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7.. Derivatisation of fatty acids for gas chromatographic 
analysis s 

Abstract t 

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

7.1.7.1. Introduction 

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

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

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

H3C C 
H-(XX \ ^CH , H„C 

33 N + 3 

CH,, 0 H 

a)) b) 

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

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

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

7.2.7.2. Sample preparation methods 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

method. . 

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

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

diazomethanee derivatised samples. Allowing for some variations in experimental 

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

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

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

Thesee experiments demonstrate the need for caution in interpreting 

quantitativee measurements of fatty acids, whether simple comparisons of peak 

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

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

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

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

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

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

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

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

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

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

1 1 -Si i 

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

7.3.7.3. Quantitation of free and ester-bound fatty acids 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

 =
 WMT2). 

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

Az z 
1 1 

100 15 20 25 30 

timee (minutes) 

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

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

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

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

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

Resultss from 

palmitic c 
stearic c 
azelaic c 

multiplee analyses 

11 2 
69.55 69.7 
71.44 70.5 
60.88 59.8 

off  single 

3 3 
69.4 4 
71.8 8 
61.4 4 

Resultss from analyses of multiple sampl 

palmitic c 
stearic c 
azelaic c 

11 2 
67.55 66.6 
69.55 69.0 
56.99 49.7 

3 3 
66.2 2 
68.0 0 
50.3 3 

extract/residuee pair 

4 4 
68.8 8 
71.2 2 
60.5 5 

es s 

4 4 
612 612 
68.9 9 
59.6 6 

5 5 
67.9 9 
70.3 3 
60.5 5 

5 5 
69.1 1 
71.0 0 
60.6 6 

X X 
69.1 1 
71.0 0 
60.6 6 

X X 
67.3 3 
69.3 3 
55.4 4 

s s 
0.7 7 
0.6 6 
0.6 6 

s s 
1.1 1 
1.1 1 
5.1 1 

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

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

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

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

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

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

7.5.7.5. Response factors 

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

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

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

7.6.7.6. Conclusions 

Establishedd methods of fatty acid derivatisation for GC analysis, using 
diazomethanee and TMTFTH, were employed in this study, and found to be 
adaptablee to specific quantitative applications. For measurements of total fatty 
acidss (i.e. those present as both free fatty acids and glyceride esters) in paint and 

154 4 



DerivatisationDerivatisation of fatty acids for gas chromatographic analysis 

extractt samples, diazomethane was used initially, but was generally supplanted by 
TMTFTHH in later studies, largely because of the much simpler sample preparation, 
ass well as the less hazardous nature of the latter reagent. 

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

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

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