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3.. The solvent extractable components 

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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ChapterChapter 3 

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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TheThe solvent extractable components 

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. . 

ivv iü ü i 

10000000 100000 10000 1000 100 

molecularr weight 

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. 

A A 

Su u 

z z 

P P 

Se e 
_ jj  „._. 

S S 

.. - w — < - * 

100 15 20 25 30 

timee (minutes) 

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 3500 3000 2500 2000 1500 1000 500 

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. 
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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 

65 5 



ChapterChapter 3 

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]. 
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1000000 10000 1000 100 

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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molecularr weight 

100 0 

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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Figur ee 11 DTMS TIC for ethanol extract from sample of flesh paint from 17th 

centurycentury painting (van Campen) (a), with summed mass spectra for scans 1-14 (b), 

15-5315-53 (c), 54-75 (d). 
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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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