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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 
umberumber + linseed oil film: a) acetone, b) xylene, c) Sol340HT. See Chapter 3, 
FigureFigure 9, for identities of compounds. 
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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. 

55 5 
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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 

ff  S 
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--

60 0 

•oo 50 
o o g g 
?? 40 
en n 
•g g 
'o o 
** 30 
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.2 2 

°° 20 

10 0 

0 0 

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 
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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 

11 50 
'S S 

1ÜÜ 40 

roro 30 

 palmitic 
Sazeiaic c 

.. 1 
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SOI340HTT xylene MeCI2 acetone II PA ethanol l 

Sol340HTT xylene MeCI2 acetone ethanol 

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. 

96 6 



QuantitiesQuantities of extractable material in paint films 

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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