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Chapterr 6 

Determinationn of the degree of hydrolysis of oil 
paintt samples using a two-step derivatisation 
methodd and on-column GC/MS 

AnAn elegant method is described for the determination of the degree of 
hydrolysishydrolysis of (unsaturated) triacy[glycerols, and their oxidation products, present 
inin linseed oil based paints. The analytical strategy, a transethylation of esterified 
fattyfatty acids followed by a trimethylsilylation of free fatty acids and their salts, is 
firstfirst tested on reference materials comparable or identical to the compounds 
presentpresent in fresh and aged oil paints. Reproducibility and repeatability are 
examinedexamined on free- and methylated fatty acids, a sodium- and lead salt and several 
triacytriacy [glycerols. Unwanted trimethylsilylated products could be observed for the 
triacylglycerolstriacylglycerols and other esterified fatty acids up to a maximum of 6 %. Free fatty 
acidsacids and their salts are shown to be completely trimethylsilylated but incomplete 
derivatisationderivatisation was observed for azelaic acid. Glycerol, liberated upon 
transethylation,transethylation, was (partially) trimethylsilylated. However, the recovery was not 
uniformuniform and the results could not be used for quantitative determination of the 
amountamount of glycerol in the paint sample. Studies on the influence of the pigments 
indigo,indigo, lead white, and prussian blue and glycerol showed that for lead white and 
indigoindigo doped reference material divergent results were obtained. The addition of 
thesethese last compounds led to increased amounts of hydrolysed products up to 37%. 
ForFor the other compounds, no adverse influence on the analytic results is observed. 
TheThe repeatability of the determination of the degree of hydrolysis within oil paint 
systemssystems was tested on a number of paints. It is shown for 5-year old test paints with 
aa relatively homogeneous composition that the method is reproducible. For less 
defineddefined paints consisting of multi-layered systems it is shown that the position and 
wayway of sampling can have a significant influence on the spread in the analytical 
result.result. This is caused by the large variations that are possible in the sampled 
materialmaterial in these inhomogeneous systems. The degree of hydrolysis of an oil paint 
isis taken as the average of the values obtained for azelaic-, palmitic- and stearic 
acid,acid, based on the results presented. Overall, it is observed that the relative 
amountamount of hydrolysed fatty (di)acids increases in time. Surprisingly, in contrast to 
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thethe results obtained on reference material, for all lead white pigmented paints 
lowerlower degrees of hydrolysis were found relative to other paints from that particular 
set. set. 

6.16.1 Introduction 

Dryingg oils like linseed, walnut and poppyseed have been widely used as 
bindingg medium for paintings. When fresh, these viscous oils consist of relatively 
apolarr mixtures of triacylglycerols (TAGs) with different fatty acid profiles. Only a 
smalll  percentage of these fatty acids (FAs) is fully saturated (6-9%) whereas most 
off  the other FAs are polyunsaturated (68-90%)[292]. This high amount of 
unsaturatedd FAs, highly susceptible to oxidation, makes it possible for the oil to 
formm a dried film. In this case drying is not the evaporation of a solvent but 
chemicall  drying, which involves the cross-linking of TAGs to high molecular 
weightt substances [124, 295]. Due to the chemical environment in paintings, these 
"binding""  substances are not stable end products. Further chemical changes in the 
oill  paint film involve hydrolysis of the ester bonds, formation of new oxygen 
containingg functional groups, oxidative cleavage of the fatty acid hydrocarbon 
chains,, and metal ion coordination of the fatty acid group of the cross-linked 
materiall  and non cross-linked fractions. 

AA relatively good understanding of the process of curing exists as a result 
off  detailed chemical studies of alkyd paint [123, 125]. The transition of the initial 
"polyester""  to other forms of polymeric systems in ageing traditional oil paint is 
lesss understood. It is likely that the different processes partly overlap in time. On 
thee basis of literature on ionomers and linseed oil based ceramer coatings it has 
beenn speculated that the polymer end groups react with or are partially adsorbed on 
thee inorganic particles [262, 278, 379]. As part of our studies on the formation of 
ionomericc systems in historical paints, in this study a new analytical strategy is 
developedd to monitor the process of de-esterification of the initial TAGs of oil 
paintt systems. A first description of these processes and preliminary chemical data 
havee been reported by Boon et al. [28] and Van den Berg et al. [29]. 

Alreadyy since the '60s oil paint samples have been analysed using a 
combinationn of chemical work-up and subsequent gas chromatography analysis 
[10].. Initially this was done to identify the type of oil used for painting based on 
thee determination of the ratio of saturated palmitic- and stearic acids which, at that 
time,, were thought to remain unchanged within the paint film upon ageing. First, 
thee paint sample was completely hydrolysed in order to analyse liberated 
(oxidised)) fatty acids. After extraction into an organic layer, a washing step and 
acidification,, the fatty acids were methylated and analysed. Later on (conservation) 
scientistss became interested in the way the fatty acids are present within the paint 
fil mm [22]. After immersion of the paint sample in an organic solvent the extractable 
fraction,, consisting of free fatty acids, acylglycerols and smaller cross-linked 
networks,, were separated from the metal salts and high molecular weight materials 
whichh were thought to be insoluble. Both fractions were analysed as previously 
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describedd and information was obtained on the amount and types of compounds in 
bothh fractions [14, 25, 248]. Especially the solvent extractable fraction is of great 
interestt because this is the fraction that theoretically can be partially removed upon 
solventt cleaning of oil paintings. More recently the relevance of these immersion 
studiess was questioned by White and Roy, who did a study on the effect of solvent 
cleaningg of old master paintings [27]. They concluded that when cleaning of old 
paintingss "is in the hands of trained conservators" the amount of extractable 
materiall  will be that low that it is not expected that serious damage is caused. 
Kollerr et. al. [20] extended the analytical research and developed a multiple-step 
extractionn procedure to further specify the different fractions within an oil paint. In 
thee first two steps hexane and methanol are used to extract the non polar- and polar 
fraction,, respectively. In a third extraction chloroform is applied to remove 
glyceroll  esterified fatty acids whereas metal salts are released in the last step by 
treatmentt of the remaining paint with a 10% methanolic solution of oxalic acid. 
Althoughh the idea of separation of the different fractions prior to analysis is very 
interestingg there can be some doubts about the effectiveness and selectivity of the 
extractions.. Esterified fatty acids or metal salts are not completely insoluble in the 
solventss used for extractions and therefore are likely to have been removed 
partially.. Besides, a disadvantage of these aforementioned analytical strategies is 
thee laborious procedure, with extraction and washing steps that can lead to loss of 
material.. Furthermore, it cannot immediately be deduced from these analyses what 
thee ratio of esterified to hydrolysed material is. This information is useful since it 
givess an insight into the processes occuring in the paint system. A new analytical 
strategyy is explored in this chapter that consists of a two-step analytical procedure, 
carriedd out in one vial without preceding separation and that only involves one 
transferr step. It consists of a transethylation reaction to turn all ester bound fatty 
acidss into their ethylated analogues, followed by a second step to derivatise all free 
fattyy acids and salts thereof into trimethylsilyl esters (see scheme 1). The first 
derivatisationn focuses on the (oxidised) fatty acids of the initial triacylglycerols of 
thee oil that are still esterified to the glycerol backbone. By using an ethanolic 
solutionn of basic sodium ethoxide for the solvolysation, the original ester groups 
cann be replaced by an ester of the new alcohol [380-382]. At the same time, the 
reagentt will not be able to esterify free fatty acids. It should be noted that this 
reactionn requires anhydrous conditions because the presence of water may lead to 
irreversiblee hydrolysis of the ester bonds, giving rise to lower yields. This 
ethanolysiss reaction is still a popular way of making esters from triacylglycerols 
andd related fats, enabling their fatty acid composition to be determined [383]. The 
secondd step in chemical work-up is a classical trimethylsilylation using 
bis(trimethylsilyl)trifluoroacetamidee (BSTFA), with the addition of 1% 
trimethylchlorosilanee (TMSC) [357]. In order to dilute the sample inert hexane was 
chosenn because of its ease of removal by evaporation. Solubilisation of the 
analyte(s)) in hexane prior to derivatisation is not absolutely necessary since this 
mayy occur as trimethylsilylation proceeds. 

Thee combination of both derivatisations has been tested for both 
reproducibilityy and repeatability on reference materials that resemble the 
compoundss that can be found in oil paints, as well as reconstructed linseed oil 
basedd paints and real oil paint samples. 
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Schemee 1. Two-step derivatisation methodology. 
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6262 Experimental 

6.2.16.2.1 Materials 

Azelaicc acid and sodium palmitate (both 98%), margaric acid, trimyristate, 
tripalmitate,, sodium ethoxide 21wt% solution in denatured ethanol (all 
approximatelyy 99%), and 14-methyl-hexadecanoic acid were obtained from Sigma-
Aldrichh Chemie BV, Zwijndrecht, The Netherlands. Indigo and 
bis(trimethylsilyl)trifluoroacetamide,, containing 1% trimethylchlorosilane, were 
purchasedd from Huka, Zwijndrecht, The Netherlands. Glycerol (>98%) was 
boughtt from Merck, Amsterdam, The Netherlands. The pigment prussian blue 
(Fe4[Fe(CN)6]3)) was manufactured by L. Cornelissen & Son, London whereas 
Cremnitzz White (lead white; basic leadcarbonate) was produced by Old-Holland 
Classicc Oil Colours, Driebergen, The Netherlands. 

6.2.26.2.2 Preparation of lead(H)stearate 

Lead(II)stearatee was freshly prepared in the following way: 80 ml p-xylene 
(Acros,, Geel, Belgium, >99%), together with 0.98 g lead oxide (Sigma-Aldrich, 
99.999%)) was de-aerated, 2.00 g stearic acid (Sigma-Aldrich, 99%) was added, the 
systemm was de-aerated again and maintained under a nitrogen flow. The mixture 
wass heated with an oil bath to an end temperature of 138 °C at which the mixture 
wass refluxed for 15 min. The hot solution was decanted over a glass filter in 
anotherr round bottom flask to remove remaining unreacted lead oxide. This was 
alsoo done under a stream of nitrogen. The obtained solution was gradually cooled 
soo that crystals could precipitate. After cooling the solution to 0 °C, the crystals 
weree collected on a glass filter, and washed with demineralised water and freshly 
distilledd ethanol and acetone, respectively. 

Afterr washing and drying of the crystals in a rotary evaporator, the total 
amountt of silver-white crystals was 2.58 g (95%). The melting point was 117/8 
°C,, which agreed with melting points (110-125 °C) mentioned in the literature 
[341-343],, An infrared spectrum was recorded to see if residual free fatty acids 
weree present. The spectrum was identical to a reference spectrum of lead stearate 
[205,, 344] and no peaks indicative for the presence of free fatty acids were found. 

6.2.36.2.3 Reconstructed oil paints 

Standd oil, a linseed oil that is prepolymerised by heating, was obtained 
fromm Talens, Apeldoorn, The Netherlands and Cremnitz White (basic lead 
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carbonate)) was purchased from Old-Holland Classic Oil Colours, Driebergen, The 
Netherlands.. The oil paint (70:30 w/w; oil/pigment) was applied on glass plates in 
19944 with a thickness of approximately 0.5 mm and aged at room temperature 
underr normal daylight conditions in our institute until samples were taken. 

Thee 27-year old pigmented paints were made by H.C. von Imhoff with 
cold-pressedd linseed oil (Miihlfellner-Rupf, Zurich, Switserland) that was allowed 
too stand in flat dishes of 4 mm height for 3 weeks. After the skin had been removed 
thee oil was mixed with the pigment until a workable paint was obtained. The paints 
weree applied on presized and primed lime wood and aged under normal conditions. 
Thiss collection of paints is presently stored at the Canadian Conservation Institute 
(CCI),, Ottawa, Canada. 

Fourr different samples of alkali refined linseed oil paints were donated by 
thee National Gallery of Art, Washington. These are part of a large collection of 
testt paints made by Nathan Stolow and presently stored at the NGA. The 
investigatedd paints are dated 1965 (lead white: acid refined linseed oil (arlo) 85:15, 
bariumm sulphate: arlo 74:26, and iron oxide:arlo 81:19) and 1954 (lead white:arlo 
85:15).. They all were applied on a glass support and naturally aged to date. 
Leachingg studies have been done on these paints in the late '60s by Stolow and 
Rogerss [22]. 

Thee Getty Conservation Institute, Los Angeles, CA, USA, supplied us with 
relativelyy young 5-year-old naturally aged paint films made of blown linseed oil 
onlyy and with the pigments yellow ochre (76% w/w), vine black (70% w/w), and 
leadd white (62% w/w). These paints already have been investigated in more detail 
byy Schilling [13J. 

6.2.46.2.4 TransethylationlTrimethylsilylation 

Forr every mg of reference material or paint sample in a GC auto injector 
vial,, 250 pi of a 0.01 M ethanolic sodium ethoxide solution was added. This 
amountt of reagent is sufficient to accomplish complete transesterification of the 
esterifiedd fatty acids present in a fresh oil paint sample, which contains 30% w/w 
pigmentation.. Typical amounts of material analysed are in the order of 250 pg to 2 
mg.. The vial was flushed with dry nitrogen, sealed and placed in an oven at 75-80 
°C.. After 90 minutes the vial was taken out of the oven and allowed to cool to 
roomm temperature (RT). To neutralise the sample, 30 pi of a saturated ethanolic 
ammoniumchloridee solution is added. After 20 minutes the ethanol is evaporated 
underr a gentle stream of dry nitrogen and the residue is dissolved in hexane (250 pi 
perr mg of sample). The resultant suspension is treated with 15 pi 
bis(trimethylsilyl)trifluoroacetamide,, sealed and returned to the oven for a further 
300 minutes. After cooling down (RT), and evaporation of the solvents the analytes 
aree redissolved in dichloromethane, containing hexadecane as an internal standard 
(1000 mg/1). The mixture is subsequently centrifuged and the upper layer is 
carefullyy separated from pigment particles and remains of the paint film and 
subsequentlyy transferred into a new auto injector GC vial. 
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Withh the aid of an AS 800 on-column autoinjector (Fisons Instruments) 1 
ull  of derivatised sample was directly injected into a SGE BPX5 column (25 m, 
0.322 mm i.d., 0.25 urn film thickness), mounted in a Carlo-Erba gas 
chromatographh (series 8565 HRGC MEGA 2). The gas chromatograph was 
directlyy coupled to the ion source of a JEOL DX-303 double focussing (E/B) mass 
spectrometerr via a home built interface which was kept at 180 °C. Helium was 
usedd as carrier gas at a flow rate of approximately 2 ml/min as regulated with a 
CP-CFF 818 pressure/flow control box (Fisons Instruments). The initial temperature 
off  the gas chromatograph was 50 °C which was maintained for 2 minutes. The 
ovenn temperature was programmed at a ramp of 6 °C to an end temperature of 320 
°CC (50(2)-6-320). Ions were generated by electron impact ionisation (70 eV) in the 
ionisationn chamber (180 °C), accelerated to 3 keV, mass separated and 
postacceleratedd to 10 keV before detection. The mass spectrometer was scanned 
fromm m/z 40-700 with a cycle time of 1 s. A Jeol MP-7000 data system was used 
forr data acquisition and processing. 

6.36.3 Results and Discussion 

6.3.6.3. J Reference materials 

Inn a first test triacylglycerols of myristic- and palmitic acid (C14 and C16 TAG, 
respectively)) and a methylated stearic acid (CI8 FAME) were subjected to the 
two-stepp derivatisation procedure. A typical result is shown in Figure 1. By 
examiningg the relative ratios of the ethylated and trimethylsilylated (TMS) 
derivativess an indication is obtained on the selectivity of this analytical method. It 
iss clear that, besides the expected transethylated species, also a small percentage of 
trimethylsilylatedd compounds is found. For the efficiency of conversion of the 
esterifiedd reference material into ethylated analogues it made no difference 
whetherr the fatty acids were esterified to glycerol or methylated. Based on relative 
peakk areas the values 4.88, 4.11 and 3.04% were found for the silylated species, 
respectively.. This is however only a relative amount and the absolute numbers are 
expectedd to deviate, based on the difference in response factors. These response 
factorss have not been taken into account and therefore absolute quantification is 
nott possible. Validation of the reliability of the method was done by checking for 
underivatisedd compounds after both reactions by direct temperature resolved mass 
spectrometryy [329]. Furthermore, determination of the ratio of both derivatives 
andd comparison of measured response factors also indicated that reactions were 
complete.. In general between 0 and 6% of unwanted trimethylsilylated derivatives 
aree observed for the esterified reference materials. The real percentage, however, 
iss expected to be lower based on the higher response factors for TMS fatty acids 
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comparedd to alkylated fatty acids. Table 1 presents the averages of replicate 
measurements,, performed on pure compounds and different mixtures of the 
referencee materials. It should however be pointed out that for the C18 TAGs in 
somee of the chromatograms significantly lower amounts of ethylated C18 FAs 
weree detected as well as TMS derivatives of monostearoylglycerols, indicative for 
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Figuree 1. Partial TIC of a test mixture, containing trimyristine (C14 TAG), 
tripalmitinee (C16TAG) and a methyl ester of octadecanoic acid (C18FAME), after 
transethylationn (E) and trimethylsilylation (S) derivatisation. 

thee incomplete conversion of the TAGs. These results have not been included in 
Tablee 1. Hydroxy groups of glycerol liberated during the transethylation reaction 
off  the TAGs, are trimethylsilylated in the next step. Three different derivatives can 
bee observed in the chromatograms (not shown). Next to fully trimethylsilylated 
glyceroll  the two doubly trimethylsilylated isomers also are observed. The complete 
derivatisationn is most probably prevented by steric hindrance of the bulky TMS 
groups.. The presence, the relative ratios and the total amount of glycerol 
derivativess detected varies from analysis to analysis, whereas the amount of 
liberatedd fatty acids agreed with the amount of initial TAGs. Tests with varying 
lengthss of the last drying step indicated there is no relation between the amount of 
derivatisedd glycerol detected and the time it takes to dry the sample. Although the 
sourcee of this variation is not known yet, problems with solubility are suspected to 
bee the cause. 

AA mixture of 14-methyl hexadecanoic acid (CI6-14 FA), C14 TAG, and a C18 
leadd salt (CI8 Pb) was analysed after chemical work up and it can be seen in 
Figuree 2 for both the lead salt and the free fatty acid that the TMS derivative is the 
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Figuree 2. Partial TIC of a test mixture, containing trimyristine (C14 TAG), 14-
methyll  hexadecanoic acid (C16-14 FA) and a lead salt of octadecanoic acid (C18 
Pb),, after transethylation (E) and trimethylsilylation (S) derivatisation. 

majorr product detected. Surprisingly, minute amounts of the ethylated derivative 
weree detected despite the fact that the transethylation is not supposed to convert 
thesee type of fatty acids. The relative amount of TMS derivatives of the C14 FA is 
onlyy 1.05 % in this case. For other analyses of the mixture of lead stearate and C14 
TAGG the relative amount of silylated fatty acids was higher and an average of 
4.46%% was obtained. The fact that both ethylated and TMS derivatised fatty acids 
aree found suggests some interesterification has occurred between the analytes. Test 
experimentss using margaric (CI7) acid and sodium palmitate gave successful 
resultss that were shown to be repeatable (see Table 1). When testing the method on 
azelaicc acid (C9 diacid) and mixtures of reference material containing C9 diacids, 
occasionallyy monosilylated derivatives were detected next to the doubly silylated 
productt but only up to an average of 0.5 %. In one isolated extreme case the 
percentagee of the monosilylated derivative amounted 1.9%. 

Sincee the method was shown to work for the selected reference materials, the 
questionn remained whether organic and inorganic pigments and the presence of 
glyceroll  could possibly have an influence on the outcome of the two-step 
derivatisationn method. Therefore three pigments (indigo (C16H10N2O2); 13-16% 
w/w,, Cremser White (2PbC03Pb(OH)2); 19-30% w/w, and Prussian Blue 
(Fe4[Fe(CN)6]3);; 16-23% w/w) and pure glycerol (8-14% w/w) were added to 
mixturess of the reference materials to be analysed. For glycerol and prussian blue 
noo interference was observed for both the transethylation and trimethylsilylation 
derivatisationss whereas for Cremser White and indigo large deviations were found 
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Forr the fraction of ethylated species (see Table 1). When glycerol was added, all its 
derivativess previously described were observed. Their recovery, however, was low 
inn several instances just as was observed for the glycerol derived from TAGs in the 
previouss experiments. 

Tablee 1. Analytical results obtained on reference materials using the 
ethylation/trimethylsilylationn method. C9DIFA = nonanedioic acid (azelaic acid), 
CI6-144 = 14-methyl hexadecanoic acid, C14 TAG = triacylglycerol of C14 FA, 
CI8:11 FAME = methyl ester of oleic acid, Gly = glycerol, Ind = indigo, LWh = 
leadd white, PrBl = prussian blue. 

Reference e 
material l 

C14TAG G 
CII  8:1 FAME 
C18TAG G 
C18TAG G 
CII  8 TAG 
C99 DIFA 

C16Na a 
C16-14FA A 

C17FA A 
C18Pb b 

Numberr of 
analyses s 

5 5 
3 3 
9 9 
3 3 
2 2 
18 8 

3 3 
11 1 

3 3 
5 5 

Compound(s) ) 
includedd in tests 

C18Pb b 
Gly y 

Gly,, PrBl 
LWh h 
Ind d 

Gly,, Ind, LWh, 
PrBl l 

C18Pb b 
Gly,, Ind, LWh, 

PrBl l 
--
--

Averagee of 
relativee % of 

ethyl l 
derivative e 

95.54 4 
99.79 9 
98.54 4 
65.34 4 
66.80 0 
99.57 7 

96.34 4 
99.00 0 

99.00 0 
99.09 9 

Standard d 
Deviation n 

2.14 4 
0.18 8 
1.61 1 
2.24 4 
5.08 8 
0.50 0 

2.70 0 
1.32 2 

0.19 9 
0.94 4 

6.3.26.3.2 Reconstructed Oil Paints 

Subsequently,, it was checked whether the determination of the degree of 
hydrolysiss of (pigmented) oil paint reconstructions would give a repeatable result. 
Inn order to do so a 5-year-old dried stand oil film (a linseed oil that has been 
prepolymerisedd by heating) was analysed. The results are depicted in Figures 3a,b 
andd Table 2. Typical products identified include small fatty acids and diacids 
formedd upon oxidative degradation of unsaturated C18 fatty acids. The fact that 
onlyy TMS derivatives of C9 and CIO fatty acids and no ethylated species are found 
indicatess that these fatty acids originate from the non-ester side of the oxidatively 
degradedd C18 fatty acid. The diacids, however, are degradation products that 
includee the original carboxylic group with which these acids were esterified to the 
glyceroll  backbone. Upon oxidation of the double bond system and subsequent 
degradationn a second and free carboxylic acid group is formed. This acid group is 
alwayss trimethylsilylated when derivatised. 
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Figuree 3 a,b. Two TICs of a 5-year-old stand oil film, after transethylation and 
trimethylsilylationn derivatisation. The numbers correspond to Table 2. 
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Tablee 2. Identified compounds (based on their 70 eV electron impact mass spectra) 
inn aged oil paint systems after GC/MS analysis of their transethylation / 
trimethylsilylationn products. 

Label l 
I.S. . 
1. . 
2. . 
3. . 
4. . 
5. . 
6. . 
7. . 
8. . 
9. . 
10. . 
11. . 
12. . 
13. . 
14. . 
15. . 
16. . 
17. . 
18. . 
19. . 
20. . 

21. . 
22. . 
23. . 

24. . 
25. . 
26. . 
27. . 
28. . 
29. . 
30. . 

Compound d 
hexadecanee (internal standard) 
nonanoicc acid, TMS ester 
decanoicc acid, TMS ester 
heptanedioicc acid, ethyl TMS ester 
heptanedioicc acid, di-TMS ester 
octanedioicc acid, ethyl TMS ester 
octanedioicc acid, di-TMS ester 
nonanedioicc acid, ethyl TMS ester 
nonanedioicc acid, di-TMS ester 
decanedioicc acid, ethyl TMS ester 
decanedioicc acid, di-TMS ester 
undecanedioicc acid, ethyl TMS ester 
hexadecanoicc acid, ethyl ester 
hexadecanoicc acid, TMS ester 
octadecenoicc acid, ethyl ester 
octadecanoicc acid, ethyl ester 
octadecenoicc acid, TMS ester 
octadecanoicc acid, TMS ester 
9-octadecenoicc acid, 8-TMS ether, ethyl ester 
9-octadecenoicc acid, 11 -TMS ether, ethyl ester 
10-octadecenoicc acid, 9-TMS ether, ethyl ester 
8-octadecenoicc acid, 10-TMS ether, ethyl ester 
9-octadecenoicc acid, 8-TMS ether, TMS ester 
9-octadecenoicc acid, 11-TMS ether, TMS ester 
10-octadecenoicc acid, 9-TMS ether, TMS ester 
8-octadecenoicc acid, 10-TMS ether, TMS ester 
eicosanoicc acid, ethyl ester 
mixturee of unidentified C18 oxidation products 
mixturee of unidentified CI8 oxidation products 
mixturee of unidentified CI8 oxidation products 
octadecanoicc acid, 9,10-bis[(TMS)oxy], ethyl ester 
octadecanoicc acid, 9,10-bis[(TMS)oxy], TMS ester 
docosanoicc acid, ethyl ester 

Thee transethylation and trimethylsilylation procedure results in mass 
spectraa that not have been reported before. A typical mass spectrum of a diacid that 
wass esterified prior to analysis (nonanedioic acid, ethyl TMS ester; compound 7) is 
shownn in Figure 4. The molecular ion m/z 288 is hardly visible in contrast to the 
highh intensity fragment ion at m/z 273 (M-CH3). The fragment ion at m/z 243 is 
formedd upon loss of the ethoxy group (-OC2H5). A typical even mass fragment ion 
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Figuree 4. Mass spectrum of nonanedioic acid, ethyl TMS ester (compound 7; 
Figuree 3a,b) (70 eV EI). 

off  this particular diacid is observed at m/z 152 [348]. This is formed upon loss of 
bothh a trimethylsilanol and ethanol moiety. Another series of compounds identified 
iss a range of monounsaturated, TMS ether containing C18 fatty acids of which 
bothh the ethyl and TMS derivative are detected (compounds 18-23). In Figure 5a,b 
andd 6a,b the mass spectra of both derivatives are depicted of two compounds 
(compoundss 20 and 23, respectively) of these series. In all cases the main fragment 
iss formed upon a-cleavage next to the -OTMS group and at the a -position relative 
too the double bond. A second fragment of lower intensity is observed which can be 
ascribedd to a-cleavage next to the double bond. In all cases both the molecular ion 
(m/zz 398 and 442, respectively) and a fragment ion due to loss of a methyl group 
(m/zz 383 and 427, respectively) is observed. Also observable for some of the 
ethylatedd fatty acids is the loss of an ethoxy group, giving rise to a fragment ion at 
m/zz 353. Furthermore, loss of m/z 31, leading to a fragment ion at m/z 411, is seen 
inn all spectra of the TMS derivatives. 
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Figuree 5. Mass spectrum of compound 20 (a) 8-octadecenoic acid, 10-TMS ether, 
ethyll  ester, and (b) 10-octadecenoic acid, 9-TMS ether, ethyl ester (70 eV EI). 

186 6 



DeterminationDetermination of the degree of hydrolysis 

100 0 

50 0 

^Si(CH3)3 3 

241.. . 

, (CH2) ) (CH2)55 O. 

'329 9 r r Si(CH 3)3 3 

73 3 

241 1 

129 9 

329 9 

442 2 

411 1 
427 7 

OJ|Mh,lJJr,HA^,viil,H.i,|l^Jk^.,^jl|l,l^,.l,, j.,,1 I.J.,  U f ^ ^ k yl r j r 4A l A -  f ' 1 f - l ' - r 1 » - i J ' -

500 100 150 200 250 300 350 400 m/z 
100 0 

227 7 

50 0 

„ / --
Si(CH3)3 3 

(CH2), , (CH2)66 O 
Si(CH3)3 3 

73 3 

129 9 

I L . . L .. I^JliJiLi.,JÉJLJ.f„Jnj.iijiJ.i Jl.Jri,,Jj .i.fl , , i . i LJ, 

B B 

343 3 

,,J.. I... 

442 2 

411427 7 

500 100 150 200 250 300 350 400 m / z 

Figuree 6. Mass spectrum of compound 23 (a) 8-octadecenoic acid, 10-TMS ether, 
TMSS ester, and (b) 10-octadecenoic acid, 9-TMS ether, TMS ester (70 eV EI). 
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Comparisonn of the analytical results of two different samples of the same 
paintt film, taken on different locations (Figures 3a,b) shows that similar results are 
obtained.. Only a minor difference of less than 2% is found for the relative 
percentagess of the two possible derivatisation products. These findings are 
depictedd in Table 3, where the percentages for the 5 most abundant compounds can 
bee found. Since this film is relatively young the degree of hydrolysis is still low: 
onn average approximately 30%. The same was found for a 5-year-old pigmented 
standd oil paint film containing 30% (w/w) of lead white (LWH). Again, the results 
off  two different samples were almost identical. The results obtained on the two 
paintt systems show a large resemblance despite the presence of the lead white 
pigmentt (compare Figures 3a,b with Figure 7). 
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Figuree 7. TIC of a 5-year-old stand oil film pigmented with 30% basic lead 
carbonate,, after transethylation and trimethylsilylation derivatisation. The numbers 
correspondd to Table 2 

Thee only observable difference is the relative amount of both the diacids 
andd CI8:1 fatty acids. Due to the lead catalysed accelerated oxidation of the double 
bondss the last compounds have disappeared to a large extent, whereas the relative 
intensitiess of the diacids have increased a little. Surprisingly, the lead white 
pigmentedd stand oil had a somewhat lower degree of de-esterification for most of 
thee abundant compounds present. It can be concluded from Table 3 that for these 
youngg paints the degrees of hydrolysis obtained for the diacids are generally higher 
thann the ones measured for C16 and C18 fatty acids. Within the diacids themselves 
oftenn a decrease is observed when going from C8 to CIO. Sometimes, the values 
obtainedd for C10 diacids are higher but it is believed that this is caused by 
inaccuracyy in the integration of the peaks, which are normally very small compared 
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too those of C8 and C9 diacids. Another trend that is observed is the lower degree of 
hydrolysiss found for the C18 fatty acids compared to CI6 fatty acids. Both 
findingss suggest there is a relationship between the length of the fatty (di)acid 
chainn and the detected relative amount of the derivatives. 
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Figuree 8a,b. Two TICs of a 27-year-old ivory black pigmented oil film (CCI, 
Ottawa)) after transethylation and trimethylsilylation derivatisation. The numbers 
correspondd to Table 2. 

189 9 



ChapterChapter 6 

Inn order to obtain a more realistic view on the analytical procedure the 
rangee of tested paints was extended. The first set of paints analysed originate from 
aa collection of 27-year-old oil paint reconstructions presently at the Canadian 
Conservationn Institute, Ottawa. These paints not only have a different historical 
backgroundd but also are made up of a three-layered system including a primed lime 
woodd board, a ground and a linseed oil paint on top. Paint samples were obtained 
byy careful scraping of the top layer, meanwhile avoiding sampling the ground. The 
resultss for these samples were still reasonably reproducible as can be seen in 
Figuress 8a and 8b, since most of the samples were collected as fine powders, 
whichh can be considered relatively homogeneous. It should be noted that the 
spreadd in two analyses on the same paint has increased somewhat compared to two 
paintss reported before. This is confirmed by the chromatograms in Figures 8a,b for 
ann ivory black pigmented oil paint. The calculated relative degrees of hydrolysis of 
thee most important compounds present in this paint and the other paints 
investigatedd are depicted in Table 4. It is found for inorganic pigments containing 
metall  ions that the relative amount of silylated derivatives is higher compared to 
thee more organic pigments like ivory black and indigo. This suggests that 
hydrolysiss is promoted by the presence of metal ions, either through direct reaction 
withh the ester bonds and/or indirectly via an increased amount of acidic 
degradationn products. For indigo the percentages of the two fatty acids derivatives 
indicatedd a different behavior compared to the tests where pure pigment was mixed 
inn with reference material: now a relatively low degree of hydrolysis was found. 
Remarkably,, the lead white pigmented paint had a lower degree of hydrolysis 
again,, compared to all other paints. Paints pigmented with the slightly acidic 
colorantt alizarin deviated from the other organic pigments and a higher degree of 
hydrolysiss was observed. The trends previously observed in Table 3 are in general 
alsoo visible in Table 4, although the difference between the degrees obtained for 
C88 diacids and the long chain fatty acids is much more variable now, ranging from 
1.11 % for ultramarine to 34% for ivory black. 

Tablee 3. Percentage of the area of trimethylsilylated derivatives relative to the total 
areaa of ethylated- and trimethylsilylated derivatives for the 5 most abundant 
compoundss identified in 5-year old reconstructed stand oil paints. St. Oil/LWH = 
standd oil film pigmented with lead white. 

Paint t 
St.Oill  /LWH 1 
St.Oil/LWH2 2 
Standd Oil 1 
Standd Oil 2 
Standd Oil 3 

C8Di i 
37.82 2 
36.77 7 
39.22 2 
41.34 4 
38.05 5 

C9Di i 
30.15 5 
28.26 6 
30.98 8 
33.47 7 
31.27 7 

ClODi i 
25.12 2 
29.98 8 
30.10 0 
36.04 4 
27.56 6 

C16 6 
25.87 7 
27.56 6 
29.00 0 
29.56 6 
23.76 6 

C18:l l 
n.d.a a 

22.00 0 
20.09 9 
19.99 9 
19.24 4 

C18 8 
22.76 6 
24.87 7 
26.49 9 
28.36 6 
28.9 9 

aa n.d. = not detectable 

AA second set of paints investigated was made at the Getty Conservation 
Institutee around the same time as the stand oil paints and is with its 5-year-old 
relativelyy young. These paints, however, were made with a much higher 
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concentrationn of pigments. The samples investigated (see Table 4) included blown 
linseedd oil only and the oil mixed with 3 different pigments. All values found for 
thee most abundant compounds are in the same range for this set, except for the C8 
diacids,, which are more hydrolysed (  53%). Again, the lowest degree of de-
esterificationn was recorded for the lead white pigmented paint. Although the 
percentagee of lead white in the oil is comparable to the paint made in our institute 
(38%% vs. 43%), the obtained degrees are somewhat lower (except for the C8 
diacids).. This is also observed for the unpigmented films. Most probably this can 
bee ascribed to difference in both the type of oil and the storage conditions. 

Tablee 4. Percentage of the area of trimethylsilylated derivatives relative to the total 
areaa of ethylated- and trimethylsilylated derivatives of the 5 most abundant fatty 
(di)acidss in paint samples of different age, composition and history. Arlo = Acid 
refinedd linseed oil; LWH = lead white; IO = iron oxide; BS = barium sulphate; YO 
== yellow ochre. 

Paintt Sample 
CCII  Cremser White 1973 
CCII  Indigo 1973 
CCII  Ivory Black 1973-1 
CCII  Ivory Black 1973-2 
CCII  Ivory Black 1973-3 
CCII  Vermilion 1973 
CCII  Ultramarine 1973 
CCII  Iron Oxide 1973-1 
CCII  Iron Oxide 1973 - 2 
CCII  Iron Oxide 1973-3 
CCII  Copper Carbonate 1973 
CCII  Alizarin 1973 
CCII  Cadmium Yellow 1973 
Stoloww Arlo/LWH 1965-1 
Stoloww Arlo/LWH 1965-2 
Stoloww Arlo/LWH 1954 - 1 
Stoloww Arlo/LWH 1954-2 
Stoloww Arlo/BS 1965-1 
Stoloww Arlo/BS 1965-2 
Stoloww Arlo/IO 1965-1 
Stoloww Arlo/IO 1965-2 
Gettyy Blo/LWH 1994 
Gettyy Bio/Vine Black 1994 
Gettyy Bio 1994 
Gettyy Blo/YO 1994 

C8DÏ Ï 
62.3 3 
64.60 0 
72.83 3 
64.81 1 
70.8 8 
66.51 1 
72.47 7 
62.64 4 
61.42 2 
68.47 7 
63.11 1 
66.84 4 
70.79 9 
33.77 7 
41.56 6 
68.94 4 
69.14 4 
64.33 3 
63.29 9 
60.92 2 
58.15 5 
51.8 8 
56.17 7 
53.74 4 
50.54 4 

C9Di i 
51.97 7 
32.96 6 
50.35 5 
49.12 2 
49.97 7 
48.6 6 
62.91 1 
45.12 2 
49.43 3 
66.7 7 
60.16 6 
72.58 8 
65.75 5 
23.64 4 
34.68 8 
68.12 2 
66.94 4 
71.12 2 
73.23 3 
64.03 3 
59.37 7 
18.88 8 
20.95 5 
25.74 4 
29.05 5 

ClODi i 
45.91 1 
20.75 5 
43.22 2 
46.87 7 
42.02 2 
38.35 5 
37.72 2 
18.35 5 
28.85 5 
56.67 7 
60.5 5 
61.04 4 
53.62 2 
26.59 9 
35.00 0 
62.35 5 
53.1 1 
53.27 7 
54.56 6 
47.99 9 
50.10 0 
14.6 6 
n.d.a a 

22.9 9 
26.55 5 

C16 6 
42.8 8 
47.3 3 
49.72 2 
46.37 7 
49.24 4 
63.95 5 
71.36 6 
66.46 6 
70.01 1 
83.35 5 
79.38 8 
62.08 8 
82.88 8 
29.63 3 
40.19 9 
74.09 9 
71.50 0 
83.47 7 
75.17 7 
81.22 2 
82.72 2 
18.04 4 
19.61 1 
23.79 9 
30.06 6 

C18 8 
38.94 4 
43.12 2 
41.03 3 
42.99 9 
42.07 7 
57.01 1 
62.22 2 
62.22 2 
70.51 1 
74.72 2 
67.41 1 
70.16 6 
77.67 7 
26.59 9 
33.03 3 
70.18 8 
72.61 1 
79.18 8 
76.5 5 
84.76 6 
83.30 0 
16.30 0 
17.29 9 
20.94 4 
25.06 6 

aa n.d. = not detectable 
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Thee second half of Table 4 depicts the results obtained on reconstructions 
madee by Stolow. All paints were analysed in duplo to check the repeatability. As 
cann be seen there are only minor differences between both runs for all paints tested. 
Exceptt for the acid refined linseed oil paint pigmented with lead white (1965), all 
sampless show high degrees of hydrolysis, with the highest values for the iron oxide 
andd barium sulphate pigmented films. The measured values for the two lead white 
paintss differed significantly, which is to be ascribed to the fact that they differ 11 
yearr in age and most probably have been stored under different conditions, 
especiallyy in the curing stage. 

Inn both Figure 1 and Table 1 it can be seen that upon transethylation of the 
esterifiedd reference materials trimethylsilylated derivatives are found. As the tested 
materialss were free of fatty acids (this was checked using direct probe insertion 
masss spectrometry) the origin is to be found in the analytical procedure. However, 
sincee only up to a maximum of 6% of TMS derivatised products are formed this 
cann be taken into account when determining the degree of hydrolysis. Prior to the 
evaluationn of this method it was thought that all fatty (di)acid within an oil (paint) 
samplee would show the same degree of hydrolysis, independent of the length of the 
carbonn chain. However, the results depicted in Figure 1, in combination with the 
resultss obtained for the test paints led to another insight. When going from C8 to 
CIOO diacids and from C14 to C18 acids in the analyses, a decrease in the relative 
amountt of TMS derivatives is measured. This can be ascribed to a second reaction, 
occurringg during the transethylation step. It is known from other studies that under 
basicc transesterification conditions the fatty acids have a tendency to become 
saponifiedd [381]. Therefore a neutralisation step is required to suppress this 
process.. In our case reaction times needed to completely transesterify the paint 
samplee are much longer and neutralisation is only first carried out after 1.5 hours. 
It'ss likely that saponification has proceeded in the mean time. Especially for the 
shortt chain fatty acids this process was found to be pronounced [384, 385], In 
Figuree 3a,b, for example, for the C7-C9 diacids (compounds 3-8) it can be seen 
thatt the relative degree is decreasing very rapidly towards an end value in the same 
rangee as observed for the long chain fatty acids. This saponification effect however 
iss not likely to be completely responsible for the large differences observed for the 
C77 and C8 diacids versus C9 diacids. Therefore it is suggested that for a fraction of 
thee smaller C7 and C8 diacids both acid groups are formed upon oxidation of the 
oill  paint. 

Ass mentioned before, incomplete derivatisation and even complete failure 
wass occasionally observed for the pure C18 TAGs. Bannon et. at. observed [385] 
thatt for a very hard fat like tristearin the reaction times needed for methanolysis are 
veryy long and unacceptable results were obtained. It is believed that insolubility or 
crystallisationn of TAGs in the reaction mixture can account for this reduced 
reactivity,, since triacylglycerols of unsaturated fatty acids are transethylated 
withoutt a problem. C18 TAGs have three different melting points, depending on 
thee polymorphic state. It first melts at 55 °C and than can solidify again. Its last 
meltingg point is at a temperature of 72 °C [386]. For this reason and to increase the 
solubilityy of the TAGs in the reagent, a reaction temperature of 75-80 °C was 
chosen.. However, incomplete derivatisation was still observed occasionally. In 

192 2 



DeterminationDetermination of the degree of hydrolysis 

(aged)) oil paint systems however, fats like tristearin are not expected to be present 
[36,, 37]. 

Thee results obtained for the studies on the effect of lead white and indigo 
onn the analytical procedure and the outcome of the analytical results for test paints 
aree more questionable. The cause of this behavior is not understood and therefore 
additionall  studies on the interference of these and other pigments are necessary. It 
iss of great importance that the method is reliable because in relation to the 
applicationn of this method, the analysis of minuscule oil paint samples that can 
onlyy be taken once, no errors can be allowed. 

Thee finding that for all lead white pigmented paints relatively low degrees 
off  hydrolysis are found within the sets of paints analysed is counter intuitive and 
doess not agree with the observations for all other paints that are made of inorganic 
pigmentss containing metal ions. Furthermore this finding does not fit the facts 
observedd for the lead white interference studies. It was expected that due to the 
formationn of metal salts the degree of hydrolysis would have increased. This 
phenomenonn may be related to the way the paint film dries and needs further 
investigation.. The results of the test paint analyses show that the extent to which 
hydrolysiss has occurred for the C9 diacid and the long chain fatty acids is in 
reasonablee agreement. We therefore choose to take the average of these 3 values as 
aa measure of the degree of hydrolysis of an oil paint film. 

Thee values obtained for the test paints confirm the idea that in time the 
esterr bonds within an oil paint system are not stable and that the degree of 
hydrolysiss increases. The numbers obtained for the Stolow samples compare well 
withh the results obtained by Stolow and Rogers in 1970 [22]. They found that the 
amountt of leachable material was highest for the iron oxide and barium sulphate 
films,, 62% and 52%, respectively. This would imply for these films that the 
polymerisationn rate was low, and / or that de-esterification already had occurred to 
aa large extent. Unfortunately it is not known at which relative humidity these 
paintss were stored, another factor that may have contributed to the hydrolysis. 

Thee somewhat increased spread in results measured for ivory black and 
ironn oxide pigmented paints from the CCI collection can be explained by the way 
thee samples were taken. For the tests paints made at our institute it was possible to 
samplee the paint layer from top till bottom without leaving behind any material, 
sincee it was applied on a glass slide. In the case of the multi-layered systems of the 
CCII  collection, it was tried to avoid sampling the ground. Inevitably, this 
proceduree leads to a sampling of the paint with a variable thickness with respect to 
thee ground and therefore some variation in composition can be expected. The 
sampless from the Stolow collection were applied on glass on therefore the whole 
paintt structure could be sampled, giving rise to less variation. The spread observed 
inn the values obtained for inhomogeneous paints can be much larger than the 
reportedd 6% deviation and in case of sufficient oil paint material it is advised to do 
att least a duplicate measurement. 
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6464 Conclusions 

AA two-step derivatisation procedure, consisting of a transethylation and a 
trimethylsilylationn step, can be successfully used for the determination of the 
degreee of hydrolysis of (aged) oil paint systems. Based on the results obtained on 
testt paints, we suggest using the average of the relative percentages of C9 diacid, 
C166 and CI 8 fatty acid trimethylsilyl derivatives as a useful number to quantify the 
de-esterification.. The method is shown to be reproducible for the various paints 
tested.. However, it should be kept in mind that oil paint systems are generally 
inhomogeneouss and spread in the outcome can be expected. Furthermore, 
interferencee of pigments with the analytical procedure may lead to a deviation in 
thee degree of hydrolysis in some instances. 

Itt has been seen that the degree of hydrolysis increases in time, with highest 
numberss found for metal ion containing oil paints. Lead white pigmented paints, 
however,, had a relatively low degree of hydrolysis. The reason for this unexpected 
resultt is still unclear and needs further study. 
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