 
19th19th century portrait, taken from areas of flesh paint cleaned mechanically (A), 
usingusing acetone (B) and using acetone/Sol340HT (2:5) (C). Samples extracted 24 
hourshours in acetone, results expressed as percentages of total fatty acids in samples. 
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Thee proportions of extractable fatty acids in the paint samples are seen to 
bee reduced in the samples cleaned with acetone (B), and further in those cleaned 
withh acetone/Sol340HT (C), compared to those "before cleaning" (i.e. 
mechanicallyy cleaned, A). This indicates that a small proportion of the acetone-
extractablee fatty acids (a few percent relative to total fatty acids in the paint film) 
hass been removed by exposure to these solvents in the form of simulated cleaning 
treatments.. The greater effect of the acetone/Sol340HT treatment may be related to 
thee swelling properties of this solvent mixture (as discussed in Chapter 2, 
combinationss of polar solvents and mineral spirits can have pronounced swelling 
effectss as compared to the pure solvents [6, pp. 90-95]), but it is also likely to be a 
resultt of the much longer swabbing which was required with this solvent mixture 
too remove the oxidised, natural resin varnish. 

Valuess for palmitic and stearic acids only are given in these experiments, 
sincee azelaic acid was typically extracted at lower levels, and the results for this 
compoundd showed too much variability to allow meaningful comparisons. This is 
unfortunate,, since azelaic acid is a more characteristic marker for drying oil than 
palmiticc and stearic acids, which could conceivably derive from sources other than 
thee oil medium (such as non-drying additives). However, as mentioned above, the 
ratioss of palmitic to stearic acid in the paint samples and extracts studied were 
consistentt with the idea that the extractable material was derived from the linseed 
oill  binder. 

Figuree 2 shows results from a similar test carried out on an area of black 
paintt (presumably based on a carbon black pigment, but not tested) in the same 
painting.. Adjacent areas of paint were cleared of varnish mechanically (A), and 
withh two acetone cleaning methods. In the first, a series of 10 acetone swabs were 
rolledd over the paint area, one immediately after the other (B). In the other, 10 
swabss were also used, but the paint film was allowed to dry thoroughly between 
eachh application (C). This was done to test the question of whether a build up of 
solventt in the paint layer, which would be more likely using method B, could 
producee a measurable difference in leaching effect. Factors such as the amount of 
solvent,, pressure and time of application of each swab were kept consistent as far 
ass possible. 

Ass in Figure 1, a reduction in the mean proportions of acetone extractable 
fattyy acids can be seen in the samples taken after the two cleaning treatments, 
comparedd to those mechanically cleaned. Although the overall quantities of 
extractablee fatty acids are greater in these samples than in the flesh paint samples 
(aroundd 30-35%, compared to 20-30%), the magnitude of the cleaning effects (as 
indicatedd by the differences between the mean extraction values) is smaller. This 
introducess some ambiguity into the interpretations: although the apparently greater 
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Figur ee 2 Proportions of palmitic and stearic acids extractable from samples from 

19th19th century portrait, taken from areas of black paint cleaned mechanically (A), 

andand using acetone swabs in rapid succession (B) and with drying periods between 

applicationsapplications (C). Samples extracted 24 hours in acetone, results expressed as 

percentagespercentages of total fatty acids in samples. 

leachingg effect observed for treatment C than for B might seem to contradict the 

expectationn that preventing solvent build up in the paint layer would reduce solvent 

effectss such as leaching, the differences between the groups of samples is small in 

relationn to the degree of variation within the groups. Nothing can therefore be said 

withh confidence about the relative effects of the treatments - the distinction 

betweenn leaching effects and chance variations between samples in this experiment 

iss less clear. (A more objective statistical treatment of the data wil l be attempted 

laterr in this chapter.) One conclusion which can be drawn is that the application of 

solventt swabs in rapid succession did not produce a pronounced leaching effect in 

thiss case. 

Resultss from an acetone cleaning test on an area of dark green paint 

(includingg earth pigments and Naples yellow) in the same picture are shown in 

Figuree 3. The cleaning was thorough, with relatively prolonged exposure to 

solvent,, but despite this a reduction in the quantities of extractable fatty acids in the 

acetonee cleaned samples (B) compared to the mechanically cleaned samples (A) 

wass not observed. A small increase is in fact seen in the mean extraction values 

afterr cleaning, but as discussed above, given the inherent range of variation within 
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Figuree 3 Proportions of palmitic and stearic acids extractable from samples from 
19th19th century portrait, taken from areas of green paint cleaned mechanically (A) 
andand using acetone (B). Samples extracted 24 hours in acetone, results expressed as 
percentagespercentages of total fatty acids in samples. 

thee groups of samples, this appears more likely to represent chance variations than 
aa systematic effect. 

Thiss result might suggest that the green paint is less susceptible to solvent 
actionn than the other areas tested, although it is difficult to generalise based on just 
onee test. (Also, it should be remembered that paint samples used in these 
experimentss included some ground in addition to paint layers, and although the 
binderr for the ground was not determined, it is likely that it is oil based. Some of 
thee extractable fatty acids are therefore likely to derive from the ground, which will 
effectivelyy diminish any differences in response to solvent associated with the 
pigmentationn of the paint layers.) 

Onee problem with this approach to measuring cleaning effects, analysing 
sampless comprising multiple paint and ground layers, is that the leaching .effect 
measuredd as a proportion of the whole paint/ground layer structure may be less 
significantt than in the upper paint layers only, where more leaching is likely to 
occur.. Tests were therefore carried out on a fragment of an 18th century painting 
byy an unknown English artist, using a different sampling approach to investigate 
whetherr differences in leaching effects could be detected at different depths within 
thee paint layer structure. As in the previous example, initial analyses of paint 
sampless indicated that this painting was made using a pure linseed oil medium, 
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withh no evidence of non-drying additives, and therefore suitable for this type of 
extractionn measurement. 

Ann area of sky paint, lead white based, was cleared of its highly oxidised, 
discolouredd varnish mechanically, and an adjacent area cleaned thoroughly using 
ethanoll  swabs. Two groups of samples were then taken from each cleaning test 
area:: the first took the form of whole paint samples, including some ground, as in 
previouss examples; the second consisted of scrapings of the upper paint layers 
only,, excluding any ground material. The samples were then extracted in ethanol 
(thee cleaning solvent in this experiment), and quantities of extractable fatty acids 
determinedd as before. Sample sizes for the two types of sample were selected such 
thatt approximately equal quantities of fatty acid material were contained in both 
thee scrapings and the whole samples. Care had to be taken in the analysis of paint 
scrapings,, centrifuging after solvent extraction and removing the solvent fraction 
gently,, to avoid transferring small paint fragments in suspension which might 
distortt the apparent quantities of soluble material. (In this example, the paint layers 
weree removable in relatively large fragments. For other paintings, the paint layers 
couldd only be separated in the form of very fine particles, which made reliable 
measurementss of soluble material difficult, reflected in erratic and elevated values 
forr the quantities extractable. For this reason, whole paint samples have generally 
beenn used in these experiments, despite their limitations.) 

Resultss for the whole paint/ground samples are shown in Figure 4, and for 
thee paint scrapings in Figure 5. Higher extraction values were found for the whole 
sampless (around 40-45%) than for the paint scrapings (20-35%), suggesting that 
thee ground layer contains proportionally more extractable material than the paint 
layerss (again, the binder for the ground was not determined, but it is likely to be oil 
based,, and appears to be mixed with red earth pigments). Reductions in the mean 
extractionn values after ethanol cleaning (B) relative to the mechanically cleaned 
sampless (A) are seen in both cases. The reductions are proportionally greater in the 
paintt scrapings (Figure 5), in which the difference amounts to approximately 15-
20%% of the total extractable fraction, than in the whole samples (Figure 4), in 
whichh the difference represents approximately 8-9% of the total extractables. This 
wouldd suggest that a greater proportion of material is being extracted from the 
upperr paint layers during cleaning, as compared to the total ground-paint structure, 
ass might be expected from the more direct exposure of the uppermost layers to the 
cleaningg solvent. As in previous examples, however, these results must be 
interpretedd with caution, given the variability exhibited within the groups of 
samples,, particularly the paint scrapings. Additional experiments of this type 
wouldd be needed to determine if the results are generally representative. 
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Figur ee 4 Proportions of palmitic and stearic acids extractable from whole 

paint/groundpaint/ground samples from 18th century painting, taken from areas of sky paint 

cleanedcleaned mechanically (A) and using ethanol (B). Samples extracted 24 hours in 

ethanol,ethanol, results expressed as percentages of total fatty acids in samples. 
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Figur ee 5 Proportions of palmitic and stearic acids extractable from paint 

scrapingsscrapings from 18th century painting, taken from areas of sky paint cleaned 

mechanicallymechanically (A) and using ethanol (B). Samples extracted 24 hours in ethanol, 

resultsresults expressed as percentages of total fatty acids in samples. 
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Figuree 6 Proportions of palmitic and stearic acids extractable from samples from 
17th17th century painting (Willeboirts-Boschaerts), taken from areas of sky paint 
cleanedcleaned mechanically (A) and using ethanol (B). Samples extracted 24 hours in 
ethanol,ethanol, results expressed as percentages of total fatty acids in samples. 

Furtherr tests were carried out on a number of paintings dating from the mid 
17thh century. Figure 6 shows results for an ethanol cleaning test on an area of dark 
skyy paint (lead white based, with carbon black and ultramarine) in a painting by the 
Dutchh artist Thomas Willeboirts-Boschaerts. Data are plotted for ethanol 
extractablee fatty acids from paint samples taken from adjacent locations after 
mechanicall  cleaning (A), and after thorough cleaning with ethanol (B). Figure 7 
showss results for an acetone cleaning test on a black paint area (with a complex 
pigmentt mixture including earths and azurite) in a picture by Cesar van 
Everdingen,, with acetone extraction values after mechanical cleaning (A) and 
acetonee cleaning (B). Both of these pictures are painted on canvas, and are part of 
thee same large-scale group of paintings (see Appendix 3). As in previous 
examples,, the paints were found to be based on a pure linseed oil medium. 

Althoughh the solvents are seen to extract considerable quantities of fatty 
acidss from the samples in both cases (35-45% palmitic and stearic acid ethanol 
extractablee in the Willeboirts-Boschaerts samples, and around 25-35% acetone 
extractablee in the van Everdingen samples), the differences between the extraction 
valuess for the groups of samples "before cleaning" (mechanically cleaned) and 
afterr solvent cleaning are small in both cases, in relation the degree of variation 
inherentt in the measurements. Again, no clear conclusions can be drawn about the 
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Figur ee 7 Proportions of palmitic and stearic acids extractable from samples from 

17th17th century painting (van Everdingen), taken from areas of black paint cleaned 

mechanicallymechanically (A) and using acetone (B). Samples extracted 24 hours in acetone, 

resultsresults expressed as percentages of total fatty acids in samples. 

extentt of leaching - this is particularly true in these cases in which only one 

cleaningg test was carried out. Any effects there might be are too small to be 

reliablyy measured using this method. 

Inn some additional experiments of this type, the degree of precision found 

inn the extraction measurements was so poor as to prevent any reasonable 

interpretationss being made about cleaning effects. This is presumably a result of 

somee paint films being less chemically homogeneous than others, and therefore 

lesss suited to this type of comparative experiment. In addition, for paint samples 

thatt showed low levels of extractable material, it was correspondingly more 

difficul tt to make accurate comparative measurements. Some cases in which 

extractionn measurements showed a high degree of variation have therefore been 

omittedd from this chapter. 

6.3.2.6.3.2. Statistical analysis of data 

Thee experiments have been interpreted above in fairly general terms, based 

onn visual assessments of the plotted extraction data. A more objective evaluation 
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cann be made using statistical tests to compare the groups of results in the various 
experiments. . 

AA standard procedure for assessing the significance of the difference 
betweenn the means of two groups of data is the t test. This involves a calculation of 
thee t ratio, which is the difference between the means of the two groups divided by 
ann estimate of the standard error of the difference between the means. (Formulae 
forr estimating the standard error of the difference, and for calculating the t ratio, 
aree given in Appendix 4.) Calculated t ratios are then compared with critical values 
off  t, obtained from standard tables. If the calculated t ratio is greater than the 
criticall  value (or less, for negative values), this suggests a systematic effect (in 
thesee examples, a solvent leaching effect), whereas if it is smaller, the difference 
observedd is more likely to be a result of chance variation (resulting from 
inhomogeneityy in the paint film, as well as experimental error - these factors will 
bee addressed in more detail in Chapter 7). 

Too obtain critical t values, a significance level must be selected for the test. 
Typicallyy a 5% level is used, which in effect means that the probability of the 
calculatedd / ratio being above the critical value as a result of chance alone, without 
aa systematic effect, is less than 5%. More or less rigorous significance levels can 
alsoo be used, the main difference being the strength of the conclusions which can 
bee drawn: determining a significant difference at a 1% level is more convincing 
thann at a 5% level, and at a 10% level it is less persuasive. Significance levels 
greaterr than 10% are not generally used. 

Tablee 1 lists / ratios calculated from the extraction data for palmitic acid in 
thee experiments described above, and plotted in figures 1-7. In the table, X / and si 
aree the mean and standard deviation for the percentages palmitic acid extractable 
fromfrom samples before cleaning, X 2 and S2 are the corresponding values for the 
sampless after solvent cleaning, s x i-X 2 is the estimated standard error of the 
differencee between the means, and t is the / ratio calculated for each experiment 
(seee Appendix 4 for details). The significance level is denoted by a, expressed as a 
fraction.fraction. Critical / values for the conditions of this experiment are 6 at a 10% 
level,, 1 at a 5% level and 6 at a 1% level. Hence, experiments with a 
listedd as 0.01 (for which f>3.36) would be considered to demonstrate a leaching 
effectt at a 1% significance level or greater (i.e. the chance of the difference 
observedd between the means resulting from chance factors alone is less than 1%). 
AA a value of 0.1 (for experiments in which 2.31>f>1.86) denotes that a leaching 
effectt is signified at the 10% level, and a>0.1 gives no strong indication of a 
leachingg effect: taken on an individual basis, the results of such experiments are 
quitee likely just to represent chance variations. 
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Tablee 1 Calculations oft ratios for cleaning test data: percentages palmitic acid 
extractableextractable from paint samples before cleaning (1) and after cleaning (2). 

sample sample 

CII  9, flesh paint 
CI9,, flesh paint 
CI9,, black paint 
CI9,, black paint 
CI9,, green paint 
CI8,, sky (whole) 
CII  8, sky (scraping) 
CI7,, dark sky paint 
CI7,, black paint 

solvent solvent 

acetone e 
ac/Soll l 

ac(fast)2 2 

acc (slow)3 

acetone e 
ethanol l 
ethanol l 
ethanol l 
acetone e 

X, X, 

28.0 0 
28.0 0 
34.1 1 
34.1 1 
36.8 8 
42.6 6 
29.9 9 
39.3 3 
32.3 3 

Si Si 

1.86 6 
1.86 6 
2.37 7 
2.37 7 
1.63 3 
3.55 5 
5.09 9 
4.43 3 
3.97 7 

xx2 2 
ISA ISA 
23.6 6 
32.6 6 
31.5 5 
38.7 7 
38.9 9 
25.5 5 
41.2 2 
29.2 2 

S2 S2 

2.32 2 
1.39 9 
3.76 6 
1.46 6 
4.25 5 
1.88 8 
2.09 9 
1.70 0 
4.28 8 

SS XIX  2 

1.33 3 
1.04 4 
1.99 9 
1.24 4 
2.04 4 
1.80 0 
2.46 6 
2.12 2 
2.61 1 

/ / 

1.96 6 
4.24 4 
0.75 5 
2.09 9 
-0.93 3 
2.06 6 
1.79 9 
-0.90 0 
1.19 9 

a a 

0.1 1 
0.01 1 
>0.1 1 
0.1 1 
>0.1 1 
0.1 1 
>0.1 1 
>0.1 1 
>0.1 1 

11 acetone/Sol340HT, 2:5 
22 acetone, swabs applied in rapid succession 
33 acetone, paint allowed to dry between swab applications 

AA number of the results in Table 1 support the initial, empirical 
interpretations:: data from cleaning tests in the flesh paint area of the 19th century 
portrait,, illustrated in Figure 1, provide evidence for a leaching effect by acetone 
cleaningg (at the 10% significance level), and strong evidence for leaching by 
prolongedd cleaning with acetone/Sol340HT (at the 1% significance level). 
Evidencee for a leaching effect is also found for the second acetone cleaning test in 
thee black paint area of the same painting (Figure 2, treatment C), and in the ethanol 
cleaningg test on the 18th century painting fragment (from the analysis of whole 
paintt samples - Figure 4), both using the 10% significance level. In all other 
examples,, there was no strong evidence for a systematic (leaching) effect. 

Itt should be stressed that these statistical tests are only aids to 
interpretation,, and the nature of the individual experiments must also be taken into 
account.. For example, statistical analysis of the cleaning tests on the 18th century 
fragmentt provide evidence of a leaching effect from the analysis of whole paint 
sampless (P-l.86), but not from the analysis of paint scrapings (r<1.86), even 
thoughh the mean change observed in the latter case was proportionally greater. 
Thiss is a result of the poorer precision (i.e. the greater degree of variability) found 
inn the analysis of paint scrapings, as discussed in the previous section, resulting in 
aa lower t ratio for this experiment. Similarly, it seems unlikely that the cleaning 
testt on the black paint of the 19th century portrait using acetone swabs in rapid 
successionn would have a lesser effect than the same treatment with drying periods 
betweenn swab applications, as might be inferred from the / ratios. As discussed 
before,, the different results in this case are more likely to represent experimental 
variations.. (A t test can in fact be carried out to compare the extraction data after 
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cleaning,, from both methods, instead of comparing results from samples before 
andd after cleaning. This analysis gives a t ratio of 0.61, well below the 10% 
significancee level, supporting the idea that there is very littl e difference between 
thee effects of the two treatments.) 

Inn cases where only one cleaning/sampling procedure was used, as for the 
17thh century paintings, the information which can be drawn from the results is 
limited,, and the t tests are more useful in supporting empirical assessments of the 
dataa - in these cases, reinforcing the idea that the cleaning treatments have had no 
significantt effect. 

6.3.3.6.3.3. Analysis of swab extracts 

Ass an alternative method of measuring extractable fatty acids, solvent 
swabss were rolled over exposed areas of flesh paint (cleared of varnish 
mechanically)) in the 19th century portrait, as described in the experimental section. 
Fourr solvents were used: xylene, methylene chloride, acetone and ethanol; with 
duplicatee swabs for each. Each area of paint, approximately 5 x 5mm, was exposed 
too a swab for 15 seconds. After extraction and derivatisation of the material from 
eachh swab, chromatograms were obtained which, in addition to fatty acid methyl 
esters,, included a number of peaks corresponding to variable amounts of residual 
varnishh components (identities of specific compounds were not determined, but the 
regionn of the chromatogram in which these peaks elute, after methyl stearate, is 
characteristicc of natural resin components). This indicates that the mechanical 
clearancee of varnish had not been completely efficient. Illustrative chromatograms 
forr extracts from a xylene and a methylene chloride swab are shown in Figure 8, 
showingg that methylene chloride removes a considerable amount of the residual 
varnishh components, and xylene very little. The fatty acid peaks were clearly 
resolvedd from these additional components, however, and could be measured in 
relationn to the internal standard. 

Thee quantities of fatty acids detected in the swab extracts are plotted in 
Figuree 9, with averages plotted for duplicate swabs in each case. Fatty acids were 
detectedd in the order of fractions of micrograms per swab. It is difficult to relate 
thesee results quantitatively to the cleaning test data because of the different 
experimentall  methodologies. However, from the analysis of paint samples from the 
samee area of the painting it can be estimated that a 1mm2 sample (comprising 
severall  layers, including ground) contains approximately 2.5 ng total palmitic acid, 
correspondingg to 62.5ug in a 5 x 5mm area. The maximum value of 0.3lug 
palmiticc acid found in the methylene chloride swabs is therefore likely to represent 
approximatelyy 0.5% of the total amount of this compound in the paint film. 
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Figuree 8 Gas chromatograms of extracts from swabs applied with xylene (a) and 
methylenemethylene chloride (b) to mechanically cleaned areas of flesh paint in 19th century 
portrait.portrait. Az = dimethyl azelate, P = methyl palmitate, S = methyl stearate, IS = 
internalinternal standard: methyl tridecanoate. Peaks eluting later in the chromatogram 
correspondcorrespond to residual varnish components. 

Becausee of the variability inherent in the swabbing procedure, this calculation can 
onlyy be considered very approximate. Very littl e azelaic acid was detected in the 
swabb extracts, further indication that this compound is less readily extractable from 
paintt layers than palmitic and stearic acid, as discussed in the introduction. 

Inn terms of the relative effects of the different solvents, these results are in 
agreementt with the total quantities of fatty acids extractable from samples from the 
samee paint area by immersion in solvent, described in Chapter 4 (Figure 1 Oa), with 
thee greatest quantities of fatty acids found in the methylene chloride swabs, 
followedd by ethanol, acetone and xylene. This is despite the additional variable 
factorss - including rates of diffusion and evaporation - which are absent from the 
"total""  extraction measurements, and might be expected to influence the swabbing 
results. . 
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Figuree 9 Fatty acids measured in extracts from swabs applied with different 
solventssolvents to areas of flesh paint in 19th century portrait. 

Similarr analyses were made of swabs from a mid 17th century painting by 
Pieterr Soutman (part of the same group of paintings as the Willeboirts-Boschaerts 
andd van Everdingen described in previous sections), from a number of paint areas 
withh different pigmentation. Ethanol swabs were used in each case, otherwise 
experimentall  parameters were as before. In these cases, quantities of fatty acids 
detectedd were very low, in the same order as background levels found in blank 
swabb extracts, and so could not be measured with any precision. (Despite 
precautionss such as thorough cleaning of the cotton wool, the analysis of swab 
extractss is difficult to execute cleanly, and some degree of background 
contaminationn is unavoidable. This can also result from the concentration of the 
largee volumes of solvent used for extraction. It is important to run blank samples 
forr this reason.) The low levels of fatty acids in swabs from the Soutman correlate 
withh the cleaning tests on the other two 17th century paintings, in which changes in 
thee quantities of extractable fatty acids from cleaning were too small to be reliably 
measured. . 

Onee exception in the case of the Soutman was a swab from an area of 
vermilionn paint, which was found to contain relatively high levels of fatty acids. 
Thee chromatogram for the swab extract is shown in Figure 10. This paint area was 
clearlyy vulnerable to ethanol, as indicated by the appearance of pigment on the 
swab,, and so the result represents an unusual case - with fatty acids derived from 
disintegrationn of the paint medium, rather than a leaching effect. The high 
proportionn of azelaic acid in the extract (with an azelaic/palmitic ratio of 2.7) is an 
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Figuree 10 Gas chromatogram of extract from swab applied with ethanol to 
mechanicallymechanically cleaned area of vermilion paint in 17th century painting (Soutman). 
AzAz = dimethyl azelate, P = methyl palmitate, S = methyl stearate, IS = internal 
standard:standard: methyl tridecanoate. 

indicationn of the catalytic effect of this pigment on the oxidative degradation of the 
oill  polymer. 

6.4.6.4. Conclusions 

Inn cleaning tests carried out on a number of paintings from the seventeenth 
too nineteenth centuries, in which quantities of extractable fatty acids were 
measuredd in paint samples before and after cleaning, a small, but measurable 
proportionn of fatty acids was found to be removed from the paint layers in some 
cases,, whereas in others the effect was too small to be reliably determined. This 
wass despite the use of polar solvents, and prolonged exposure to swabs in most 
cases. . 

Inn general, these results reinforce the idea that the extent of leaching 
occurringg as a result of a superficial exposure to solvent, as in cleaning, is likely to 
bee very small in relation to the total amount of material extractable by immersion 
inn solvent. This supports the observations made by White and Roy [1], although in 
theirr study no significant changes from cleaning were observed in any of the cases 
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investigated,, and the conclusions drawn were correspondingly more compre-
hensive. . 

Itt should be re-emphasised that this research is concerned with the leaching 
off  organic components from an otherwise coherent paint film. More immediate, 
obviouss risks relating to the vulnerability of specific paint types - illustrated above 
byy the swab extract from the vermilion paint, in Figure 10 - - are a separate issue, 
relatingg to peculiar drying properties of the paint, as discussed in Chapter 1. 

Givenn the magnitude of effects observed, and the time consuming nature of 
thee analyses, it was not possible to make an extensive investigation of the influence 
off  factors such as pigmentation and age of the paint films, and different solvent 
treatments,, using this type of measurement. For example, although greater effects 
weree observed on the nineteenth century painting than on the eighteenth and 
seventeenthh century paintings, this difference cannot be reasonably attributed to the 
agee of the pictures based on so few examples. The particular techniques and 
materialss used in oil painting in the different periods may also be important factors 
inn this respect. Similarly, it was not possible to distinguish between solvent effects 
onn lead white based paint films and those which might be expected to show a 
greaterr vulnerability to leaching, such as black pigmented films. (In part, this is 
likelyy to be a result of the "homogenising" effect of ground layers in the paint 
sampless analysed.) 

Forr information on the effects of these various factors, it is necessary to 
relyy on the studies of model paint films described in previous chapters, which are 
moree suited to this type of controlled comparison, but bearing in mind that the 
effectss of immersion treatments on these younger paint films are exaggerated in 
relationn to the more practical cleaning situations. 

Thee results can perhaps be more usefully interpreted in relation to questions 
ass to the effects of solvent cleaning on paintings which have already undergone a 
numberr of previous cleaning treatments. As Ruhemann asked: 

WillWill  not the maximum leaching have already occurred in most old pictures 
duringduring the many and harsh cleanings they have undergone in the past? Will not 
thereforetherefore most varnish removals be carried out nowadays without risk of further 
leaching?leaching? [7, p. 305] 

Erhardtt and Tsang later raised similar questions: 

ItIt  is not known ... whether [leaching] occurs only during the first cleaning 
ofof a painting, occurs for several cleanings and eventually stops, or will  occur to 
somesome extent during every cleaning. [2, p. 93] 
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Althoughh the paintings tested in this study cannot be taken to represent 
thosee which have had "many and harsh cleanings", the results would seem to 
contradictt the idea that any leachable material present in paint layers will be 
removedd in initial cleanings, and that subsequent treatments are unlikely to have 
anyy further effect. Given that, at least in the cases studied, there is a considerable 
"reservoir""  of extractable material in paint films even of significant age, and that 
ann individual cleaning treatment appears to remove only a very small proportion of 
thee total extractable, it seems more likely that leaching is a phenomenon which 
occurs,, although at a low level, on each repeated exposure to solvent. Moreover, 
resultss described in Chapter 4 indicated that extractable material can continue to 
formm in a paint film as a result of ongoing ageing processes. 

Hence,, although an individual cleaning treatment may present a minimal 
riskrisk to the paint layers from leaching, it is still important to avoid frequent re-
treatmentss as far as possible. To a large extent, this view supports conventional 
wisdomm in cleaning. 

Ann additional factor investigated in this chapter was the magnitude of 
leachingg at different depths in the paint layer structure. Measurements of quantities 
off  solvent extractable fatty acids in different types of sample from the eighteenth 
centuryy painting (whole paint/ground samples and paint scrapings) suggested that 
leachingg was more pronounced in the surface layers, although more data, and more 
precisee methods of analysis, would be needed to support this observation. Since the 
uppermostt paint layers are the most critical in terms of the appearance of the 
painting,, this is an area which deserves further investigation. More detailed 
investigationss of the mechanical and optical effects associated with leaching, as a 
resultt of solvent exposures more typical of practical situations, would also be 
valuable. . 
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7.. Derivatisation of fatty acids for gas chromatographic 
analysis s 

Abstract t 

MethodsMethods used in this study for the derivatisation of fatty acids in oil paint and 
solventsolvent extract samples for gas chromatographic analysis are described. Some 
observationsobservations are made on the relative advantages of the reagents, diazomethane 
andand TMTFTH ((m-trifluoromethylphenyl)trimethylammonium hydroxide), used for 
derivatisation.derivatisation. Details are also given of the quantitative methods used to determine 
thethe proportions of fatty acids in extract samples present in the form of free acids 
andand glyceride esters, and the quantities of solvent extractable fatty acids as a 
proportionproportion of total fatty acids in a paint sample. 

7.1.7.1. Introduction 

Sincee the pioneering work of Mill s in the 1960s [1], gas chromatography 
hass become a standard technique for the analysis of oil-based binding media in 
paintt samples. Although numerous adaptations and refinements have been made to 
thee basic method described by Mills, the same principle is generally followed: fatty 
acidss present in the oil medium, which are diagnostic of the oil type, are extracted 
fromfrom the solid paint matrix and chemically converted to volatile derivatives which 
aree suitable for GC analysis. The resultant chromatogram provides qualitative and 
quantitativee information on the oil content of the sample. 

Traditionall  methods have typically used an alkaline solution to saponify the 
paintt sample, producing a solution of the fatty acid salts, which is acidified to 
convertt the salts into free fatty acids. These are then extracted from aqueous 
solutionn into a solvent phase, and methylated using diazomethane [1], or otherwise 
derivatisedd for analysis using one of a range of available reagents [2, pp. 404-409]. 

Ann alternative approach has been to use quaternary ammonium hydroxides 
suchh as TMAH (tetramethylammonium hydroxide), which are reacted directly with 
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driedd oil samples to produce the quaternary ammonium salts of the fatty acids, and 
thesee are then thermally decomposed to form the corresponding methyl esters. In 
thee case of TMAH, this reaction is generally performed in a pyrolysis interface [3]. 
AA related compound, TMTFTH ((7w-trifluoromethylphenyl)trimethylammonium 
hydroxide),, was introduced for biological applications as an alternative to TMAH 
[4],, with the reported advantage that methyl esters were formed from this reagent 
att a lower temperature than was required for conversion of the tetramethyl-
ammoniumm salts [5]. The use of the less alkaline TMTFTH at lower temperature 
wass found to reduce the likelihood of side reactions, such as the isomerisation and 
degradationn of unsaturated fatty acids, which are a potential problem when using 
thesee strongly basic reagents at high temperatures [6]. Moreover, the reduced 
temperaturee required for methylation using TMTFTH makes it feasible to inject the 
analytee solution directly into a heated GC injector [5, 6], avoiding the need for a 
pyrolysiss interface. Molecular structures for TMAH and TMTFTH are shown in 
Figuree 1. 

H3C C 
H-(XX \ ^CH, H„C 

33 N + 3 

CH,, 0 H 

a)) b) 

Figuree 1 Molecular structures of TMAH (a) and TMTFTH (b). 

Thiss direct analysis using quaternary ammonium reagents, as well as being 
convenient,, has an additional advantage over multiple stage saponification/ 
extractionn methods in that it makes more efficient use of small samples, avoiding 
losss of material which can occur through the various processes of extraction, 
drying,, etc. TMTFTH has been in use in the field of conservation for around a 
decadee [7, 8], and has been extensively tested at the National Gallery, London, 
wheree it has largely replaced diazomethane for routine binding medium analysis 
[9]. . 

Bothh diazomethane and TMTFTH have been used for quantitative GC 
analysiss of fatty acids in this study. This chapter will describe the procedures used 
forr sample preparation with the two reagents, and some of their relative 
advantages.. Adaptations were made to the recommended methods for specific 
purposes:: namely, measurements of the relative proportions of free and ester 
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(glyceride)) fatty acids in solvent extracts from paint samples, and of the quantities 
off  solvent extractable fatty acids as a proportion of total fatty acids in a paint 
sample;; and these will also be described. 

7.2.7.2. Sample preparation methods 

Derivatisationn of paint samples using diazomethane was carried out using a 
modificationn of the method of Mill s [1]. Full experimental details are given in 
Appendixx 1. In summary, the sample is first reacted with a methanolic solution of 
potassiumm hydroxide, to hydrolyse any glyceride fatty acids (i.e. those still 
covalentlyy linked by ester bonds to the oil polymer) and disintegrate the paint 
structure.. The solution of fatty acid salts thus formed is then acidified by the 
additionn of hydrochloric acid to form the corresponding fatty acids, which are 
extractedd into ether, and the ether phase transferred to a second vial. Methanol is 
addedd to the ether in a proportion of approximately 10%, and diazomethane, 
generatedd according to the method of Schlenk and Gellerman [10], is bubbled 
throughh the mixture to convert the fatty acids to their methyl esters. The solution is 
thenn reduced under a stream of dry nitrogen, with gentle warming, to a 
concentrationn suitable for analysis, and injected directly. 

Thee procedure is summarised in the following scheme, which describes the 
reactionss for stearic acid, as both a free acid and in its ester bound form. (In the 
scheme,, R represents the oil polymer. The reaction shown is for a single ester bond 
onlyy - hydrolysis of three adjacent ester bonds in the same glyceride species wil l 
liberatee glycerol in place of R-OH.) Any fatty acids present in the paint sample as 
metall  salts (such as lead salts) will also be converted to soluble potassium salts by 
thee initial reaction. 

1.. H3C(CH2)16COOH + H3C(CH2)i6COO-R + 2KOH 

->> 2H3C(CH2),6COOK+ + H20 + R-OH 

2.. H3C(CH2)16COOK+ + HC1 -> H3C(CH2)i6COOH + KC1 

3.. H3C(CH2)l6COOH + CH2N2 -> H3C(CH2)16COOCH3 + N2 

Derivatisationn using TMTFTH was carried out by addition to the sample of 
aa 5% solution of the reagent in methanol (which is commercially available - see 
Appendixx 1). Fatty acids, in both free acid and ester-bound forms, are converted to 
thee quaternary ammonium salts by overnight reaction at room temperature, after 
whichh an aliquot of the solution can be directly injected. White and Pile 
recommendd heating the reaction mixture to 60°C [9, p. 101], but tests carried out in 
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thiss study indicated that an additional heating step did not improve yields of methyl 
esterss noticeably. (Further tests to investigate the efficiency of the reaction are 
describedd later.) 

Thee reaction is summarised as follows, with the decomposition of 
quaternaryy ammonium salts to methyl esters in the second stage occurring in the 
heatedd GC injector. (In the formula for TMTFTH, R' represents the /w-trifluoro-
methylphenyll  group.) As in the previous method, any fatty acid metal salts present 
inn the sample should also be accounted for in this reaction, by conversion to 
quaternaryy ammonium salts along with the other species. 

1.. H3C(CH2)16COOH + H3C(CH2)i6COO-R + 2R-N(CH3)3
+OH' 

->> 2H3C(CH2)i6COO-R,N(CH3)3+ + H20 + R-OH 

2.. H3C(CH2)i6COOR,N(CH3)3+ ->H3C(CH2)i6COOCH3 + RNCCHafc 

Ass well as the obvious advantage of simplicity, derivatisation with 
TMTFTHH avoids some of the hazards associated with diazomethane, which is 
knownn to have carcinogenic and explosive properties [11, p. 66]. For these reasons 
itss use has sometimes been discouraged [2, p. 405], although on the small scale 
usedd for paint sample analysis the risks are unlikely to be significant [1, p. 99]. 
Onee problem found for TMTFTH was that some batches of the commercial reagent 
showedd high levels of background contamination. To avoid this problem, an 
alternativee approach would be to make the reagent in the laboratory as needed, as 
describedd in the literature [5] and recommended by White and Pile [9, p. 95]. The 
purerr batches of the commercial reagent were used in this study, however. Another 
considerationn is that TMTFTH, unlike diazomethane, is nonvolatile, and will be 
injectedd into the GC along with the sample. Chromatograms will therefore contain 
reagentt peaks in addition to the solvent peak, which may interfere with the analysis 
off  lower molecular weight compounds such as short chain fatty acids. 

AA significant feature of the diazomethane derivatisation is that the 
extractionn step, from aqueous solution into ether, discriminates between fatty acids 
off  different polarity: the relatively polar dicarboxylic acids, such as azelaic acid, 
aree more hydrophilic than palmitic and stearic acid, and will therefore be extracted 
lesss efficiently into the ether phase. This will be reflected in lower ratios of the 
diacidss to palmitic and stearic acid in the resultant chromatogram. Figure 2 
illustratess the fatty acid ratios obtained from analysis of samples of a 5 year old 
linseedd oil film pigmented with umber (see Appendix 3 for details), derivatised 
usingg the two methods. The final volume of analyte solution was approximately 
equall  in each case. Four samples were analysed using each method: the results 
plottedd in Figure 2 2 are averages, with standard deviations indicated by error bars. 
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P:S S Az:P P Su:P P 

Figuree 2 Chromatographic peak area ratios obtained for fatty acids derivatised 
usingusing diazomethane and TMTFTH. 

Thee ratios of palmitic to stearic acid are very close for both methods, but 
considerablee differences are seen for the ratios of diacids (azelaic and suberic) to 
palmiticc acid. The average A:P ratio in the diazomethane derivatised samples is 
approximatelyy 1.6, compared to 2.2 using TMTFTH, reflecting the loss of azelaic 
acidd in the extraction step, as described above. Similar results were found for the 
ratioss of the C8 diacid, suberic acid, to palmitic acid. 

Ann additional factor which could contribute to the lower ratios of diacids 
obtainedd with the diazomethane method is the volatility of the methyl ester 
derivatives,, which will be susceptible to evaporation during reduction of the 
analytee solution after methylation. This is more of a risk for the shorter chain, and 
hencee more volatile dimethyl esters. The potential for selective loss of methyl 
esterss by evaporation was noted by Mills, who preferred the use of a partial 
vacuumm to a stream of nitrogen for reducing samples [1, p. 99]. To test whether the 
brieff  drying treatment used to concentrate the analyte solution could have a 
significantt effect on fatty acid ratios, additional measurements were carried out, 
butt using larger sizes of paint sample so that reasonable chromatograms could be 
obtainedd without the need for reducing the final volume of solution. Figure 3 
illustratess the results from analyses of samples of the same umber paint film 
(althoughh by the time of this experiment it was 7 years old), using the two methods 
ass before, but omitting the final concentration step after diazomethane treatment 
(thee sample was exposed to a stream of nitrogen only very briefly, to remove 
excesss diazomethane). Once again, the final volume of analyte solution was 
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Figur ee 3 Chromatographic peak area ratios obtained using diazomethane and 

TMTFTH,TMTFTH, with concentration step omitted from diazomethane method. 

approximatelyy equal in each case, and results are averages of four samples for each 

method. . 

Similarr relationships can be seen to the results in Figure 2, with close 

valuess obtained for P:S ratios, and reductions observed for A:P and Su:P in the 

diazomethanee derivatised samples. Allowing for some variations in experimental 

conditions,, these are in the same order as in the previous experiment, indicating 

thatt the differences in the diacid ratios are largely a result of the solvent extraction 

step,, and that ratios are not significantly altered by a brief drying treatment. 

Thesee experiments demonstrate the need for caution in interpreting 

quantitativee measurements of fatty acids, whether simple comparisons of peak 

areass or more elaborate quantitative determinations. For instance, ratios of azelaic 

andd other diacids to palmitic acid have been used to distinguish drying oil from 

otherr oil-based binding media such as egg tempera [12, p. 171], and to investigate 

thee ageing and oxidation characteristics of oil paint [13, 14]. To make critical 

comparisonss based on this type of analysis, or to compare results from different 

studies,, it is important to take into account possible differences in the derivatisation 

methodss used, and their influence on fatty acid ratios. The ratio of palmitic to 

stearicc acid, which has been established as a reliable indicator of drying oil type 

[12,, pp. 171-172], is unlikely to show significant variation according to 

derivatisationn method, because of the chemical similarity of the two compounds. 

1 1 -Si i 

i i 
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Thee quantitative methods used in the current study, which are based on the 
usee of an internal standard, are described in the following sections. 

7.3.7.3. Quantitation of free and ester-bound fatty acids 

Inn Chapter 3, analyses of solvent extracts from paint samples were reported, 
includingg measurements of the proportions of fatty acids present in the extracts in 
thee form of free acids and glyceride esters (i.e. those covalently attached to 
glycerol).. The relative proportions of these two types of species were calculated 
usingg a modification of the diazomethane method described by Mill s [1]. Dried 
extractss were first dissolved in a mixture of diethyl ether and methanol (10:1), after 
firstt adding a known amount of methyl tridecanoate as an internal standard, and 
methylatedd by bubbling diazomethane through the solution. Any free fatty acids in 
thee solution are thus converted to methyl esters. After concentration to a suitable 
volume,, an aliquot of the solution was analysed using GC, producing a 
chromatogramm which represents free fatty acids only. 

Thee remainder of the analyte was then reduced to dryness under a stream of 
nitrogen,, with gentle warming, and subjected to the full saponification, 
acidificationn and extraction procedure as described by Mill s (detailed in Appendix 
1),, followed by methylation as before. The resultant solution contains methyl esters 
off  all fatty acids, whether initially present in their free form or as glyceride esters. 
Thee internal standard (itself a fatty acid methyl ester) will remain intact after this 
treatment,, having been hydrolysed and re-methylated. After concentration, analysis 
off  an aliquot of this solution produces a second chromatogram, representing total 
fattyy acids. Figure 4 illustrates two representative chromatograms, of an ethanol 
extractt from a 63 year old linseed oil and lead white film. By comparison of peak 
areass of the fatty acid methyl esters with the internal standard in both 
chromatograms,, the proportion of each fatty acid in the sample present in its free 
formm can be calculated, according to equation 1: 

1.. VoME(l) = ((AMEl x AMT2) / (Am\ x Am2)) x 100 

wheree %ME(l) is the percentage of the fatty acid methyl ester in 
chromatogramm 1, relative to the total in chromatogram 2, and AME^-, AMT\, AME2, 

AMT2AMT2 are the peak areas for the methyl ester and methyl tridecanoate in the 
respectivee chromatograms. The comparative nature of the analysis means that the 
calculationn is relatively simple, excluding terms such as response factors and 
amountss of standard, which would be required for absolute calculations of 
componentt quantities. (The use, or omission, of response factors will be discussed 
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Figuree 4 Gas chromatograms of ethanol extract from 63 year old lead white + 
linseedlinseed oil film: a) methylated only, b) hydrolysed and methylated. Az = dimethyl 
azelate,azelate, P = methyl palmitate, S = methyl stearate, IS = internal standard: methyl 
tridecanoate. tridecanoate. 

inn a separate section later.) Because of the large number of measurements, 
calculationss described in this chapter were generally made using spreadsheets. 

Methyll  tridecanoate was selected as an internal standard as the methyl ester 
off  a fatty acid not present in linseed oil (plant oils are composed predominantly of 
evenn carbon number fatty acids), and therefore chemically similar but clearly 
resolvedd in the chromatogram from the compounds of interest. It is added to the 
reactionn vial as a solution in methylene chloride, and the solvent allowed to 
evaporatee before derivatisation. The standard is added early in the sample 
processingg so that it undergoes the same sequence of preparation steps as the 
compoundss to be determined, thus minimising certain systematic errors, 
particularlyy those associated with extraction or transfer of material. Standard 
solutionss were kept refrigerated, and fresh solutions were made periodically, to 
avoidd changes in concentration which could result from gradual evaporation of the 
solvent. . 
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Onee problem with the above method is that the solvent extraction step used 
inn the second stage of the analysis will not be so efficient for the diacids, as 
describedd in the previous section, giving a lower yield of these compounds in the 
"total""  chromatogram. The values obtained for percentages of free azelaic acid are 
thereforee likely to be overestimated to some degree. For some of the smaller 
extractt samples - obtained from samples from paintings - the saponification/ 
extractionn process did not yield enough material for a reliable analysis, and 
experimentss were repeated using TMTFTH for the second stage of the analysis, 
addedd to the dried extract sample after the first injection. These results are likely to 
bee more reliable with regard to azelaic acid, since they avoid the use of an 
extractionn step. In hindsight, this approach could have been applied to all samples 
-- data in Chapter 3 are based on results from both methods, however, and the 
figuress for free azelaic acid likely to be overestimates are noted. 

Anotherr problem, also mentioned above, is the potential for loss of methyl 
esterss during the evaporation of solvent after the first analysis. Although only a 
smalll  volume of solvent is evaporated, this step must be carried out carefully, 
minimisingg drying time and warming only gently, to avoid loss of material which 
couldd distort the results. 

Ann alternative method for measuring proportions of free and ester fatty 
acidss in paint samples has been described and tested extensively by Boon, van den 
Bergg and colleagues [15, 16], In this method, paint samples are first reacted with 
sodiumm ethoxide to transesterify glyceride esters, forming their ethyl esters, after 
whichh BSTFA (A^O-bis(trimethylsilyl)trifluoroacetamide) is used to convert any 
remainingg free fatty acids to their silyl esters. A single analysis can then be carried 
out,, producing a chromatogram in which each fatty acid is represented by two 
peaks,, corresponding to the ethyl ester (from glyceride acids) and the silyl ester 
(fromm free acids). This approach has the convenience of requiring only one 
analyticall  run, although the diazomethane method has the advantage that only one 
typee of chemical derivative is analysed, so that different response factors do not 
needd to be taken into account. Both methods include stages in which solvent is 
removedd by evaporation, requiring care to minimise loss of the relatively volatile 
alkyll  esters. 

Thee sodium ethoxide method is likely to be more suited to the analysis of 
solidd paint samples, since ester-bound fatty acids are reacted first, aiding 
disintegrationn of the paint structure and making any free fatty acids more 
accessiblee for silylation. The diazomethane method was found to be well suited to 
thee analysis of extract solutions in this study, however. 
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7A.7A. Quantitation of solvent extractable fatty acids 

Chapterss 4-6 included measurements of the quantities of fatty acids 
extractablee from a range of paint samples using different solvents, expressed as a 
proportionn of the total fatty acids in the samples. These measurements were made 
usingg one of two methods, depending on the nature of the paint film and the type of 
experiment. . 

Forr the younger paint films, of which more material was available, samples 
weree taken from the paint film before immersion in solvent, weighed, and 
derivatisedd for GC analysis (diazomethane was used initially, and TMTFTH in 
laterr experiments), after addition of methyl tridecanoate as an internal standard. 
Fromm the resultant chromatogram, concentrations of component fatty acids in the 
paintt samples were then calculated using relative peak areas, according to equation 
2: : 

2.. [FA]  = (AME x WMTx MWFA)/ (AMT^Xx MWME) 

wheree [FA]  is the concentration of the fatty acid in the paint sample (ug 
fattyy acid per mg paint), AME and AMT are the peak areas of the fatty acid methyl 
esterr and the internal standard, WMT is the weight of standard added to the sample 
(jig)) and Ws the weight of the sample (mg). The factor MWFA / MWME, from the 
molecularr weights of the fatty acid and its corresponding methyl ester, is included 
too convert the quantity of methyl ester in the derivatised sample to the quantity of 
thee fatty acid originally present in the sample. 

Afterr removing the paint film from solvent and drying, further samples 
weree taken and analysed in the same way. Measurements of fatty acid 
concentrationss after solvent treatment are complicated by the fact that weight loss 
occurss as a result of the treatment, which will offset the reduction in concentration 
off  the component fatty acids. To account for this, the calculated concentrations 
weree multiplied by a factor equivalent to the weight fraction of the paint film 
remainingg after extraction, to obtain a value corresponding to jig fatty acid per mg 
paintt prior to extraction, (For example, if a paint film showed a 10% loss in weight 
ass a result of solvent extraction, the concentration of each fatty acid in the 
extractedd paint was multiplied by 0.9, to obtain an estimate of \ig fatty acid per mg 
paintt as weighed before extraction.) 

Differencess in the concentrations of fatty acids in the film before and after 
extractionn were used to determine the percentages extracted: 

3.. %FAat = {{[FA],  - [FA] 2) / [FA],)  x 100 
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wheree [FA]/  is the concentration before treatment and [FA] 2 the adjusted 
concentrationn after treatment. 

Multiplee samples were taken at each stage - between 3 and 5 - and 
averagess of the calculated concentrations used, to account for inherent variations in 
thee paint film. Samples weighed between 0.2 and lmg. 

Althoughh the choice of derivatisation method is not critical for these 
measurements,, it is important to use the same method consistently within a given 
experiment.. The reduced yield of diacids associated with diazomethane 
derivatisationn should not affect the results, since it is percentage changes in the 
quantitiess of fatty acids which is being determined, rather than absolute values. 

Thee experiments described in Chapter 5, measuring the depletion of fatty 
acidss in a paint film as a result of the leaching effect of an applied varnish, were 
alsoo based on the above method. This approach - of analysing multiple samples 
fromfrom the paint film before and after treatment - although somewhat laborious, was 
designedd to be applicable to both the immersion and varnishing studies, since it 
avoidss analysis of the extracted fatty acids, which is more complicated in the case 
off  the varnish experiments. (Measurements of quantities of fatty acids extracted 
fromfrom varnish samples are reported in Chapter 5, but in units which are not directly 
comparablee to the results of the analyses of paint samples.) In the varnishing 
experiments,, the supported paint films were not weighed at the various stages of 
treatment,, and it was therefore not possible to make adjustments to the observed 
fattyy acid concentrations in the paint samples as described above. In these cases it 
wass assumed that overall weight changes in the paint films as a result of varnishing 
andd cleaning would be minimal, and would not significantly influence the 
measurementss of changes in fatty acid concentrations. 

AA second method was used for smaller paint samples, including those from 
paintings.. Samples were immersed in solvent (100-200uL) for a given time 
(usuallyy 24 hours), after which the vial was centrifuged and the extract solution 
carefullyy transferred to a second vial. The extracted paint sample was rinsed with 
ann additional 50-100uL solvent, which was transferred to the second vial as before. 
Bothh the combined extract solution and paint sample residue were dried under a 
streamm of nitrogen, with gentle warming, and derivatised for GC using TMTFTH, 
afterr addition of an identical amount of internal standard to each fraction. The 
quantitiess of component fatty acids in each fraction can be determined with 
referencee to the standard: 

4.. WFA = (AME x WMT x MWFA) / (AMT * MWME) 
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Thiss is the same equation as used in the previous method (equation 2), but 
omittingg the term for sample weight, since absolute quantities are being calculated 
ratherr than concentrations. 

Thee quantities of fatty acids in the extract were then calculated as a 
percentagee of the total fatty acids, i.e. those in the residue plus extract. The overall 
equationn is: 

5.. %FAat = (AMA x AME2 x 100) / {{AME\ *  AMT2) + (AMTl x AME2)) 

wheree 1 and 2 refer to the analyses of the paint residue and extract solution, 
respectively.. In this overall calculation, terms for molecular weight and amount of 
standardd are eliminated (assuming an identical amount of standard has been added 
too both samples, i.e. WMA

 =
 WMT2). 

AA representative pair of chromatograms, from a sample from a flesh paint 
areaa of an early 19th century portrait (see Appendix 3), extracted in acetone, is 
illustratedd in Figure 5. 

Az z 
1 1 

100 15 20 25 30 

timee (minutes) 

Figuree 5 Gas chromatograms of acetone extracted paint sample from 19th 
centurycentury flesh paint sample (1) and the corresponding acetone extract (2). Az = 
dimethyldimethyl azelate, P = methyl palmitate, S = methyl stearate, IS = internal 
standard:standard: methyl tridecanoate. 
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Thee number of samples used for these measurements depended on the type 
off  experiment: for immersion experiments (described in Chapter 4), where larger 
differencess were observed between treatments, duplicate samples were generally 
consideredd sufficient. For the comparisons of samples before and after cleaning 
(describedd in Chapter 6), five samples were analysed at each stage, to reduce the 
likelihoodd of statistical error as much as possible. Samples analysed using this 
methodd weighed approximately 0.1-0.5mg. 

Inn some cases, quantities of extractable fatty acids from samples of the 
samee paint film were determined using both of the above methods (see Chapter 4, 
Tablee 3). Close correlation was found between the results, which is reassuring, 
fromfrom the point of view of the reliability of the measurements. 

Too get an idea of the suitability of the second method for more critical 
comparisonss (such as changes resulting from cleaning), tests were carried out to 
investigatee the degree of variation inherent in the process. Five samples from the 
samee paint film were extracted in ethanol, and the proportions of extractable fatty 
acidss determined. A six year old linseed oil film pigmented with umber was 
selectedd as a uniform and well defined paint film, which could be assumed to be 
reasonablyy chemically homogeneous. In addition, the residue and extract fractions 
off  one of the samples were analysed multiple times, to get an idea of the variability 
inn the analysis alone, independent of sample preparation factors. 

Percentagess of extractable fatty acids calculated for the five samples, and 
forr the multiple analyses of a single sample, are listed in Table 1. Values for 
palmiticc and stearic acid extractable were between 66 and 72%, and for azelaic 
acidd between 49 and 62%. Standard deviations of extraction values for the multiple 
sampless were low for P and S (1.1), but higher for Az (5.1). The reason for this 
greaterr variability is not clear, but azelaic acid has been found to show 
experimentall  variability in other respects (both in terms of the quantities present in 
paintt samples, and in the process of analysis, as mentioned above), and so 
extractionn data for this compound have generally been interpreted with more 
caution.. Standard deviations for multiple analyses of the single sample were even 
lowerr - 0.6-0.7 for all of the fatty acids, indicating a good reproducibility in the 
analysis. . 

Thee significance of these method-dependent variations depends on the 
precisionn needed for the experiments. This degree of variation is generally very 
loww in relation to the differences between the effects of various treatments studied 
inn the experiments, particularly with regard to the immersion studies. It is also less 
thann the variation which was often found between samples from a single paint area 
(forr which standard deviations were typically in the range 1-5%). As described in 
Chapterr 6, however, for comparisons of samples before and after cleaning, 
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Tablee 1 Measurements of proportions of fatty acids extracted from multiple 
samplessamples of 6 year old umber paint film, expressed as percentages of total fatty 
acidsacids in samples. 

Resultss from 

palmitic c 
stearic c 
azelaic c 

multiplee analyses 

11 2 
69.55 69.7 
71.44 70.5 
60.88 59.8 

off  single 

3 3 
69.4 4 
71.8 8 
61.4 4 

Resultss from analyses of multiple sampl 

palmitic c 
stearic c 
azelaic c 

11 2 
67.55 66.6 
69.55 69.0 
56.99 49.7 

3 3 
66.2 2 
68.0 0 
50.3 3 

extract/residuee pair 

4 4 
68.8 8 
71.2 2 
60.5 5 

es s 

4 4 
612 612 
68.9 9 
59.6 6 

5 5 
67.9 9 
70.3 3 
60.5 5 

5 5 
69.1 1 
71.0 0 
60.6 6 

X X 
69.1 1 
71.0 0 
60.6 6 

X X 
67.3 3 
69.3 3 
55.4 4 

s s 
0.7 7 
0.6 6 
0.6 6 

s s 
1.1 1 
1.1 1 
5.1 1 

differencess between groups of samples were sometimes too small to allow clear 
interpretations. . 

Thiss second method has the advantage that it avoids the need for weighing 
veryy small samples, or those not composed solely of oil paint, but its accuracy 
dependss on the efficient conversion of fatty acids in both fractions into their methyl 
esters.. It was expected that this should happen readily for the solvent extracts in 
solution,, but the yield of fatty acid methyl esters from the solid paint residues was 
moree of a concern - especially since the solid samples did not always completely 
disintegratee from reaction with TMTFTH. As a precaution, residues of paint 
sampless from the various paint films/paintings used in the study were analysed for 
aa second time, after TMTFTH reaction, first rinsing with methanol to remove fatty 
acidd methyl esters in solution. The second analysis was carried out using the 
diazomethanee procedure, the initial saponification step of which typically results in 
completee disintegration of the solid sample - this would be expected to release any 
remainingg fatty acids from the paint matrix. No more than background levels of 
fattyy acids were detected in the second analysis in all but one of the cases tested, 
indicatingg that the TMTFTH reaction had been efficient. Extraction data for the 
onee type of paint not efficiently converted (lead-based yellow paint from a 17th 
centuryy painting) were not used in the study, because of the ambiguity of these 
results. . 

Somee published methods recommend the addition of benzene to the 
methanol/TMTFTHH reaction mixture [6], and studies have found this to give 
improvedd analytical results for complex paint samples in some cases [17]. The 
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methanolicc solution of the reagent has been extensively used for the analysis of oil 
paintt samples, however [9, 18], and appears to give efficient extraction and 
conversionn of the fatty acids of interest in this study. As an additional test, a 
numberr of paint samples (early 19th century, predominantly lead white/linseed oil) 
weree analysed using TMTFTH in methanol, with additions of benzene or toluene 
inn some cases, and improved yields of fatty acid methyl esters were not observed 
forr samples with the added solvents. 

Ass a further test of the efficiency of recovery of fatty acids in this method 
afterr the extraction and derivatisation process, two sets of samples from a single 
paintt film were analysed: samples from the first set were extracted in acetone, and 
thee extracts and residues analysed separately as described above. Samples from the 
secondd set were analysed directly, after addition of methyl tridecanoate and 
TMTFTHH to the unextracted paint samples. This was done to check the assumption 
thatt the sum of the quantities of fatty acids in the two fractions is a reliable 
measuree of the total fatty acids in the paint film before extraction. An umber 
pigmentedd linseed oil film was again selected as a uniform, homogeneous paint 
film,, and five samples were analysed using each method. Samples were 1mm each 
(sampless were nott weighed, assuming a uniform film thickness and therefore equal 
samplee size). 

Figuree 6 shows the quantities of fatty acids calculated from both types of 
analysis,, plotted as averages from the five samples, with standard deviations 
indicatedd by error bars. The values obtained from the two methods are very close, 
welll  within the range of experimental variation, which provides further support for 
thee accuracy of the extraction measurements. 

Itt should be noted that the tests described in this chapter are concerned 
mainlymainly with considerations of the precision and accuracy of the analytical methods 
-- limitations relating to the nature of the paint samples being analysed have been 
addressedd in more detail in previous chapters (Chapter 6 in particular). 

7.5.7.5. Response factors 

Quantitativee measurements of fatty acids such as those described above 
generallyy require the calculation of response factors for the various fatty acid 
derivativess [19, pp. 342-343]. These factors have been omitted from most of the 
abovee calculations, however, since the majority of the measurements in this study 
aree of a comparative nature (percentage reductions in concentration, proportions of 
freefree and ester fatty acids, etc.), and any response factors are cancelled out in the 
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Figuree 6 Quantities of fatty acids in umber paint samples, measured by analysis 
ofof whole paint samples, and of solvent extracts and paint sample residues. 

coursee of the calculations. Some limited data have been presented for absolute 
quantitiess of fatty acids in paint or extract samples, however (Figure 6, above; 
Tablee 1, Chapter 5; Figure 9, Chapter 6), and in these cases it was necessary to take 
responsee factors into account. 

Inn determining response factors for the fatty acid methyl esters (described 
inn Appendix 2), it was found that the factors for methyl palmitate and methyl 
stearatee were very close to that of the standard, methyl tridecanoate (within 1.5%). 
Thiss close correlation in the responses of homologous fatty acid esters analysed by 
GCC is the reason that response factors are sometimes omitted from quantitative 
measurementss [20, p. 236]. The response of dimethyl azelate was considerably 
lower,, however (66% relative to the standard). Where absolute quantitative data 
havee been presented, therefore, correction factors have been applied only to 
calculationss for azelaic acid. 

7.6.7.6. Conclusions 

Establishedd methods of fatty acid derivatisation for GC analysis, using 
diazomethanee and TMTFTH, were employed in this study, and found to be 
adaptablee to specific quantitative applications. For measurements of total fatty 
acidss (i.e. those present as both free fatty acids and glyceride esters) in paint and 
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extractt samples, diazomethane was used initially, but was generally supplanted by 
TMTFTHH in later studies, largely because of the much simpler sample preparation, 
ass well as the less hazardous nature of the latter reagent. 

Anotherr disadvantage of diazomethane derivatisation was that it was found 
too give reduced yields of dicarboxylic acids, as compared to TMTFTH. 
Experimentss indicated this effect was related primarily to inefficient extraction of 
thee more polar diacids from the aqueous into the solvent phase in the diazomethane 
method,, rather than selective evaporation of methyl esters during sample 
concentration.. This variation is significant when considering ratios of dicarboxylic 
too the longer chain, monocarboxylic acids (such as azelaic:palmitic), which have 
beenn used as an aid to distinguish different paint media, or to investigate ageing 
characteristicss of drying oils. The choice of derivatisation method wil l influence 
thesee ratios to some extent. 

Numerouss factors must be taken into account when carrying out 
quantitativee analysis using GC. (One paper describing GC analysis of fatty acid 
methyll  esters lists as many as seventeen factors influencing the accuracy and 
precisionn of such measurements [21].) Some of these factors can be effectively 
eliminatedd in the experimental design: for example, the use of an internal standard 
minimisess errors resulting from sample preparation and variable injection volume. 
Thee influence of derivatisation method, as mentioned above, must also be taken 
intoo account when making interpretations based on quantitative data. 

Inn any case, these experiments emphasise the importance of consistency in 
thee procedures and conditions within a given experiment. Caution must be taken 
whenn comparing data from different studies, or obtained using different methods. 
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Appendixx 1: analytical methods 

GasGas chromatography 

AA Perkin Elmer Autosystem GC was used, in splitless mode, with a flame 
ionisationn detector. The GC was fitted with a Restek Rtx-1 column: dimethyl 
polysiloxanee stationary phase, 30m length, film thickness 0.25 urn and internal 
diameterr 0.32um. Initial runs were made using a temperature programme starting 
att 130°C, held for 5 minutes, then increased at 4°/min to 275°, and held for a 
furtherr 5 minutes. Later runs were made using a programme starting at 50°C, held 
forr 0.5 minutes, then increased at 25°/min to 100°, and then at 6°/min to 280°, and 
heldd for 5 minutes. The second programme, with a lower starting temperature, was 
introducedd with a view to improving peak shape in the chromatograrns by solvent 
focussing.. In both cases, the injector temperature was 300°, and the detector 
temperaturee 325°. ljxL samples were generally injected. Processing of data, 
includingg integration to determine peak areas, was carried out using Turbochrom 
software. . 

Paintt and extract samples were derivatised for GC analysis either by 
hydrolysiss followed by methylation with diazomethane, or by transesterification 
usingg TMTFTH ((/n-trifluoromethylphenyl)trimethylammonium hydroxide). 

Diazomethanee derivatisation was carried out using a modification of the 
methodd of Mill s [1], as outlined in Chapter 7. The sample, in a tapered glass 
reactionn vial, is reacted overnight with 10 drops of a 10% solution of potassium 
hydroxidee in methanol. The reaction mixture is then acidified by the addition of 3 
dropss of distilled water and 2 drops concentrated hydrochloric acid. To the 
resultantt solution is added 25 drops of diethyl ether, a drop at a time, and the 
mixturee is shaken to extract fatty acids into the ether phase. After the phases have 
separated,, as much as possible of the upper, ether phase is transferred to a second, 
cleann vial using a pipette. To the original vial is added a further 6 drops of ether, 
andd the upper phase is transferred as before (without shaking the mixture). 
Methanoll  is added to the combined ether extract to give an approximate 
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concentrationn of 10% (1-2 drops), and the fatty acids in solution are methylated by 
bubblingg diazomethane through the solution. This is done until a yellow colour is 
visiblee (indicating an excess of the reagent). The diazomethane is generated 
accordingg to the method of Schlenk and Gellerman [2]. The methanol added to the 
etherr solution has a catalytic role, and is not the source of the methyl group in the 
methylationn reaction, this being derived from the diazomethane [2]. The resultant 
solution,, containing fatty acid methyl esters, is reduced to a concentration suitable 
forr analysis, and injected directly. Minor modifications to the above procedure 
weree made in some cases, depending on factors such as sample size. High purity 
(analyticall  grade) solvents were used for all reactions. 

Derivatisationn using TMTFTH was carried out by addition of a 5% solution 
off  the reagent in methanol to the sample in a tapered reaction vial (a 5% 
methanolicc solution of TMTFTH is available from Chrompack and TCI America, 
andd the reagent is also sold by Alltech as "MethPrep II") . The amount of reagent 
addedd depended on sample size - 10-20uL were typically used. After overnight 
reaction,, an aliquot of the reaction mixture was injected directly. If solid paint 
sampless were being analysed, the reaction vial was centrifuged prior to analysis, to 
removee pigment particles from suspension. 

Furtherr details of both derivatisation methods are given in Chapter 7. For 
quantitativee analysis, where possible, sample sizes and reagent volumes were 
selectedd such that the chromatographic responses were roughly equal for samples 
withinn a given experiment, to optimise the accuracy of quantitation [3, p. 457]. 

Forr each batch of samples analysed, a blank sample was also prepared -
consistingg of an empty vial subjected to the same procedure as the samples - and 
injectedd first, to check for the presence of background contaminants which might 
interferee with the analyses. For analysis requiring weighing of paint samples (see 
Chapterr 7), this was carried out using a Mettier H51AR balance, accurate to lOug. 

InfraredInfrared spectroscopy 

Infraredd spectra were obtained from extract samples cast from solutions in 
carbonn tetrachloride onto potassium bromide discs. A Bio Rad FTS-60A spectro-
meterr was used, and spectra were obtained through the main bench, scanning from 
4000-500cm"',, with 64 scans collected at 8cm"1 resolution. Data were collected 
usingg Win-IR software. 
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Forr methylation, the extract sample was redissolved in a mixture of diethyl 
etherr and methanol (10:1) and diazomethane was bubbled through the solution, 
generatedd as for the GC derivatisation method described above. 

SizeSize exclusion chromatography 

AA Perkin Elmer liquid chromatography system was used, with two Polymer 
Laboratoriess 300mm PLgel 5um MIXED-D columns (mixed bed columns 
designedd for molecular weight range 200-400,000) in series, and a Waters 410 
refractivee index detector, at a temperature of 30°C. Tetrahydrofuran (THF) was 
usedd as an eluent, at a flow rate of lmL/min. Dried residues of solvent extracts, 
correspondingg to approximately lmg material, were dissolved in THF to give a 
concentrationn of approximately 1%, and 20uL samples were injected. Data were 
processedd using Turbochrom and Turbogel software. 

AA calibration file was created using stearic acid (MW 284), triolein (MW 
884)) and a polystyrene standard (average MW 25,000). It should be noted that 
retentionn times in SEC are related to molecular size, and not directly to molecular 
weight,, and so comparison with standards of different molecular types gives only 
ann approximate idea of molecular weight distribution. 

LiquidLiquid chromatography mass spectrometry 

Liquidd chromatography was performed using a Hewlett Packard HP 1090 
binaryy pump system, with an Alltech Aquapore RP18 column and a Metachem 
Inertsill  ODS3 column in series. A water-acetonitrile system was used, at a flow 
ratee of lmL/min, starting with 90% water, with a linear gradient to 100% 
acetonitrilee over 50 minutes, and held for an additional 15 minutes, total run time 
655 minutes. Acetic acid was added to both solvents at 0.5%. The column 
temperaturee was 40°C. The liquid chromatograph was equipped with a Hewlett 
Packardd HP 79881A filter photometric detector, using a 210nm filter. Dried 
residuess of solvent extracts, corresponding to approximately lmg material, were 
separatedd by solid phase extraction into acetonitrile and methylene chloride 
fractionsfractions prior to analysis using CI8 disposable extraction columns (Alltech, Ultra-
Clean):: data described in Chapters 3 and 4 represent the acetonitrile fractions. 
Injectionss were made using a Rheodyne 7152 injection valve, equipped with a 
20uLL loop. 
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Thee LC was interfaced to a Micromass VG-Quattro II mass spectrometer 
viaa an APCI source, which was operated in positive ion mode at 130°C, with a 
probee temperature of 550°C. The corona discharge voltage was 3.8V and the cone 
voltagee 25V. Mass spectra were obtained from 100-1980amu, with a scan time of 
3.99 seconds. High purity nitrogen was used for sheath and drying gases, set to 
100L/hrr and 400L/hr, respectively. Data were processed using Masslynx software. 

DirectDirect temperature resolved mass spectrometry 

Driedd residues of solvent extracts were redissolved in a small amount of the 
solventt used for extraction (either acetone or ethanol), and a small amount was 
appliedd to the DTMS probe. The solvent was evaporated prior to insertion into the 
ionn source. Analysis was performed by a JEOL SX-102 double focussing mass 
spectrometer,, using the direct insertion probe equipped with a platinum/rhodium 
(9:1)) filament (lOOum diameter). Ions were generated by electron impact (16eV) in 
ann ionisation chamber kept at 180°C and were accelerated to 8kV. Mass spectra 
weree obtained from 20-1000amu, with a 1 second cycle time. The probe filament 
wass temperature programmed, increasing from room temperature to an end 
temperaturee of approximately 800°C, by increasing the current at a rate of 
0.5A/minute.. Total analysis time was approximately 2 minutes. Data were acquired 
usingg a JEOL MP-7000 data system. 
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Appendixx 2: response factors and linearity of detector 
responsee for gas chromatography 

ResponseResponse factors 

Responsee factors for GC were determined using a mixture of the main 
compoundss of interest (methyl esters of palmitic, stearic, azelaic and tridecanoic 
acid)) of known concentration, as described in the literature [1, pp. 342-344; 2, pp. 
140-142].. A standard mixture was made up of the four compounds in methanol, to 
givee final concentrations of each component of between 2 and 4mM. 

Afterr analysis of a luL injection of the standard mixture, a ratio for each 
compoundd of peak area to weight of compound injected (calculated from the 
concentrationn in the standard mixture multiplied by the injection volume) was 
determined.. To calculate response factors relative to the internal standard (methyl 
tridecanoate),, the area/weight ratios are divided by the area/weight ratio for the 
standard.. The resultss are summarised in Table 1. 

Tablee 1 Determination of response factors for fatty acid methyl esters. 

methylmethyl ester 

dimethyll  azelate 
methyll  palmitate 
methyll  stearate 
methyll  tridecanoate 

weightweight (}ig) 

0.823 3 
0.551 1 
0.689 9 
0.511 1 

peakpeak area 
(fiV.sec) (fiV.sec) 

1414610 0 
1414246 6 
1764732 2 
1328630 0 

area/weight area/weight 

1718846 6 
2566690 0 
2561295 5 
2600059 9 

response response 
factor factor 

0.661 1 
0.987 7 
0.985 5 
1.000' ' 

Ass discussed in Chapter 7, the response factors for methyl palmitate and 
methyll  stearate are very close to that of the methyl tridecanoate standard, but the 
responsee factor for dimethyl azelate is considerably lower. This is consistent with 
thee idea that the response of a flame ionisation detector is roughly proportional to 
thee weight of unoxidised carbon in the compound analysed [1, p. 342], which 
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meanss that the response per unit weight of the esters of dibasic fatty acids 
(containingg two carbonyl carbons per molecule) will be proportionally lower, 
relativee to the esters of monobasic acids (containing one carbonyl carbon per 
molecule). . 

Wheree measurements of absolute quantities of fatty acids have been 
presented,, therefore, response factors have only been applied to calculations for 
azelaicc acid (see Chapter 7). 

LinearityLinearity of detector response 

Quantitativee GC calculations of the type described in Chapter 7 assume a 
linearr detector response over the range of sample concentrations analysed. This 
assumptionn can be tested by analysing a series of standards of different 
concentration,, and plotting the peak area for a given compound against the amount 
injectedd in each sample [3, pp. 438-441]. 

AA series of five dilutions were made from the standard mixture described 
above,, halving the concentration with each dilution, and each of the resultant 
solutionss was analysed as before. Plots were made of peak area against amount 
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Figuree 1 Relationship between peak area and weight of compound injected, from 
serialserial dilutions of methyl palmitate in methanol. 
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injectedd for each compound in the mixture, and a typical result, for methyl 
palmitate,, is shown in Figure 1. Very good linearity was obtained, with correlation 
coefficientss >0.995 for all of the four methyl esters. These results confirmed that 
thee detector response was linear over this range of concentrations, which exceeds 
thee range of concentrations typically analysed in this study. 
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Appendixx 3: paint samples and paintings used in study 

PaintPaint samples 

PaintPaint films prepared at the National Gallery of Art, 1993: sun thickened linseed oil 
pigmentedd with lead white (87% pigment), Naples yellow (77%), ivory black 
(69%)) and umber (59%). Cast onto Mylar and aluminium supports. 

PaintPaint film prepared at the Central Research Laboratory for Objects of Art and 
ScienceScience (now part of the Netherlands Institute for Cultural Heritage), Amsterdam, 
1976:1976: raw linseed oil pigmented with lead white (pigment/medium ratio not 
recorded),, glass support. 

PaintPaint films prepared by Nathan Stolow at the Courtauld Institute of Art and the 
NationalNational Gallery of Canada: alkali refined linseed oil pigmented with lead white 
(85%% pigment), 1965, glass support; alkali refined linseed oil pigmented with lead 
whitee (85% pigment), 1954, glass support; stand linseed oil pigmented with lead 
whitee (82% pigment), 1954, glass support. 

PaintPaint films prepared at the Fogg Museum, Harvard University: stand linseed oil 
pigmentedd with lead white (79% pigment), 1936, unsupported (originally paper 
support);; stand linseed oil pigmented with lead white (pigment/medium ratio not 
recorded),, 1933, unsupported (originally glass support); raw linseed oil pigmented 
withh lead white (pigment/medium ratio not recorded), 1933, unsupported 
(originallyy glass support). 

Nonee of the above samples had undergone accelerated ageing treatments, and can 
bee considered "naturally aged". Since they are from different sources, however, 
theree will have been some variation in the exact ageing/storage conditions, in terms 
off  light exposure, humidity, etc. 
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PaintingsPaintings sampled 

Earlyy 19th century portrait on canvas by an unknown American artist, acquired by 
thee scientific research department of the National Gallery of Art for research 
purposes.. Residues of a discoloured varnish indicated that the painting had been 
cleanedd and revamished at least once. 

18thh century canvas painting by an unknown English artist, acquired by the 
conservationn department of the Courtauld Institute of Art, London, for research 
purposes.. Glue-paste lined. Cleaning treatment history unknown. 

Paintingss from the Oranjezaal, Huis ten Bosch, Den Haag: Cesar van Everdingen, 
AllegoryAllegory of Heavenly and Earthly Love, wooden panel support. Jacob van Campen, 
ApolloApollo on the Sun Chariot, wooden panel support. Thomas Willeboirts-Boschaerts, 
FrederikFrederik Hendrik as Ruler of the Seas, canvas support. Cesar van Everdingen, 
AllegoryAllegory of the Birth of Frederik Hendrik, canvas support. Pieter Soutman, Part of 
thethe Triumphant Procession, canvas support. 
Thesee paintings were executed in 1649-52, and have been cleaned at least once. 
Thee varnishes present at the time of the experiments were natural resin, 
predominantlyy dammar [1]. 

17thh century ceiling painting on wooden panel by an unknown artist. Bonnefanten 
Museum,, Maastricht. Cleaning treatment history unknown. 

Westminsterr Retable, Westminster Abbey. Oak panel support. Thought to have 
beenn painted in the late 13th century [2]. The paint samples were detached 
fragmentsfragments from the painted reverse of the Retable. 

Al ll  of the above paintings had a linseed oil medium where sampled. 
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Inn Chapter 6, the quantities of extractable fatty acids in samples taken from 
paintingss before and after solvent cleaning treatments were compared, and the 
resultss subjected to statistical analysis, using t tests to assess the significance of 
differencess observed between the different groups of samples. The / test is a 
standardd statistical procedure [1, pp. 166-181], and involves a calculation of the t 
ratio,, according to equation 1: 

1.. t = (Xj-X2)/(sX},x2) 

wheree X j andX̂  are the mean values for the two groups of samples (in this 
case,, the proportions of a given fatty acid extractable from paint samples before 
andd after solvent cleaning), and s x I-X 2 is the estimated standard error of the 
differencee between the means. The estimated standard error is calculated according 
too equation 2: 

2.. s xi-X2 = V(( s,2 / N,) + (S22 / N2)) 

wheree sj and S2 are the standard deviations for the two groups of samples, 
andd Ni and N2 are the numbers of samples in each group. 

Ass described in Chapter 6, calculated t ratios are then compared with 
criticall  values of t, supplied in standard tables [1, p. 356]. A / ratio greater than the 
criticall  value provides evidence for a systematic effect (i.e., in this study, a 
leachingg effect). 

Inn Chapter 6, critical values were used corresponding to a "two-tailed test", 
i.e.. one that accounts for possible differences between the groups of samples in 
eitherr direction (in the cleaning tests, either an increase or decrease in the 
proportionss of extractable fatty acids). Although a one-tailed test could be justified 
inn this type of comparison, since the expected result of solvent treatment is a 
reductionn in the proportion of extractable fatty acids, the use of two-tailed tests 
appearss to be more widely accepted [2, p. 57-58]. The two-tailed test can be 
consideredd more rigorous, since the critical t values are higher at a given 
significancee level than in a one-tailed test. 

168 8 



FormulaeFormulae for statistical analysis 

Thee critical values of t used in the test also depend on the number of 
degreess of freedom (df) associated with the experiment. The df for each group of 
sampless is equal to N-l , and the df used in a / test is the sum of the dfs for the two 
groups,, i.e. Nj + N2 -2 [1, p. 177]. For the cleaning tests, in which five samples 
weree analysed before and after each treatment, critical values of t were therefore 
usedd corresponding to df= 8. 
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Samenvatting g 

Voorr het schoonmaken van schilderijen, dat wil zeggen het verwijderen van 
gedegradeerdee vernis en overschilderingen, worden voornamelijk organische 
oplosmiddelenn gebruikt. Oplosmiddelen worden ook gebruikt bij andere 
restauratiehandelingen,, zoals vernissen, retoucheren en consolideren. Het 
behandelenn van een schilderij met een oplosmiddel brengt in het algemeen een 
zekeree mate van risico met zich mee voor de originele verflagen. Naast de meest 
directee risico's voor verflagen die uitzonderlijk gevoelig zijn voor oplosmiddelen, 
hebbenn studies aan aan oplosmiddelen blootgestelde model-olieverflagen 
aangetoondd dat zwelling en uitloging in bepaalde mate kan optreden bij een reeks 
vann gepigmenteerde en ongepigmenteerde drogende oliefilms. Zwelling, 
veroorzaaktt door absorptie van oplosmiddel in de verflaag, kan deze laag zachter 
makenn en een verhoogd risico voor mechanische beschadiging tijdens het 
schoonmakenn met zich meebrengen. Tot op zekere hoogte kan dit proces empirisch 
wordenn beoordeeld tijdens het schoonmaakproces en kan worden geminimaliseerd 
doorr het zorgvuldig gebruik van oplosmiddelen. Uitloging is het proces van 
extractiee van organische componenten uit de polymeermatrix en de gevolgen 
hiervann zijn merkbaar op lange termijn en niet onmiddellijk waarneembaar door de 
restaurator.. In studies zijn de volgende effecten van uitloging waargenomen: 
verhoogdee broosheid, als gevolg van het feit dat uitgeloogde componenten een 
plastificerendee werking op de verflaag hebben, en veranderingen in optische 
eigenschappen,, als gevolg van het opbreken van het bindmiddel aan het 
verfoppervlak. . 

Gedetailleerdee kennis van deze effecten van oplosmiddelen is belangrijk 
omm restauratoren te helpen bij het voorspellen en het minimaliseren van de risico's 
diee inherent zijn aan de behandeling met oplosmiddelen. In dit proefschrift, dat 
zichh specifiek met het uitloogfenomeen bezighoudt, wordt de extractie van 
oplosbaree componenten uit verschillende gepigmenteerde oliefilms bestudeerd, 
mett het doel om een beter begrip te verkrijgen van de verschillende factoren die 
hett uitloogproces beïnvloeden, van de chemische aard van de extraheerbare 
componenten,, en van de mate van de uitlogingseffecten die verwacht kunnen 
wordenn bij behandelingen zoals vernissen en schoonmaken. 
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Dee geschiedenis van het schoonmaken van schilderijen kent vele 
controversess en verschillende aspecten van het schoonmaakdebat worden 
beschrevenn in Hoofdstuk 1. Hierbij wordt het onderzoek aan oplosmiddeleffecten 
inn de bredere context geplaatst van fysische en chemische eigenschappen van 
schildermaterialenn en de methoden die voor het schoonmaken worden gebruikt. 
Enkelee van de regelmatig terugkerende geschilpunten in het debat worden in dit 
hoofdstukk onderzocht vanuit een technisch uitgangspunt en daarnaast wordt de 
matee waarin resultaten van onderzoek naar het schoonmaken van schilderijen in de 
discussiess zijn opgenomen beschouwd. 

Dee waarde van modelstudies aan verflagen en de mate waarin resultaten 
vann dergelijke studies kunnen worden geëxtrapoleerd naar de effecten van 
oplosmiddelenn op schilderijen van aanzienlijke leeftijd worden veelal in twijfel 
getrokken.. In het onderzoek beschreven in dit proefschrift zijn experimenten 
gedaann met behulp van zowel olieverflagen die in het laboratorium zijn bereid als 
monsterss van schilderijen, waarvan de oudste dateert uit de dertiende eeuw. Het 
doell  was de aard van de geëxtraheerde componenten en de grootte van de effecten 
vann oplosmiddelen op deze oudere verfmonsters te vergelijken met de veel jongere 
testverfmonsters.. Het complementaire karakter van deze twee soorten onderzoek 
wordtt beschreven in Hoofdstuk 2. Hierin wordt eerst een overzicht gegeven van 
onderzoekk dat tot dusver gedaan is naar de effecten van oplosmiddelen op 
olieverflagen,, alsmede een korte samenvatting van onderzoek naar andere 
bindmiddelenn en van het gebruik van gel/waterige systemen voor het 
schoonmaken.. Hoofdstuk 2 sluit af met een overzicht van onderzoek beschreven in 
dee volgende hoofdstukken. 

Voorr het onderzoek van uitloging is het nuttig om een begrip te hebben van 
dee chemische samenstelling van de geëxtraheerde componenten, van de relatie 
tussenn deze componenten en de veroudering en degradatieprocessen van drogende 
olie.. Hoofdstuk 3 geeft de resultaten van de karakterisering van fracties die kunnen 
wordenn geëxtraheerd met oplosmiddel uit verschillende olieverflagen van diverse 
leeftijdd en pigmentering, met behulp van gas chromatografïe (GC), Fourier-
transformm infraroodspectroscopie (FTIR), size exclusion chromatografïe (SEC), 
vloeistofcriromatografie-massaspectrometriee (LCMS) en directe temperatuur-
opgelostee massaspectrometrie (DTMS). Een groot aantal componenten is 
geïdentificeerd,, zoals vrije vetzuren en mono-, di- en triglyceriden. In sommige 
monsterss werden daarnaast ook oligomere componenten met een hoger 
molecuulgewichtt gedetecteerd. Deze verschillende componenten zijn het resultaat 
vann complexe combinaties van reacties - crosslinking, het oxidatieve breken van 
bindingen,, hydrolyse, enz. - in de drogende olie. De relatieve hoeveelheden van de 
verschillendee componenten in de extracten variëren afhankelijk van factoren als 
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pigmentatiee en ouderdom van de film en de tijdsduur van blootstelling aan 
oplosmiddel. . 

Kwantitatievee metingen zijn beschreven in Hoofdstuk 4, waarin de 
hoeveelheidd materiaal die kan worden geëxtraheerd uit verschillende verflagen is 
bepaaldd door middel van wegen en met behulp van gaschromatografie van 
vetzurenn in verfmonsters en in oplosmiddelextracten. De hoeveelheid 
extraheerbaarr materiaal en de extractiesnelheid blijken af te hangen van factoren 
alss pigmentatie en de hoeveelheid bindmiddel in de verflaag, met grotere 
hoeveelhedenn extraheerbaar materiaal en een grotere extractiesnelheid in verflagen 
diee langzaam drogende pigmenten en een grotere hoeveelheid bindmiddel 
bevatten.. Het blijkt dat bij het verouderen tot een leeftijd van 65 jaar een graduele 
afnamee in de relatieve hoeveelheid aceton-extraheerbare vetzuren plaatsvindt in 
loodwitverf.. Een significante hoeveelheid vetzuren kan echter worden 
geëxtraheerdd uit verfmonsters van 700 jaar oud. 

Dee specifieke actie van oplosmidelen met betrekking tot het soort materiaal 
datt wordt geëxtraheerd wordt ook beschreven in Hoofdstuk 4. De meer polaire 
oplosmiddelenn extraheren meer geoxideerde, polaire componenten en verbindingen 
mett hoger molecuulgewicht uit de verflaag. 

Inn Hoofdstuk 3 en 4 werden relatief theoretische onderdompelingstudies 
beschreven.. Het doel van de volgende twee hoofdstukken is de uitlogingseffecten 
vann een meer "realistische" blootstelling aan oplosmiddel, zoals bij het vernissen 
enn schoonmaken, te bestuderen. Hoofdstuk 5 beschrijft metingen van de 
hoeveelhedenn vetzuren die worden geëxtraheerd uit een verflaag door een 
oplosmiddel-bevattendee ("vluchtige") vernis aangebracht over de verflaag. Een 
seriee vernissen werd aangebracht op delen van een modelverflaag, en de vetzuren 
geëxtraheerdd uit de verflaag in de vernislaag weren gekwantificeerd door analyse 
vann monsters van de droge vernis en van monsters van de verflaag voor en na het 
aanbrengenn van de vernis. De hoeveelheid extraheerbaar materiaal bleek niet alleen 
aff  te hangen van het gebruikte oplosmiddel, maar ook van de harscomponent. 
Hierbijj  vertoonden vernissen die bestonden uit relatief polaire, zuurstofatomen 
bevattendee harsen (in deze studie de chemisch gereduceerde ketonhars MS2A en 
dammar)) een groter uitlogingseffect dan vernissen met een niet-polaire 
koolwaterstofharss (Regalrez 1094). De resultaten tonen aan dat zowel de 
harscomponentt van een vernis als het oplosmiddel in rekening genomen moeten 
wordenn bij het beschouwen van mogelijke effecten van het vernissen op verflagen. 

Eenn aantal experimenten gebaseerd op restauratiebehandelingen op 
schilderijenn daterend uit de zeventiende tot de negentiende eeuw worden 
beschrevenn in Hoofdstuk 6. De experimenten zijn uitgevoerd met het doel om de 

173 3 



Samenvatting Samenvatting 

hoeveelheidd vetzuren, als gevolg van schoonmaakbehandelingen met oplosmiddel 
geëxtraheerdd uit verflagen, te meten door middel van plaatselijke schoonmaaktests 
opp schilderijen. Verfmonsters werden genomen van testgebieden voor en na het 
schoonmakenn met oplosmiddel, waarna de hoeveelheid vetzuren die kon worden 
geëxtraheerdd uit de monsters door onderdompeling in oplosmiddel (doorgaans het 
oplosmiddell  gebruikt voor het schoonmaken) werd bepaald. Verschillen in de 
hoeveelheidd die kon worden geëxtraheerd uit de monsters die voor en na 
schoonmakenn zijn genomen werden gebruikt om de grootte aan te geven van het 
uitlogingseffect.. In sommige gevallen werd aangetoond dat een kleine maar 
meetbaree hoeveelheid vetzuur werd verwijderd uit de verflagen bij het 
schoonmaken,, maar in andere gevallen was het effect niet meetbaar. Dit was het 
gevall  ondanks langdurige blootstelling aan polaire oplosmiddelen in de meeste 
experimenten.. De resultaten geven aan dat hoewel een aanzienlijke hoeveelheid 
extraheerbaarr materiaal aanwezig kan zijn in oude verflagen, slechts een zeer klein 
deell  hiervan blijkt te worden verwijderd bij blootstelling aan oplosmiddel tijdens 
eenn eenmalige schoonmaakbehandeling. 

Gaschromatografiee werd uitvoerig gebruikt in dit onderzoek voor 
kwalitatievee en kwantitatieve analyse van vetzuren in verfmonsters en 
oplosmiddelextracten.. De methoden gebruikt voor methylering van vetzuren voor 
GCC analyse - met de reagentia diazomethaan en m-trifluoromethylfenyl-
trimethylammoniumhydroxidee (TMTFTH) - worden in detail beschreven in 
Hoofdstukk 7. Hierbij worden ook enkele van de relatieve voordelen van de twee 
reagentiaa bediscussieerd. De wijze waarin standaard derivatiseringsprocedures 
voorr kwantitatieve metingen werden aangepast - voor de bepaling van de 
hoeveelheidd vetzuren in extracten aanwezig als vrije vetzuren en in glyceride-
esters,, en de hoeveelheid vetzuren extraheerbaar met oplosmiddel als deel van de 
totalee hoeveelheid vetzuur in een verfmonsters - worden ook beschreven. 
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