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Chapterr 2 

Oill  paint: developmental stages from an oil to a 
hardd dry film 

ThisThis chapter reviews the literature on the properties of oil, the chemical 
dryingdrying of oil and oil paint, the curing processes that take place when oil paint dries 
toto a firm film and the ageing and degradation processes. It starts with a 
descriptiondescription of the production of raw linseed oil from seeds, the initial chemical 
compositioncomposition and the subsequent refining and processing methods of the oil and 
howhow they affect the chemical composition. A detailed description of the chemistry 
ofof drying, the autoxidation and photoxidation processes, the effects of transition 
metals,metals, and other factors that affect the composition of the oil constituents in oil 
paintpaint are presented. The knowledge on the effect of paint formulation on the 
composition,composition, including the role of the pigments in the curing and ageing processes 
asas derived from a number of analytical studies on oil paints, is summarised. 
DegradationDegradation of oil paint systems, although less understood, will  be discussed 
brieflybriefly in the last part of this chapter. A theoretical descriptive model of the 
developmentdevelopment of the fresh, cured and mature stage of linseed oil-based paint will  be 
presented. presented. 

22..11 Production of linseed oil 

Thee most important drying oils, walnut, poppyseed and linseed, are derived 
fromm seeds. Linseed oil, the largest volume drying oil, is obtained from flax, Linum 
usitatissimum.usitatissimum. Flax is grown on different locations throughout the world in 
temperatee zones located in the latitudes of roughly 30° to 60° nowadays. 
Nowadayss the plant can be found on all continents: Argentina, Canada, Europe, 
Indiaa and the USA being major producers. The varieties can be divided into 
oleaginouss flax (linseed) and textile flax (fibre flax). The conditions of farming and 
thee effects of the climate will accentuate the differences between the two types. 
Thesee factors are also important for the final composition of the oil that is obtained 
fromm the seeds. In general, the oil content of the seeds varies from 35 to 45 % of 
thee dry weight. 

9 9 



ChapterChapter 2 

Twoo methods, either a pressure method or a solvent extraction process are 
usedd to obtain the oil from the seeds of the flax plant. In both cases the seeds first 
havee to be cleaned and separated from materials by subjecting them to processes 
suchh as blowing with air (to remove chaff, etc.) or screening (to remove particles 
off  appreciably different size). In a next step, the seeds are ground to a fine meal, 
whichh facilitates the oil extraction. The meal then can be heated in a kettle prior to 
pressing,, a process called "cooking". The principle objective of this heat treatment 
iss to coagulate the proteins in the walls of the oil containing cells and make the 
cellss permeable to the flow of oil. At the same time, the lowered viscosity of the oil 
att elevated temperatures also assists the flow of the oil from the seeds. 

Thesee basic principles - reduction of the size of the seeds, the heat 
treatment,, and pressing- have remained the same over the centuries, with the 
differencee that in the modem oil production process after the first pressing often a 
extractionn with an organic solvent is applied to increase the yield of oil [30-32]. 

2.22.2 The composition of linseed oil 

Thee properties of the drying oils depend on their chemical composition. By 
farr the largest proportion of the oil constituents are triacylglycerols, triesters of 
glyceroll  (1,2,3-propanetriol) with mixtures of fatty acids. The general structure of 
aa triacylglycerol (TAG) and some fatty acids are depicted in Figure 1. The typical 
fattyy acid composition of the three drying oils used in traditional oil paints shown 
inn Table 1 points out that there are only a limited number of fatty acid moieties 
involved.. Doubly and triply unsaturated C18 fatty acids make up the largest 
fraction.. The reactivity of a drying oil with oxygen is a result of the reaction with 
thesee CI8 non-conjugated unsaturated fatty acids, i.e. fatty acids with double 
bondss that are separated by single methylene groups (see also Figure 1). The range 
off  fatty acid compositions of linseed oils is depicted in Table 2 [33, 34]. It is clear 
theree are differences in the oil compositions dependent on its source. Besides the 5 
majorr fatty acids smaller amounts of saturated (CI2, C14, C20, C22 and C24) and 
unsaturatedd fatty acids (C16:1, C20:1) can be found in linseed oils. 

Tablee 1. Typical fatty acid compositions of the three most common drying oils 
usedd for traditional oil painting [12, 34]. 

Oil l 
Linseed d 
Poppyseed d 
Walnut t 

Fattyy Acid (% of total FA) 
Palmitic3 3 

4-10 0 
9-11 1 
3-8 8 

Stearic c 
2-8 8 
1-2 2 

0.5-3 3 

Oleic c 
10-24 4 
11-18 8 
9-30 0 

Linoleic c 
12-19 9 
69-77 7 
57-76 6 

Linolenic c 
48-60 0 
3-5 5 
2-16 6 

aa These are the common names. The systematic names are hexadecanoic-, 
octadecanoic-,, (9Z)-octadec-9-enoic-, (9Z,12Z)-octadeca-9,12-dienoic-, and 
(9Z,12Z,, 15Z)-octadeca-9,12,15-trienoic acid, respectively. Short-hand notation 
CI6,, CI8, CI8:1, CI8:2, and CI8:3 FA, respectively. 
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Tablee 2. Fatty acid distribution in different linseed oils [33, 34] 

Oil l 
Europe e 
Russia a 
Canada a 
India a 
Argentina a 

Fattyy Acid (% of total FA) 
Palmitic c 

4-6 6 
6-7 7 
5-6 6 
9-10 0 
4-5 5 

Stearic c 
2-3 3 
3-6 6 
3-4 4 
7-8 8 
5-6 6 

Oleic c 
10-22 2 
15-23 3 
19-20 0 
10-21 1 
19-21 1 

Linoleic c 
12-18 8 
14-19 9 
14-16 6 
13-15 5 
15-24 4 

Linolenic c 
56-71 1 
49-60 0 
54-61 1 
50-61 1 
45-53 3 

TAGss are composed of three (un)saturated fatty acids. A large number of 
possiblee combinations exist. Kartha and co-workers investigated the TAG 
compositionn of linseed oil and compared the values obtained with two theoretical 
FAA distributions, based on the "even" and "restricted random" distribution theories 
[35].. The numbers obtained agreed very well with the latter. They found the oil to 
bee composed of 5% GS2U, 29 % GSU2, and 66% GU3. G stands for the glycerol 
backbone,, S is a saturated fatty acid and U an unsaturated fatty acid. For example, 
GS2UU is a TAG composed of two saturated FAs and one unsaturated FA. The 
researchh showed that all TAGs of linseed oil contain of at least one unsaturated 
fattyy acid moiety. 

Otherr (semi-)quantitative studies on the linseed oil composition using 
capillaryy gas chromatography (CGC), reversed phase high performance liquid 
chromatographyy (RP-HPLC), direct chemical ionisation mass spectrometry (DO-
MS)) [36] or direct inlet mass spectrometry (DI-MS) [37] have given a more exact 
picturee of the ratio of the different TAGs present. The data are presented in Table 
3.. Each TAG identified is represented by a three-letter code, e.g. POL. These three 
letterss represent the individual fatty acids (P=palmitic, Ln=linolenic, L=linoleic, 
0=oleic,, and S =stearic acid). 

Oilss are classified as drying oil, when they chemically dry to form solid 
filmss on exposure to air; semi-drying oils when they form tacky, that is, sticky, 
films;films; and non-drying oils, which do not form highly viscous material upon 
exposuree to air [38, 39]. Furthermore, oils can be differentiated as non-conjugated 
andd conjugated, depending on whether the double bonds are separated by a 
methylenee group or not. Tung oil is an example of a drying oil with a high amount 
off  conjugated C18 fatty acids (a-elaeostearic acid). These acids are even more 
reactivee with oxygen and account for the fast drying of tung oil. In the case of non-
conjugatedd oils a useful empirical relationship is given by the drying index, which 
iss greater than 70 for drying oils. This is calculated as follows: 

Dryingg index = (% linoleic acid) + 2(% linolenic acid) 
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Figuree 1. Constituents of a drying oil. (a) glycerol; (b) palmitic acid (CI6); (c) 
oleicc acid (C18:l); (d) linolenic acid (C18:3), and (e) a triacylglycerol with C18:2-
C18:2-C18:33 fatty acid moieties (TAG). 
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Anotherr way to classify the oil according to their composition is based on 
thee iodine value (IV). This is the number of grams of iodine required to saturate the 
doublee bonds of 100 g of oil. Some authors define oils in the following categories 
[39]: : 

dryingg oils: IV > 140 

semi-dryingg oils: IV=125-140 

non-dryingg oils: IV < 125. 

Thee iodine value can also be calculated, using the formula: 
1.16IV=3.04(%linolenicc acid) + 2.02(% linoleic acid) + (% oleic acid). 

Tablee 3. Relative composition (%) of triacylglycerols from linseed oils 

TAGa a 

PLnLn n 
PLLn n 
PLL L 
POL L 
PSLn n 
POO/PSLc c 

PSO O 
LnLnLn n 
LLnL n n 
LLL n n 
OLnLn n 
LL L L 
OLLn n 
OLL L 
SLLn n 
OOL L 
OOO O 
SOO/SSL L 
SSO O 

CGC C 
[36] ] 

5.2 2 
4.6 6 
5.6 6 
10.7 7 
n.r r 
n.r. . 
n.r. . 
8.6 6 
5.8 8 
5.9 9 
12.9 9 
4.8 8 
7.6 6 
8.1 1 
4.2 2 
5.6 6 
10.4 4 
n.r r 
n.r r 

RP--
HPLC C 
[36] ] 

4.2 2 
3.1 1 
0.6 6 
0.8 8 
n.r r 
n.r r 
n.r. . 
50.7 7 
19.2 2 
3.6 6 
9.2 2 
2.4 4 
3.2 2 
1.4 4 
0.8 8 
0.5 5 
0.3 3 
n.r r 
n.r r 

DCI-MS S 
[36] ] 

4.3 3 
3.2 2 
0.7 7 
1.0 0 

n.r. . 
n.r. . 
49.3 3 
18.9 9 
13.0 0 

5.6 6 

2.9 9 

0.8 8 
0.3 3 
n.r r 
n.r r 

D IM S S 
[37] ] 

8.5 5 
5.3 3 
4.8 8 
1.1 1 

0.7 7 
0.5 5 
14.2 2 
11.9 9 
20.0 0 

14.9 9 

10.6 6 

3.7 7 
1.6 6 
0.6 6 
0.4 4 

Number r 
of f 

double e 
bonds s 

6 6 
5 5 
4 4 
3 3 

2 2 
1 1 
9 9 
8 8 
7 7 

6 6 

5 5 

4 4 
3 3 
2 2 
1 1 

MW W 

850.7 7 
852.7 7 
854.7 7 
856.8 8 

858.8 8 
860.8 8 
872.7 7 
874.7 7 
876.7 7 

878.7 7 

880.7 7 

882.8 8 
884.8 8 
886.8 8 
888.8 8 

aa Coding system used to indicate the three fatty acyl groups of TAGs: P=palmitic, 
Ln=linolenic,, L=linoleic, 0=oleic, and S =stearic acid 
bb n.r. = not reported 
cc These TAGs have the same molecular weight (MW) and cannot be differentiated 
withh the method of analysis. 
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However,, these values can only serve as a general specification of the 
qualityy and are actually misleading as an oil classification tool. A "fresh" linseed 
oill  that has been oxidised to a certain extent upon standing or during processing 
wil ll  give lower IV values due to reduction of the double bonds, and hence could be 
classifiedd wrongly. 

TAGss are the main components of the oil, but there are much smaller 
quantitiess of other materials present. Some of these can have a marked effect on 
thee drying properties of the oil [34, 35, 40]. Free fatty acids are always present, 
withh an average composition reflecting the constituents of the TAGs. These are 
naturallyy found in the seeds or formed upon hydrolysis of the original TAG ester 
bonds.. The proportion is commonly ranging from 0.5- 2 % of the total weight, but 
itt may be much higher, depending on the identity of the oil, how it was obtained, 
andd its history [41]. 

Waterr present naturally in seeds will also dissolve in the oil, although only 
inn a small portion, usually about 0.1-0.2 %. The presence of phosphatides and 
mucilaginouss materials is typical for all vegetable oils. The best-known species is 
lecithin,, a phospholipid known for its ability to function as an emulgator. The oils 
containn a varying amount of this material, normally up to about 1% [40]. 

Otherr classes of compounds that are found in freshly pressed oils are 
includedd in the non-saponifiable fraction. This fraction includes colouring 
materialss like beta-carotene or chlorophyl and several sterols. For linseed oil 
aroundd 0.2-0.4 % of phytosterols are present of which the two major compounds 
aree brassicasterol (C28H460) and stigmasterol (C29H480). Part of the colouring 
agentss is thought to be oxidised and cause the more brownish colour of the oil. 
Besidess these species, trace amounts (0.01-0.1%) of normal and branched 
paraffins,, waxes and triterpenic alcohol (0.15 %) have been identified as well, with 
squalenee as one of the major compounds. An important class of constituents found 
iss the tocopherols (around 0.1 %). These are the natural protectors of the vegetable 
oill  because of their anti-oxidising properties. Their presence therefore will have a 
noticeablee influence on the drying process. The same applies for traces of 
numerouss metals that can be found in the crude drying oil [42], and which are 
usuallyy bound to organic compounds. Especially iron, copper, manganese and lead 
aree to be mentioned in this respect since these metals are potent oxidation catalysts. 
Zincc and cadmium are other metals that have been found. 

22 3 Refining and heat processing of linseed oil 

Oncee the oil has been obtained it has to be purified in order to prevent 
dryingg problems later on. This requirement was already recognised by the 
craftsmenn and a number of different recipes have been documented that were used 
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too remove protein rich material. At the same time different recipes were available 
too obtain clearer oils [30, 43]. All materials that have a negative influence on the 
additionall  processing should be removed as well. This is of importance in 
particularr when a linseed oil is to be heated. A hazy suspension usually coagulates 
uponn steadily heating of the oil at a temperature between 200 and 260 °C. This 
cannott be completely redissolved in the oil even after prolonged heating. When the 
insolublee material starts to separate, the oil is said to break and the material is 
calledd the break. The break consists of the phosphatides and other mucilaginous 
materiall  and is thought to settle in combination with the action of water present in 
thee oil. When a vegetable oil is to be heated above 150 °C the break has to be 
removedd [30, 44, 45]. 

Justt as was the case for the production process, the methods of refining 
havee not dramatically changed over the centuries [45, 46]. The easiest method is 
washingg with water, which leads to the precipitation of the proteinaceous material 
andd free fatty acids, a method already known in the 16th century. Besides the 
removall  of the unwanted material, the oil also became lighter in colour, which was 
consideredd advantageous and essential. Lightening of the oil is also ascribed to the 
effectt of sunlight that was often not excluded from the oil during refining. A 
secondd method involves cooling the oil by frost in combination with water or 
snow.. Besides precipitation of mucilaginous material, waxes and the more 
saturatedd TAGs or FAs were "frozen" out as a consequence of the cold. Several 
otherr varieties of washing principles are known as well in literature. The most 
importantt one is the simultaneous addition of a slightly acidic liquid like vinegar or 
sulphuricc acid, comparable to acidic refining of oils nowadays [45]. This destroys 
thee phosphatides and a large proportion of the colouring matter. A disadvantage is 
thatt free fatty acids can be formed, but these can be removed by water washing 
afterwards.. A similar refining process is known using alkali like caustic soda or 
sodiumm hydroxide, which will also remove most of the break. Part of the fatty acids 
wil ll  be lost as well due to formation of soaps. In general the amount of free fatty 
acidss will be lower compared to acid refined oils. Therefore, acid refined oils have 
muchh better pigment dispersion properties, as the free carboxylic acids are thought 
too react with the pigment surface [47-49]. 

Thee bleaching of the oil already has been mentioned. At present this is done 
withh Fuller's earth or activated carbon, which leads to the adsorption of the 
colouredd pigments [39, 46]. In the early days of oil manufacturing standing in 
directt sunlight for a prolonged period was the most common practice, either alone 
orr in combination with the addition of an absorbing material like breadcrumbs. It 
wass also anticipated that the drying process was accelerated upon sun irradiation as 
aa result of the increased uptake of oxygen. In order to prevent skin formation the 
oill  had to be shaken regularly. This also meant that the oil thickened, which was 
nott always an advantage. Standing under exclusion from air was therefore more 
commonlyy applied starting from the 17th century [30]. 

Theree are a lot more refinery recipes known from the literature but most of 
thesee are more or less based on the same principles. It may be worth mentioning 
thatt the effect of certain metal containing materials on the drying rate of the oil was 
alreadyy know at least since the 15th century. Recipes speak of oils that are allowed 
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too stand in bowls made of zinc, copper or bronze during bleaching, which could 
havee facilitated the drying of the oil later on [30]. At the same time the addition of 
materialss like lead white (basic lead carbonate, Pb2C03 -Pb(OH)2), yellow- and red 
leadd oxide (PbO and Pb304, respectively), calcium oxide (CaO), zinc sulphate 
(2nS04)) or umber (containing iron- and manganese oxides) have been reported to 
havee a positive effect on the drying rate [30]. 

Apartt from refining, linseed oil can be processed to obtain oils with 
differentt properties. In general this was done to increase the viscosity of the oil 
(pre-polymerisation)) and/or to shorten the drying time. Two methods are applied: 
simplee heating and air blowing. It suffices here to mention only the most common 
methodss [39, 48, 49]. Unfortunately, the exact conditions of the more traditional 
heatt treatments are often not known, other than that oxygen was excluded or 
introducedd intentionally or that indications of (end) temperatures are given, e.g. the 
oill  should boil gently, should be heated over a slow fire or should be of such a 
temperaturee that a piece of bread, onion or garlic turns brown [30]. 
Reconstructionss of these old recipes, however, have given us a better insight into 
thee oil production process and the relevant parameters. In the older heat bodying 
processes,, the oil was heated in open, directly fired kettles which led to a 
considerablee degree of oxidation, and accumulation of acidic materials by thermal 
cracking.. Furthermore, the composition of the kettle wall could also have a major 
effectt on the final product. Nowadays the heating process is completely controlled 
[48].. The present vocabulary that is being used may give rise to some confusion, 
especiallyy since the historical terminology used before the 20th century is different. 
Thee types of oil that will be described in the next paragraphs are at present known 
ass blown-, boiled-, and stand oil. 

2.3.12.3.1 Blown linseed oil 

Thiss type of oil is produced by blowing air through the oil. The main 
characteristicc of this oil is that no driers are added to the oil. Therefore the blowing 
usuallyy has to be continued for a longer period until there is a pronounced rise in 
thee viscosity. At the same time the oil is mildly heated to a temperature in the 
rangee of 40 to 150 °C. The exact changes that occur during blowing are complex 
andd depend on various factors including temperature, exposure time, amount of air 
passedd and so on. These factors will vary from one manufacturer to another. The 
oill  usually is a clear brown or light brown fluid with a typical "oxidized" smell. 

2.3.22.3.2 Boiled linseed oil 

Thee term "boiled linseed oil" is generally understood to be an oil to which 
metall  salts of organic acids are added, apart from the deliberate introduction of air. 
Originally,, the raw linseed oil was heated to a temperature of 150 °C with metal 
oxides,, carbonates or acetates, with or without the bubbling of air through the oil. 
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Thee evolution of vapours of water, carbon dioxide or acetic acid led to the term 
"boiledd oil", because of the similarity in appearance to boiled water. During the 
treatmentt of the oil the viscosity increases slightly as does the acidity. 

2.3.32.3.3 Stand oil 

Heatingg to higher temperatures to increase the viscosity of linseed oil 
producess stand oil. The temperatures involved usually vary between 270 and 310 
°C.. The consequence of the high temperature is that a rather large amount of 
volatilee and partially inflammable decomposition products will be formed. In open 
pott stand oils a current of air is directed over the surface to remove these fumes. 
Onn the other hand closed pot stand oils also are made. In this case the access of 
oxygenn from the outside atmosphere is prevented. The fumes that arise may 
condensee on the lid and drip back into the oil and so give it a high acid value. The 
openn pot stand oils are usually slightly darker compared to closed pot oils due to 
increasedd levels of oxidation. The conversion of linseed oil into stand oil causes 
importantt chemical changes, although the product is still a drying oil. 

Thesee are the basic oil processing methods in use since the beginning of the 
fifteenthh century. Pure oil may not always have been used but mixtures of oils are 
alsoo expected to have been processed. In more recent production processes other 
typess of driers are being employed, such as lead or cobalt salts of naphtenic acid 
(naphtenates;; a mixture of acids of high molecular weight obtained from petroleum 
crudes)) or 2-ethyl hexanoic acid (octoates). Furthermore, materials like sulphur 
dioxidee or anthraquinone and some of its derivatives have been added until 
recentlyy to increase the rate of bodying [48]. The increase in the degree of 
conjugationn of the oil is thought to be sufficient to explain their effect. Another 
rangee of materials that can be mixed with drying oils are resins to produce oil-
varnishes.. The effect of this addition is that the drying rate of the oil will increase. 
Bothh natural resins like dammar, copal or kauri resins, and synthetic resins such as 
esterr gum (glycerol esters of rosin) and phenolic resins have been used for this 
purposee [50]. 

Itt can be concluded that many of the principles of traditional oil refining 
andd heat processing methods are still used today. It is fascinating that craftsmen 
weree able to develop suitables oil for painting by trial and observation. It would be 
interestingg to see whether analytical research on fresh and aged oil paintings can 
helpp identifying how craftsmen and artists treated their oil prior to paint 
manufacturing.. It is expected that a number of the previously described processes 
wil ll  give rise to specific types of materials within the fresh oil paint due to 
chemicall  processes. This will be discussed in the next part of this chapter. The 
questionn remains, however, whether chemical changes within the oil upon 
processingg still will be recognisable after curing and ageing of the actual oil paint. 
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2.42.4 Autoxidation 

Thee most important chemical reaction taking place during the production 
andd processing of drying oil, and the curing and ageing of the oil paint is a process 
inn which oxygen from the atmosphere reacts spontaneously with the unsaturated 
(esterified)) fatty acids of the oil. This process is generally referred to as 
autoxidation.. The overall effect of this reaction on the liquid TAGs of drying oils is 
thatt they will start to cross-link to form higher molecular weight material. 
Ironically,, degradation resulting in smaller molecules will take place at the same 
time. . 

Thee basic overall reaction is the incorporation of molecular oxygen into the 
unsaturatedd fatty acid: RH + 02 — ROOH, with RH being the substrate, an 
unsaturatedd fatty acid (R) with a removable hydrogen (H) and ROOH the newly 
formedd hydroperoxide [51, 52]. An important characteristic of autoxidation is that 
itt is autocatalytic. Once the process has started the rate is to increase as the reaction 
progresses.. At the start the rate is often so slow that there seems to be an induction 
period,, because the rate is too small to be quantified. This behaviour is typical for 
radical-chainn mechanisms. Comparable to other radical chain reactions the 
autoxidationn can be divided into three separate steps: initiation, propagation and 
termination,, as shown here: 

Initiation:: In- + RH —> R» + InH (1) 

Propagation:: R« + 02 -  R02» (2) 

R02-- + RH -> ROOH + R« (3) 

Termination:: R02- + R02*  -> ROOOOR (4) 

R02.. + R. -> ROOR (5) 

R-- + R» -> RR (6) 

Autoxidationn of unsaturated lipids is affected by many factors, some of 
whichh increase and some of which decrease the autoxidation rate. The effect of any 
givenn factor depends on the reaction conditions, so that no factor can be classified 
exclusivelyy as anti-oxidative or pro-oxidative. In general, the rate of autoxidation 
increasess with increasing reactivity of the autoxidizing material, with increasing 
concentrationss of the reactants (the number of active sites and concentration of 
oxygen),, and as a result of physical factors like an increase in temperature or 
irradiation,, but especially by increasing the rate of the initiation reactions. This is 
mainlyy done by factors that increase free radical concentrations, such as UV light 
orr transition metals. On the other hand, the reaction rate can be suppressed by such 
factorss as a decrease of the number of reactive sites, the decrease of partial oxygen 
pressure,, or lower temperatures. The most important, however, is the reduction of 
thee initiation rate by a decrease of the number of free radicals capable of chain 
initiation.. This is done with so-called anti-oxidants. 
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2.4.12.4.1 Initiation reactions 

Thee initiation, which is the key event of the whole process, is difficult to 
define,, because of the very small quantities of radicals involved. These can be 
formedd by thermal or photochemical homolytic cleavage of the RH bond or by 
hydrogenn abstraction by an initiator free radical (In*). The direct reaction of 
oxygenn with the substrate is not likely to be very important for the initiation, since 
thee activation energy of such a process is thought to be too large. 

Thee production of the radical R from the substrate RH can take place by 
processs (7). 

RHH + MN -*  R*  + H+ + MN"' (7) 

Thee higher oxidation state of the metal ions is depicted as MN and the lower 
oxidationn state as M " . The oxidation state of iron, copper, manganese, nickel and 
cobaltt are known to change through this single electron transfer [53]. Furthermore, 
leadd with oxidation state IV can react stoichiometrically with RH to give lead II 
speciess [54]. Whether these reactions are important for the initiation depends on 
thee bond dissociation energy of R-H. The categories of reactions that involve 
ROOHH as the initiator include those that consist of ROOH only (8) and those that 
employy a metal-ion catalyst (9,10). 

2ROOHH -» RO + ROO +H20 (8) 

However,, there is some doubt about the validity of this pathway (8) as the 
initiationn process. Whatever the exact mechanism may be, it is clear from kinetic 
studiess that two molecules of ROOH are involved. Competing processes catalysed 
byy metal ions make it very difficult to study the initiation in lipid autoxidation 
studies.. Metal ions are usually present in these systems, which causes the processes 
too have lower activation energies. Two radical producing reactions are possible 
whichh involve metal ions and ROOH. In both reactions the starting metal ions are 
inn a different oxidation state. Their relative importance varies with the metal and 
otherr factors such as substrate, or coordination chemistry of the metal, but in 
generall  reaction (9) is much faster than (10). The metals that are most effective 
(cobalt,, lead, and manganese) all have in common that the higher valency is the 
leastt stable, apart from the fact that they can exist in at least two valency states [55, 
56]. . 

ROOHH +  MN• '  - » RO*  +  O H +  M N (9 ) 

ROOHH +  M N - + ROO*  +  H + +  M N '  (10 ) 
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Thesee two reactions are interactive so the overall effect of the metal ion 
wil ll  be to produce radicals ROO, a peroxyl radical, and RO, an alkoxy radical, 
fromm ROOH. This metal-catalysed process is autocatalytic in the sense that the 
productt is involved in the initiation of new reactions via a feedback mechanism. 
Solublee metals salts are most useful for this form of catalysis. Three different 
classess of drier catalysts are known: primary, secondary and auxiliary driers. The 
primaryy driers act during the oxidation. Co2+, Mn2+, and Fe2+for example belong to 
thiss class. Pb2+, Zr4+, and Al3+ are secondary driers and active for polymerisation. 
Ca^+,, K+, and Zn~+ are auxiliary because they modify the activity of the primary 
drierss [57, 58]. 

Alll  these mechanisms have been derived from studies conducted in 
relativelyy simple chemical model systems. The metal catalysis of the autoxidation 
off  natural oils, of which the composition already is difficult to reproduce and 
controll  precisely, will not be as uncomplicated as the classical mechanisms 
suggest.. Both valence forms of metals, for instance, have a catalytic activity, and 
thee factors affecting the balance between direct initiation or "reinititation" by 
hydroperoxidee decomposition are poorly understood. In summary, our present 
knowledgee on the autoxidation of unsaturated lipids, can be described as a metal-
catalysedd reaction, which consists of an unspecified, but most probably metal-
catalysed,, initiation reaction (minor) followed by an autocatalytic phase (rapid). 

2.4.22.4.2 Propagation reactions 

Thee propagation steps (2,3) observed in the autoxidation process might be 
ratherr complicated and not as simple as depicted. In general, the next steps in the 
freee radical chain process include radical coupling with oxygen, atom or group 
transfer,, fragmentation, rearrangement, and cyclization [59]. Molecular oxygen is a 
groundd state triplet with two unpaired electrons; consequently, molecular oxygen is 
aa biradical and the reaction with an organic free radical is essentially a radical-
radicall  coupling (2). The abstraction of hydrogen by the peroxyl radicals from the 
organicc substrate can be classified as an atom transfer reaction (3). The third type 
off  process that occurs in the autoxidation sequence is the {̂ -fragmentation of the 
peroxyll  radicals, which is basically a reversal of the oxygen coupling to the free 
radical.. This event is known to occur when R is a stabilised radical. The 
rearrangementt mechanism as depicted in Figure 2a is also thought to start with the 
[3-fragmentationn of the peroxyl radical to give an allyl radical-dioxygen caged pair 
[60]]  .The last reaction is essentially an intramolecular ring addition and yields 5- or 
6-memberedd rings as is shown in Figure 2b. This peroxyl radical cyclisation is an 
importantt process in the autoxidation of FAs or their esters with at least three 
doublee bonds. 
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H,C C H,C C 

Figuree 2. Rearrangement of a (a) hydroperoxide radical, and (b) a hydroperoxide 
cyclisationn reaction. 

2.4.32.4.3 Termination reactions 

Justt as was the case for the initiation process, termination reactions can also 
bee divided in those involving organic free radicals only, and those in which metal 
ionss play a role. Initially, when the autoxidation has just started, the most likely 
recombinationn under normal conditions is that of two ROO peroxyl radicals to 
givee an intermediate tetroxide, ROOOOR. This is not likely to be a very stable 
structuree and it was shown to give rise to a ketone, a secondary alcohol and 
molecularr oxygen [61, 62]. However, other recombinations will occur in time as 
welll  and give rise to different types of links between the acylglycerols and/or fatty 
acids.. Initially, this will lead to the formation of dimers of TAGs and/or their 
hydrolysiss products. Since almost all TAGs of linseed oil contain more than one 
unsaturatedd FA, oxygen can be incorporated on more than one position. As a 
consequence,, when autoxidation proceeds, higher oligomers are formed. This will 
leadd to an increase of the average molecular weight and viscosity of the oil, and a 
driedd film will be the result. 

Chainn termination by metal ions is thought to be of equal importance as 
discussedd by Ingold and co-workers [63-65]. They propose the reaction of a 
transitionn metal in its lower oxidation state and a peroxyl radical (11) to form 
stablee end-products. 

ROO»» + Ivf ROOM M N N (ID D 

Thesee inhibitory effects are thought to result from oxidation and reduction 
off  free radicals by iron and copper or from metal complexation of free radicals by 
cobalt.. High concentrations of metal ions are in certain cases expected to be 
responsiblee for a more pronounced induction period. Inhibition will take place at a 
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concentrationn that will depend on factors such as the metal, its coordination 
chemistry,, and the relative concentration of unsaturated fatty acids and oxygen. 

Anotherr reaction (12), which is not to be excluded also, has been reported 
byy Kochi and was shown to be very fast [66]. It involves the higher oxidation state 
off  copper, Cu". 

RCH.CH33 + Cu11 -> RCH=CH2 + H+ + Cu1 (12) 

Thiss implies that Cu is capable of competing with oxygen for R«, 
preferablyy at low oxygen concentrations, and can act as an effective chain 
terminator. . 

2.4.42.4.4 Anti-oxidants 

Anotherr class of species which was shown to have inhibitory effects on the 
ratee of autoxidation are a- (and Ö-) tocopherol, and P-carotene, both components 
foundd in fresh vegetable oils. The first compound donates hydrogen of one of its 
OHH groups to the peroxyl radical, ROO. The rate of this transfer is four orders of 
magnitudee faster than the propagation rate for hydrogen transfer from 
hydrocarbonss to peroxyl radicals. The products of such a transfer are a tocopherol 
radical,, Toe» and a lipid hydroperoxide (13). This Toe» can subsequently react with 
anotherr peroxyl radical leading to chain termination (14) [67, 68], which makes 
tocopherolss such good anti-oxidants. 

ROO»» + TocH -  ROOH + Toe- (13) 

ROO»» + Toe* —*  non-radical products (14) 

Naturall  phenolics such as flavonoids, which are used as organic pigments 
inn oil paints can influence the drying process. Organic pigments that have been 
shownn to inhibit the autoxidation included quercitin, and myricetin [69, 70]. The p-
carotene,, Car, has been shown to inhibit oxidation via a singlet oxygen-quenching 
mechanismm (15) [71,72]. 

C a r + ' 02^ 3C arr + 302 (15) 
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2.4.52.4.5 Primary oxidation products of drying oils 

2.4.5.12.4.5.1 Monoene lipids 

Itt already was postulated in 1943 that 4 different hydroperoxides of oleic 
acid,, a monounsaturated FA, would be formed upon autoxidation. There would be 
ann equal oxidation probability for the 8, 9, 10, and 11 position, and the double 
bondd would remain at the original position (9-10) to shift to the two adjacent 
positionss (8-9 and 10-11, respectively) [73]. The hydrogenated trimethylsilylated 
derivativess of these hydroperoxides really were characterised for the first time in 
19777 by Frankel et al. [74] using gas chromatography in combination with mass 
spectrometry.. The 8- and 11-hydroxy isomers were consistently present in higher 
amounts.. It was found in this study that the temperature at which autoxidation 
takess place, is an important factor in determining the relative ratio of the different 
isomers.. A few years later, in 1984, ,;,C-nuclear magnetic resonance spectroscopy 
(13C-NMR)) was used to determine the conformation of the double bond after 
oxidationn of methyl oleate at 25 °C. The isomers were quantified in combination 
withh GC/MS. The 8-OOH isomer was present in a percentage of 26.4% (ratio 
cis/trans=U.cis/trans=U. 1:12.3), the 11-OOH in 26.6% (13.7:12.9), the 9-OOH in 24.2% 
(1.1:23.1),, and the 10-OOH was found in 22.8% (1.1:21.7) [75]. Almost similar 
numberss were found by Porter [76] in a later study. Based on these results a 
mechanismm was proposed to account for all products observed, which is depicted in 
Figuree 3. In order to form the W-trans and S-trans compounds, a (2,3)-peroxyl 
rearrangementt of the 9-trans peroxyl and W-trans peroxyl group, respectively, has 
too occur. In the case that a good hydrogen donor is present with a C-H bond of 
sufficientlyy low dissociation energy the so-called "kinetic" allyl peroxyl radicals 
wouldd be trapped before this rearrangement. Therefore, no "thermodynamic" 
productss (11- and 8-trans) are being formed. The free radical nature of the 
hydroperoxidee rearrangement is supported by the fact that it's catalyzed by free 
radicall  initiators or light. Furthermore, the rearrangement has been shown to be 
inhibitedd by phenolic antioxidants [77]. 
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Figuree 3. Formation scheme of the primary oxidation products of oleic acid. 
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2.4.5.22.4.5.2 Diene lipids 

Thee autoxidation of doubly non-conjugated unsaturated FAs is by far the 
mostt studied lipid system. The four major primary products of the autoxidation of 
methyll  linoleate are depicted in Figure 4 [78]. These conjugated dienes are formed 
afterr hydrogen abstraction from the bisallylic 11-position, followed by 
isomerisationn and incorporation of oxygen on the 9- or 13-position (See Figure 5) 
[60,, 79-81]. Two of the products have a cis, trans conjugated diene system while 
thee other two display trans, trans geometry. The abstraction of the bisallylic 
hydrogenn at the 11 -position is much more favoured compared to the abstraction at 
thee 8- or 14-position since a resonance stabilized pentadienyl radical is formed, as 
indicatedd by the rippled bonds in Figure 5. However, trace amounts (1-1.3%) of 8-
andd 14-hydroperoxides have also been observed upon autoxidation of linoleic acid 
[82,, 83]. The relative rate of oxygenation of linoleic acid is about 25-fold higher 
comparedd to the autoxidation of the monounsaturated FA, but it should be noted 
thatt the final product distribution depends on both the temperature and the 
concentrationn of linoleic acid. At higher temperatures, ^-fragmentation pathways 
wil ll  compete with H-atom transfer reactions and more trans, trans products will be 
formedd (thermodynamic conditions). The increasing concentration of the H-donor 
willl  favour the formation of the trans, cis species (kinetic conditions). The product 
distributionss found vary between 1 and 42% for the four isomers [84]. 

Inn a recent study by Brash [85], also up to 10% of 11-hydroperoxide could 
bee identified, but only when the autoxidation was carried out in the presence of a-
tocopherol.. The relatively unstable bisallylic peroxyl radical, normally formed 
underr autoxidation conditions, is not transferred to the more stable conjugated 
dienee peroxyls, which would produce the 9- and 13-hydroperoxide products, but 
aree trapped to give a stable bisallylic hydroperoxide. 

2.4.5.32.4.5.3 Triene lipids 

Thee formation of hydroperoxides from fatty acids with more than one 
methylene-interruptedd double bond system, such as linolenic acid, starts basically 
inn the same way as for the doubly unsaturated lipids. However, the relative 
autoxidationn rate of linolenic acid is about 3 times that of linoleic acid. Once more, 
thee abstraction of reactive bisallylic hydrogen is the first step. Two positions are 
available:: the 11- and 14-position. In a similar way as described in the previous 
section,, the autoxidation will proceed and eight major primary oxidation products 
aree formed: the 9-, 13-, 12- and 16-OOH species each present as cis, trans and 
trans,trans, trans isomers. However, the outer isomers, 9- and 16-OOH are formed in 
largerr quantities than the inner isomers, 12- and 13-OOH (31, 46, 11, and 12%, 
respectively)) [86]. The explanation for this phenomenon is that new types of 
oxidisedd products are formed upon cyclisation and further oxygenation of the 12-
andd 13-00» compounds. The 9- and 16-OOH are isolated in higher quantities 
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becausee their peroxyl radicals are less reactive in these type of reactions [87]. 
Somee examples of these reaction products will be given in the next paragraph. 

OO OOH OO OOH 

ROO (CH2)7 "10 ROO (CH2)7 "10 

~12 2 M2 2 

H3C(H2C)4 4 (CH2)4CH3 3 

ROO (CH2)7 

11 1 

O O OOH H 

/ 9 ^^  1K 
ROO (CH2)7 ^ - ^ ^ ^ (CH2)4CH3 

H3C(H2C)44 OOH 

Figuree 4. Primary oxidation products of linoleic acid. 

2.4.62.4.6 Secondary oxidation products 

Oncee an unsaturated hydroperoxide FA is formed it can react with a second oxygen 
moleculee to produce either dihydroperoxides [88-90] or monocyclic 
hydroperoxidess [91-93]. It is not necessary to discuss the mechanism of formation 
off  these products here, since the basic principle is the same and has been presented 
alreadyy in the previous paragraphs. Some examples of multiple hydroperoxides 
thatt have been identified are depicted in Figure 6. Other products that will be 
formedd from these secondary autoxidation products after cleavage of the peroxides 
includee unsaturated species with one or more epoxy, oxo or hydroxy functional 
groupss [82, 93, 94]. 
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Figuree 5. Formation of trans,trans and trans,cis isomers upon autoxidation of 
linoleicc acid. 

Thee situation is different for monohydroperoxide TAGs since these species 
cann still have unreacted fatty acyl moieties. It has been shown for both trioleoyl 
andd trilinoleyl that after the incorporation of the first hydroperoxide at low 
peroxidee values (18<PV<28), the second and third hydroperoxide are introduced 
intoo the two remaining fatty acyl moieties giving rise to bis- and 
trishydroperoxides.. No hydroperoxide was added to the same fatty acyl chain after 
formationn of the first hydroperoxide. Furthermore, it has been shown that no 
preferentiall  autoxidation occurs between the 1(3)- and 2-triacylglycerol position 
[95,, 96]. Trilinolenoylglycerol behaves differently since at low peroxide values 
thee most important secondary oxidation product is an epidioxy group, which is 
introducedd into the same fatty acyl moiety where the initial hydroperoxide is 
present.. Small amounts of bis- and trishydroperoxides were detected only at higher 
peroxidee values (PV>31). At even higher values (PV>75) minor secondary 
productss like hydroperoxy bicyclo endoperoxides and mono-dihydroperoxides are 
formedd [97]. 
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OOH H 

OHH R' 

Figuree 6. Various secondary oxidation products of unsaturated fatty acids. 

Thee primary and secondary oxidation products of pure model FAs and 
TAGss can be separated and characterised relatively easy with a combination of wet 
chemicall  pretreatments and different analytical techniques like gas- and high 
performancee liquid chromatography, mass spectrometry, infrared spectroscopy, 
andd nuclear magnetic resonance spectroscopy [98-102]. However, mixtures of 
oxygenatedd natural TAGs are difficult to analyse, especially when oxidation has 
proceededd beyond secondary oxidation products. A rather large variety of 
homologuess and of regio- and geometric isomers is formed, which tend to overlap 
withh each other and with unoxidized analogues. In principle, it should be possible 
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too identify these overlapping species by combining a chromatographic technique 
withh mass spectrometry. In order to prevent the decomposition of oxidation 
productss like hydroperoxides a mild ionization method like electrospray should be 
used.. Several examples of this analytical method have been published for the 
oxidationn products of relatively simple model TAGs [103-105]. The results show 
thatt chromatograms are already very complex but that identification is possible 
basedd on single ion monitoring. The analysis of (oxidised) TAGs of oils processed 
accordingg to traditional recipes will be described in Chapter 3 of this thesis. 

2525 Photoxidation 

Photochemicall  processes can also initiate the oxidation process. Although 
thee mechanism of production of radicals and the subsequent reaction with oxygen 
iss somewhat different, once the process is initiated and hydroperoxides have 
formed,, it follows much the same pattern as (metal-catalysed) autoxidation 
reactions.. Once hydroperoxides are formed, they actually can compete in the 
initiationn process with the processes described for autoxidation. 

Inn order to understand the mechanism of photoxidation a more precise 
picturee of oxygen is needed. Ground state oxygen is a triplet Ig" state ( O2), with 
twoo unpaired electrons with parallel spins. The direct reaction of triplet oxygen 
withh singlet organic molecules is a spin forbidden process. The first excited state 
'Agg has anti-parallel electrons paired and is not a free radical. The energy 
differencee between the ground state and the first excited state is 94,7 kJ. This last 
statee has a vacant molecular orbital and can therefore accept electrons, i.e. 
electrophilic,, so it can react with the double bonds of the unsaturated FAs. A 
secondd excited state also exists, ' lg

+, with unpaired anti-parallel electrons and a 
higherr energy level (158 kJ) [106]. 

Whenn discussing singlet oxygen usually the first excited state is meant, also 
indicatedd as *02. For this activation to occur, so-called sensitiser molecules must 
bee present such as dyes like methylene blue, rose bengal, etc, or colouring 
materialss like chlorophyl or porphyrin [107]. Upon absorption of light energy, 
thesee molecules are converted into an excited singlet state ('Sens*). Now the 
sensitiserr can emit fluorescent light and return to the ground state or it can react by 
aa process called Intersystem Crossing to form 3Sens*. This triplet sensitiser can 
reactt via two mechanisms: Type I and II. The first pathway involves the formation 
off  a free radical and gives identical products compared to the normal autoxidation. 
However,, in case of the latter mechanism, 3Sens* reacts with " O2 to give singlet 
oxygenn which can directly attach to unsaturated compounds [72]. Note that in this 
latterr mechanism free radical intermediates are not involved and hence, inhibition 
off  initial reactions by anti-oxidants is not possible. 

Forr the simplest unsaturated fatty acid, oleic acid, this photoxidation 
mechanismm implies that only two positional hydroperoxide isomers are formed, 9-
andd 10-OOH, compared to four isomers in the case of autoxidation [108]. For the 
polyunsaturatedd fatty acids, the situation is reversed and a larger number of photo-
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oxygenatedd species can be found [109]. An important difference between the 
photoxidationn and autoxidation is the rate of reaction. For the three most 
investigatedd unsaturated fatty acids, oleic-, linoleic-, and linolenic acid, the 
approximatee relative rates are depicted in Table 4. Other numbers have been 
publishedd in the past that show much larger differences between the relative 
reactivity,, e.g. 18:1-18:2-18:3= 1:120:330 [110]. 

Tablee 4. Relative rates of oxidation of unsaturated fatty acids [34] 

Autoxidation n 
Photoxidation n 

18:1 1 
1 1 
30000 0 

18:2 2 
27 7 
40000 0 

18:3 3 
77 7 
70000 0 

2.62.6 Condensation reactions 

Hydroperoxidess are not stable under the conditions encountered in an oil 
paintt and therefore they will homolyse to give ROO, RO and R» radicals. A 
spontaneouss homolysis is not likely, however. The removal of an H-radical 
requiress a rather large bond-dissociation energy of 90 kcal/mol. Therefore the H-
radicall  is almost always removed by reaction with another radical to form a higher 
energyy bond. The dissociation of a hydroperoxide to form an alkoxy- and hydroxyl 
radicall  is half as large, but nonetheless facilitated by either a catalyst or conditions 
suchh as light or heat. The formation of alkoxy (RO») radicals is essentially an 
irreversiblee process and once formed, the alkoxy radicals are transformed into end-
products.. In this way, the alkoxy radicals differ from the peroxyl radicals, which 
cann become hydroperoxides again by H-abstraction or participation in reversible p-
scissionn processes. 

Radicalss can recombine to form cross-linked compounds. One of the 
mechanismss already encountered is the Russell mechanism, which describes the 
recombinationn of two peroxy radicals. Part of the formed tetroxides is thought to 
decomposee to give dimers linked by a peroxide bond as was proposed by 
Schieberlee [82]. 

22 ROO» - • RO»02»OR -» ROOR + 02 (16) 

However,, an alternative pathway to explain the dimer formation may go via 
p-scissionn and radical recombination (17) or the direct recombination of R» and 
ROO»» (18) or 2RO» (19). A definite answer to this question has not been given yet 
andd more research is required before the importance of these reactions can be 
established. . 
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ROOO - • - 0 2 -» R* -» +ROO - • ROOR (17) 

R.. + R O O ^ R O O R (18) 

ROO + RO-*ROOR (19) 

Directt intermolecular addition of free radicals to double bonds is another 
importantt route to cross-linked material. A high degree of polyunsaturate, the 
presencee of O2, and the lack of anti-oxidants promote this reaction. The addition 
leadss to the formation of a mixture of dimers, trimers, and higher oligomers, 
However,, the structural details of these compounds are mostly unknown. 

AA number of authors have presented evidence for the formation of dimeric-
andd even trimeric materials in autoxidizing lipids [111-117], but the exact nature of 
thee type of cross-link always has been a point of discussion [118, 119]. Peroxide 
cross-linkedd material was formed upon low-temperature autoxidation of 
unsaturatedd fatty acids [118]. The cross-linking of methyl oleate in an anaerobic 
environmentt gave ten different carbon-carbon linked dimers as expected from free 
radicall chain termination theory [120]. Upon autoxidation of methyl linoleate the 
formationn of peroxide cross-linked dimers during the initial stage of autoxidation 
hass been proven by Miyashita and co-workers [121, 122]. The dimers were cross-
linkedd via the 9,9'-, 9,13'- or 13, 13'-carbons, and in some of these compounds an 
additionall hydroperoxide or hydroxy group was incorporated. It was discovered in 
thee aforementioned studies that the polymerisation didn't progress beyond the 
stagee of dimers and trimers. Recent studies on the cross-linking mechanism of 
ethyll linoleate, however, not only demonstrated the formation of oligomers up to 
pentamerss but also identified the cross-linking mechanism [123-125]. It was 
clearlyy shown that recombination of two R»'s led to oligomeric material. 
Oxygenatedd oligomers were also identified although it was not clear whether the 
oxygenn was included in the cross-link or accommodated on the chain. Evidence for 
bothh carbon-carbon (minor) and oxygen cross-linked material however was 
presented.. The exact geometry of two dimers was revealed in a mechanistic study 
onn both (Z,Z)- and (£,£)-3,6-nonadiene as model compound for linoleic acid. Both 
ann ether- and peroxide linked dimer was positively identified [93]. Although a 
singlee and pure compound was used in this study to limit the large number of 
possiblee isomers with very similar physical properties, the isolation of these dimers 
alreadyy required considerable effort. Studies by the same authors on the cross-
linkingg of conjugated fatty acids revealed another cross-linking mechanism for 
thesee type of compounds, namely the addition of radicals to the double bonds 
[124]. . 

2.72.7 Formation of low molecular weight material 

Nott only high molecular weight material is formed upon autoxidation but a 
multiplicityy of low-molecular weight volatile compounds is formed at the same 
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time.. These compounds have a low odour and taste threshold and therefore are 
easilyy detected as a rancid flavour. The typical acrid after smell of curing drying oil 
paintt is an example of this phenomenon. Alkoxy radicals, RO, are formed due to 
thee homolytic cleavage of the hydroperoxides. These evolve by fragmentation of 
adjacentt C-C and C-H bonds to produce aldehydes, ketones, alkyl and vinyl 
radicalss which in turn react with H« and OH», and produce aldehydes or 
(un)saturatedd hydrocarbons. This is depicted in Figure 7. This scheme has been 
proposedd on the basis of work by a large number of authors that studied the 
(thermal)) breakdown of primary and secondary oxidation products of lipid material 
[89,, 126-131], An extensive review of this work has been given by Labuza [132], 
Nawarr and Witchwoot [133], Frankel [86, 134], and Grosch [135]. The qualitative 
andd quantitative differences that were found for the different lipid model systems 
investigatedd are to a large extent the result of differences in the reaction conditions. 
Furthermore,, the simultaneous presence of still intact monohydroperoxides that 
cann degrade to form volatiles upon analysis leads to variation in the results. To 
circumventt this problem, autoxidations have been carried out at high temperatures, 
underr conditions where labile peroxides are converted to more stable substances 
[136].. Even today, the off-flavours formed upon (thermal) autoxidation of lipid 
materialss in food is still a field of great interest and a lot of questions are still open 
duee to the complexity of these systems [137-140]. The effect of different metals, or 
anti-oxidantss on the formation of volatiles shows a dependence on the type and 
amountss of products formed [141-143]. 

OOHH a 9* b 

a -- R - ^ C H - + + 

R' ' 

O O 

I I 
H , CC ^R' 

++ OH* 

O O 

R / ^ ^ H H 

Figuree 7. Schematic drawing of the decomposition pathway of a primary 
hydroperoxide. . 
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Ann overview of almost all volatiles detected in the different model studies 
performedd at different temperatures is given by Grosch [135]. The most important 
oness are summarised in Table 5. 

Oncee the volatile compounds are formed most of these will be lost from the 
autoxidizingg material by evaporation. However, the more polar compounds like the 
shortt chain oxo-fatty acids can be retained within the oxidizing material. These can 
turnn into a carboxylic acid upon further oxidation of their aldehyde group to form a 
so-calledd diacid (20). These are relatively stable end-products of the autoxidation 
[144]. . 

2HOOC-R-CH=00 + 02 -• 2HOOC-R-COOH (20) 

Tablee 5. Main volatile compounds of different lipid materials (see [135] for 
literaturee references) 

Lipidd material 
methyll oleate, oleic acid, 
trioleyll glycerol 

methyll linoleate, linoleic 
acid,, trilinoleyl glycerol 

Methyll linolenate, 
linolenicc acids, 
trilinolenyll glycerol 

Compounds s 
octanal,, nonanal, 2-decanal, 2-undecenal, heptane, 
octane,, methyl 9-oxononanoate, methyl 10-
oxodecanoate e 

hexanal,, 2-heptenal, 2-octenal, 2-nonenal, 2,4-
decadienal,, pentane, methyl octanoate, methyl 8-
oxooctanoate,, methyl 9-oxononanoate, 

propanal,, 2-hexenal, 2,4-heptadienal, 2,4,7-
decatrienal,, methyl 9-oxononaoate 

Inn case that proteins are present, as can be the case when egg based 
materialss have been added to the drying oil, part of the (non-)volatile aldehydes or 
hydroperoxidess can react with amino groups, especially lysine, to form a Schiff 
basee (21) [145-148]. 

R-CH=00 + R'-NH2 - • R-CH=N-R' (21) 

However,, it has been shown by Braddock [149] that this type of reaction 
onlyy occurs after the oxygen uptake had ceased. Prior to that, radical formation and 
aminoo acid destruction occurs. It was concluded that radicals are the major cause 
off reactions with proteins and not the aldehydes. As a consequence free radicals 
mayy be induced in the proteinaceous material, which may in turn results in 
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dimerizationn or polymerization. Another typical volatile oxidation product of 
unsaturatedd lipids known to react with proteins is malondialdehyde. This reaction 
(22)) also can lead to cross-linking of the proteins. 

O=CH-CH2-CH=00 + 2R-NH2 - • R-NH-CH=CH-CH=NR (22) 

Otherr products of the reaction of malondialdehyde with proteins have also 
beenn described [150]. 

2.82.8 Heat-induced chemical changes in diying oils 

Apartt from oxidation, heating is another important factor leading to 
alterationn of the TAGs and their physicochemical properties. This is in particular 
importantt when the oil has been heat treated during refining or processing. There 
aree three main processes that can change to fatty acyl moieties of non-oxidized 
unsaturatedd lipids upon heating: hydrolysis, cis-trans isomerisation, and 
cyclisation. . 

Thee first process is hydrolysis of the glycerol ester bonds and the formation 
off di-, and monoacylglycerols, glycerol and free fatty acids [133, 151-153]. The 
higherr the content of water in the oil, the more severe this process will be [154, 
155].. The formation of these free fatty acids not only alters the acid value of the oil 
butt also enhances the rate of oxidation as has been shown experimentally [156-
158].. It is thought that the free carboxylic acid group of the FAs catalyzes the 
decompositionn of a small amount of the hydroperoxides formed in the initial stage 
off autoxidation although a precise mechanism has not been proposed. 

Thee second process that occurs is cis-trans isomerisation of the double 
bondd systems. The natural lipids have double bonds that are non-conjugated with a 
ciscis configuration. The c/s-configuration, however, is easily formed into a trans-
configuration,configuration, especially in the presence of free radicals. Upon heating an 
equilibriumm is obtained between both forms. For example, the equilibrium mixture 
forr a CI8:1 fatty acid, oleic acid, contains at least 2/3 of the trans configuration 
(elaidicc acid) [159]. Trans linoleic- and linolenic lipids can be similarly prepared 
althoughh this process is complicated by the ease of conjugation (transformation of 
thee 1,4-diene to a 1,3-diene system), especially at elevated temperatures. This is 
nicelyy shown by Martin and co-workers who identified eight isomers in trilinolenin 
afterr heating to 240 °C [160]. The cis-trans isomerisation is in this case 
accompaniedd with a migration of the double bonds. 

Thee conjugation leads furthermore to a series of other transformations: 
intermolecularr cyclization, giving rise to cyclic fatty acids or Diels-Alder 
additions.. This last type of reaction leads to either intramolecular cyclic 
compoundss or dimerization due to intermolecular reactions. Examples of the 
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intramolecularr cyclization of unsaturated lipids have been given by a large number 
off  authors [161-171]. A good and comprehensive review is available from Sébédio 
andd Grandgirard [172]. 

Thesee studies show there are two major classes of cyclic fatty acids formed 
uponn heating of both 18:2 and 18:3 containing lipid material. Cyclic C18 FA 
compoundss have been identified containing saturated or unsaturated cyclic rings of 
fivee or six atoms, as depicted in Figure 8. The same major cyclic FAs were found 
underr low and high temperatures. Differences were only observed in their relative 
proportionss and amounts in the heated oils. This is mainly determined by the 
naturee of the polyunsaturated FAs present in the original oil. The 5-carbon-
memberedd ring is mostly found in oils with relatively high amounts of linoleic 
acid,, whereas the 6-carbon-membered ring is only present in trace amounts. These 
fattyy acids contain one residual double bond, either in the ring or on the chain. 
Heatingg linolenic acid rich oils gives an equal amount of both 5- and 6-cyclic FAs. 
Twoo of the original double bonds are retained in this case. Surprisingly, hardly any 
reportss are available in which the formation of aromatic C18 fatty acids is shown, 
althoughh their formation can be expected, especially when acid or base catalysed 
processess can occur [166, 173]. Compound e in Figure 8 is an example of such a 
product. . 

Thee primary reactions underlying the thermal polymerisation of TAGs, the 
bodyingg of the oil, consists of the formation of a conjugated system in either 
linoleic-- or linolenic acid groups [174], followed by a Diels-Alder addition to form 
unsaturatedd six-membered rings. In conventional terminology, this is the 1,4-
additionn of a diene with a double bond. Such a reaction may take place between 
twoo fatty acyl groups belonging to different TAGs, which lead to dimerisation of 
thee TAGs. This process is depicted in Figure 9b. On the other hand, the Diels-
Alderr addition may occur between two fatty acyl groups that are part of the same 
TAG.. This obviously will not lead to polymerisation (Figure 9a). However, in a 
nextt step the remaining fatty acyl chain of the TAG may undergo a Diels-Alder 
additionn with a fatty acyl chain from another TAG, which does lead to the 
formationn of polymeric material. The formation of dimers and higher oligomers 
uponn heating of unsaturated fats and oils has been investigated extensively and a 
largee number of different reaction products has been identified [152, 153, 175-
181].. An extensive literature overview on the different reaction mechanisms and 
reactionn products of the thermal dimerisation processes of the unsaturated fatty 
acidd esters has been given by Figge [182]. 
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Figuree 8. Typical cyclic fatty acids formed upon heating of unsaturated fatty acids. 

Besidess the formation of dimeric products, other substances can be formed 
duee to thermal breakdown of acyl chains on both sides of the double bonds. Due to 
thee fragmentation, free radicals will be formed that pick up hydrogen and part of 
thee products already encountered in the breakdown of the hydroperoxides will be 
formed:: alkanes, alkenes and short chain (unsaturated) fatty acids [133, 155]. 
Formationn of these compounds is accompanied by the formation of TAGs of lower 
molecularr weight relative to the starting material. On the other hand free radicals 
mayy recombine and new species can be formed with increased molecular weights. 
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Figuree 9. Diels-Alder cyclisation of (a) two fatty acyl moieties within one TAG. 
andd (b) dimerisation of two TAGs via a Diels-Alder cyclisation. 

Thee previously described processes are all occurring when an oil is heated 
underr exclusion of oxygen. The presence of atmospheric or dissolved oxygen 
duringg the heating process is responsible for an oxidative alteration as well. Again 
thiss will give rise to free radicals, followed by the formation of hydroperoxides. 
Thee kinetics of the autoxidation process will be enhanced due to the increased 
temperature,, which speeds up the hydroperoxide decomposition and subsequently 
leadss to a large number of reactive free radicals. This will lead to more polar 
(oligomeric)) material, with hydroperoxide, epidioxide, hydroxide, epoxide and 
carbonyll  groups as well as ether and peroxide cross-links [153, 182-187]. Above a 
temperaturee of 100 °C, the hydroperoxides are not stable and mostly ether linked 
orr other oxygenated polar compounds will be formed [184]. The formation and 
breakdownn of the different radicals leads to similar decomposition products as 
observedd for the normal autoxidation process [133, 188, 189]. The saturated lipids 
presentt in the oil are considerably more stable than the unsaturated analogues 
underr normal conditions. However, when heated to temperatures above 150 °C in 
thee presence of oxygen, they can also undergo oxidation giving rise to a range of 
decompositionn products including homologous series of fatty acids, 2-alkanones, 
alkanals,, alkanes and 1-alkenes [133, 151, 190]. The types of products formed are 
thee same when different temperatures are compared. However, higher amounts of 
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decompositionn products are formed at higher temperatures. When mixtures of 
saturatedd and unsaturated lipids are heated, the decomposition products observed 
arisee from the unsaturated material. Rather than attacking the methylene groups of 
aa saturated chain, the alkoxy radicals are more likely to abstract the hydrogen from 
thee (bis)allylic systems. The unsaturated material therefore acts as an antioxidant 
inhibitingg the oxidation of the saturated chains. Non-oxidative reactions however, 
wil ll  not be significantly influenced by the unsaturated lipids. 

Thee question remains to what extent thermal reactions of unsaturated lipids 
inn an inert atmosphere are influenced by traces of oxygen or by hydroperoxides 
alreadyy present or whether the lower level of oxygen in the heated lipids will lead 
too a change of the free radical mechanisms. Both the thermal and oxidative thermal 
reactionss can be of a radical nature, which will proceed simultaneously in the 
oxidative-thermall  treatment. If only limited amounts of oxygen or hydroperoxides 
aree present in the reaction system, it is likely that the autoxidation processes will 
comee to a standstill. The formation of apolar dimeric and oligomeric products will 
prevaill  as soon as oxygen-containing species are consumed and have been 
incorporatedd into unreactive autoxidation products [176, 191]. 

Thee quantitative differences observed for lipid mixtures at different 
temperaturess of heating are not easy to explain. Hydroperoxide decomposition and 
secondaryy oxidation reactions occur at extremely rapid rates and at a given time 
duringg processing there will be a net balance between a number of factors. 
Hydroperoxidee structure, temperature, degree of autoxidation, and the stability of 
thee reaction products themselves surely will influence the final reaction products. 

SummaiySummaiy and relevance for paintings 

Itt is clear from the previous descriptions of the different processes involved 
inn (thermal) autoxidation of lipid materials, even when they are pure reference 
materials,, that the actual course and end-products of the reactions are very complex 
andd depend on a variety of factors, including temperature, light, oxygen pressure, 
thee balance of anti- and proxidative compounds, and the presence and amount of 
catalystss like (transition) metals. The fact that there are many puzzling and often 
contradictoryy claims in literature underlines the difficulty of analysis and complete 
understandingg the autoxidation process. To illustrate the basic processes Gardner 
[192]]  made a hypothetical figure (Figure 10), displaying the autoxidation of a 
polyunsaturatedd lipid as function of time. This figure is a good representation of 
thee complexity of the autoxidation event. A number of processes are proceeding at 
thee same time and some of these processes will be synergetic, whereas others will 
inhibitt each other. This will lead to complex kinetics and a large number of 
differentt low and high molecular weight oxidation products. 
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Figuree 10. Schematic time course of the autoxidation of a polyunsaturated lipid 
showingg the various stages in the reaction [192]. 

Thiss figure also can serve as a starting point for the description of the 
temporall  evolution of a drying oil paint. However, in addition to the processes 
alreadyy described, new factors have to be taken in account that are thought to affect 
thee development of an oil paint system. The most important one is the addition of 
ann inorganic pigment to the paint, which has been shown to have a major impact 
onn the chemistry in the paint system. A second and less defined contribution can be 
expectedd from the environmental conditions imposed on the oil paint, especially 
duringg the initial stage of drying. 

2.92.9 Oil paint 

Thee changes in chemical and physical properties of oil paints can be briefly 
dividedd in four categories: (1) those which occur during the preparation of the paint 
(2.9.1);; (2) those which occur in the period between the application of paint and 
thee "dry" stage (2.9.2); (3) those which lead to the ageing of the paint (2.9.3); and 
(4)) those which lead to the degradation of the paint (2.9.4). The first two categories 
havee been subject of a large number of studies, whereas the chemistry involved in 
thee ageing and degradation has hardly been addressed. Traditional oil paints were 
madee by grinding pigment in oil on a stone plate, in such a ratio that a workable 
paintt was obtained. Other materials could be added, such as thinner or siccatives to 
modifyy the flow characteristics and the drying properties. In the following 
paragraphss a literature overview will be given of both the chemical and physical 
changess that occur in the lifetime of an oil paint. Most of the studies published 
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relatee to simple oil or alkyd paints without any addition of modern paint related 
materials,, e.g. fillers and driers, unless otherwise noted. The oil itself, however, is 
obtainedd with modern refining and processing techniques, which will give the oil 
slightlyy different properties compared to traditional oil paints. The production 
processess of modern synthetic pigments have changed as well, e.g. the surface of 
modernn pigments is modified and the size of modern pigment particles has 
decreased.. This will influence the interaction between pigment and binding 
medium. . 

2.9.12.9.1 Preparation of paint 

Thee type and amount of pigment added to a drying oil is an important 
factor,, which will influence both the properties of the paint, including viscosity, 
floww characteristics and dispersion stability, as well as the overall stability of the 
paintt after it has cured. The nature of the pigment-medium interaction when 
dealingg with a fresh, non-oxidised oil is an important parameter. When a pigment 
iss introduced into the oil, the interaction can be both physical and chemical in 
naturee depending on the type, the particle size, and the surface properties of the 
pigments.. Impurities present in the paint system may also play an important role in 
thesee processes with water being one of the important factors [193]. The large 
varietyy in the nature of the pigments [194] does not make it easy to give a general 
descriptionn of these interactions. Artists' pigments [195, 196] may be inorganic 
solidss like lead white (basic lead carbonate; 2PbC03 • Pb(OH)2), Naples yellow 
(Pb3(Sb04)2),, azurite (basic copper carbonate; 2 CuC03 • Cu(OH)2), vermilion 
(HgS),, verdigris, (copper acetate; Cu(OCOCH3)2 • 2Cu(OH)2), malachite (CuC03 • 
Cu(OH)2),, umbers, red and yellow ochres (mainly Fe203 • H20 or Fe203), the 
moree recent materials zinc oxide (ZnO) and cobalt blue (CoO • A1203), or more 
complexx inorganic mixtures like smalt (cobalt potash glass) or the natural zeolithe 
ultramarinee (3Na203 • 3A1203 • 6Si02 • 2Na2S). Examples of traditional organic 
pigmentss are indigo, indian yellow (Mg or Ca salts of euxanthin acid), alizarin, 
madderr and several yellow colouring flavonoids, including luteolin and quercetin 
[12,, 197]. Nowadays, a vast number of synthetic colorants is available which will 
nott be discussed in this thesis [198]. Complex mixtures of inorganic and organic 
compoundss have also been used as pigment. Van Dyck brown (lignitic coals or 
undefinedd mixtures of "humic" acids, iron oxide and sand), asphalt [199] (cross-
linkedd aromatic and aliphatic hydrocarbons) and a number of thermally produced 
productss like ivory-black (char bone), lamp-black (soot) and vine black (charcoal), 
whichh mostly consist of carbon. 

Thee interaction of oil with these pigments has not been investigated. Only 
thee interactions of a few, mostly modem, inorganic pigments, e.g. Ti02, Fe203 or 
A12033 with oil, have been studied in detail. It is clear from these studies that the 
surfacee area of the pigment plays an important role. Another important factor is the 
surfacee free energy, which determines whether the medium is capable of displacing 
thee air or water surrounding the pigment particle. This is called the wetting 
process.. Wetting requires the surface tension of the medium be lower than that of 
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thee pigment. This usually is the case in the dispersion of pigment in oil, because 
bothh the inorganic and most organic pigments have higher surface tensions than the 
mediumm [200]. In order to form a stable paint system each particle in the pigment -
oill  suspension must be stabilised by the constituents of the binding medium, 
anchoredd to its surface by intermolecular interactions. In this way, the 
agglomerationn of pigment particles is prevented. 

Inn a number of experiments performed by Crowl [201] alkyds were allowed 
too interact with different pigments by a simple technique in which a dilute alkyd 
solutionn was allowed to pass down a column full of the pigment. The results 
showedd that the low molecular highly polar material was mainly adsorbed, 
althoughh only the results for the titanium oxide anatase were described in detail. In 
anotherr series of experiments pigments were brought into contact with a mixture of 
waterr and oil in order to investigate whether the pigment passed from the water 
phasee to the oil phase. In the presence of "free acids" in the oil, as was the case for 
thee linseed oil used, the following tested pigments went into the oil phase: ZnO, 
ZnS,, BaC03, carbon black, phtalocyanine blue and antimony oxide (Sb2Ü3) [201]. 
Thee nature of the pigment is crucial in this process. Unfortunately, not much 
informationn is obtained on the actual mechanism of the adsorption process. 

Adsorptionn studies with infrared spectroscopy (IR) on TiC>2 and stearic acid 
showw a rapid decrease in the signal of the free hydroxyl groups present on the 
surfacee of the pigment [193]. Furthermore, the strength of the acid/pigment 
interactionn was found to be related to the strength of the acid. A stronger acid 
rapidlyy replaced stearic acid, with littl e evidence that this process is reversible. IR 
experimentss have shown that the stearic acid can be adsorped on the TiC>2 surface 
byy two mechanisms: (1) the formation of a carboxylate ion (an ionic interaction); 
andd (2) adsorption of the free acid by hydrogen bonding (an acidic interaction). 
Thesee two processes could be differentiated easily by looking at the carboxyl band 
off  the fatty acid, which is replaced by two new bands at lower frequencies. The 
exactt frequencies of these bands are dependent upon the metal with which the ion 
iss associated. The decrease in intensity of the far-infrared band in the 660-690 cm ' 
regionn of the TiC>2 on adsorption of stearic acid indicated that a metal-oxygen band 
nearr or at the surface was influenced by the adsorption process. 

Waterr was shown to have an effect on the type of interaction. Increasing 
thee water content of the pigment led to an increase in the ionic nature of the 
interaction.. Traces of zinc, when present in the pigment were shown to dominate 
thee adsorption process. Experiments with oleic acid and methylated stearate have 
shownn that these fatty acids had a lower affinity and no affinity at all, respectively, 
forr the pigment surface. The latter finding indicates that pigment wetting is 
facilitatedd by the presence of free fatty acids. The type of bond and structure of 
complexess of carboxylic acids with different metals, including spectral properties, 
havee been reviewed by Oldham [202] and Mehrotra [203]. A number of IR studies 
onn metal salts of fatty acids have been published which showed the difference in 
thee stretching frequencies of the various metal carboxylates [204-209]. 

Apartt from these ionic interactions, adsorption of a polyester on an 
inorganicc oxide has been studied in which a large number of carbonyl groups are 
attachedd to the hydroxy groups of the surface and sequences of methylene and ester 
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oxygenn atoms form protruding loop-like structures [210]. The same phenomenon 
wass observed for AI2O3, TiÜ2, and Fe:03, although slightly different adsorption 
mechanismss were thought to play a role in these cases. 

Thee chemical reactivity of some of the pigments can make them unsuitable 
forr certain purposes. Zinc oxide is such an example, because soap formation will 
occurr when zinc is used in an oil medium with a high proportion of acid groups. 
Becausee zinc is a divalent metal the oil will tend to cross-link, causing excessive 
viscosityy increase upon storage [211]. Lead driers were also shown to be separated 
fromm a paint that contained a measurable amount of free fatty acids due to the 
formationn of insoluble lead soaps upon preparation [212]. Another example in this 
respectt is the selective reaction of the pigment surface with cobalt driers upon 
storagee of the paint, which leads to a loss of drying power [213]. Despite these 
experiencess littl e research has been published about efforts to understand and 
controll  these problems. 

Thee pigment-medium interaction described so far mostly involves the 
carboxylicc acid groups. However, interaction with the double bond systems is not 
too be excluded, since the complex formation of metals with unsaturated organic 
compoundss has been known for a long time [214]. A literature search on the 
formationn of such complexes with specific metals or pigments, however, did not 
resultt in a large number of articles on this subject [215]. 

Thee above examples are showing that reaction between the pigment surface 
andd the oil or its hydrolysis products are expected for a number of typical 
pigments.. It is inferred that a number of the more traditional pigments will behave 
inn a similar way. If such processes take place, a decrease is expected in the 
catalyticc power of the pigment surface, leading to different drying mechanisms and 
reactionn rates within the paint film. At the same time, pigment particles can 
"dissolve""  in the oil as a consequence of the modification of the polarity of surface. 

2.9.22.9.2 Curing 

Thee available literature on the curing process of films consisting of 
mixturess of unsaturated FAs and pure TAGs, drying oils, traditional oil paints or 
alkydd paints, which has been investigated extensively for a long time by a large 
numberr of authors, is extensive. Most of these studies have been performed on 
relativelyy simple systems that were kept under different light, temperature and 
humidityy conditions, with or without the addition of pigments. This tremendous 
amountt of work has lead to a good understanding of the processes that occur [144]. 
Initiallyy there is a viscous liquid, composed of a complex mixture of highly 
unsaturatedd non-cross-linked TAGs as schematically depicted in Figure 1 la. After 
ann induction period hydroperoxides form due to autoxidation, accompanied by a 
shiftt of the non-conjugated cis double bonds to a system containing conjugated 
trans-cistrans-cis double bonds as can be easily seen with attenuated total reflectrance 
(ATR),, and (photoacoustic-)FTIR [217-222]. At the same time, the iodine value, 
whichh is an indication for the number of double bonds, drops. This has also been 
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observedd with NMR [125, 216]. The incorporation of oxygen, which has been 
shownn to occur at the paint surface initially [217, 218], leads to an increase in the 
masss of the system [219]. In the beginning the peroxide value increases rapidly but 
afterr some time the value starts to decrease again [156, 220]. The hydroperoxides 
aree subsequently decomposed and a high concentration of free radicals will be built 
up,, leading to cross-linking of the TAGs and formation of a more viscous, gel like 
material.. The nature of the cross-links has been investigated using (solid state) 
NMRR [93, 221], and GC/MS, with or without selective breakdown of 
hydroperoxidess using stannous chloride [122, 125]. The linking was found to 
consistt of C-O-O-C, C-O-C, and C-C bonds. Due to the cross-linking process high 
molecularr weight material is formed. This stage is depicted in Figure l ib . At the 
samee time, a variety of (non-)volatile decomposition products will be formed, 
givingg the paint its typical smell. These compounds have been thoroughly 
characterisedd [135, 138, 141, 142, 222]. The evolution of this volatile fraction 
leadss to a slowing down of the mass increase due to oxygen uptake and eventually 
thee mass of the system will decrease [219]. Both the carboxyl and hydroxyl values 
havee become higher and their signals are broadened in the IR spectra. The acid 
valuee of the paint is increasing during the curing of the film and has been ascribed 
too the formation of breakdown products and not to a rapid increase in hydrolytic 
processes.. Whereas the fresh oil is soluble in solvents like white spirit or hexane, 
whenn dried it is hardly soluble anymore and therefore of a quite different nature. 
Thee soluble fraction has been analysed using size-exclusion chromatography 
(SEC)) and the formation of both higher molecular weight material up to pentamers, 
ass well as lower molecular weight products has been observed [8, 117, 124]. 

Thiss scheme of curing applies not only for films made of drying oils or 
dryingg oil-based materials but also is thought to be a valid model for oil-based 
paintss in general. However, the type of pigmentation is known to have a large 
effectt on the rates and type of curing reactions. A number of scientists investigated 
thee effect of either the pigment or the drier on the autoxidative drying of linseed oil 
paints.. From early investigations it is known that certain pigments speed up drying, 
e.g.. lead and zinc containing pigments, whereas others will reduce the drying rate, 
e.g.. black pigments like ivory black, or lamp black [223]. The effects of some 
commonn pigments on the auto- and photoxidation were studied by Rasti & Scott 
[224].. This was done by investigation of a number of parameters: oxygen 
absorption,, weight loss by looking at the decrease of the CH2 stretching vibration, 
thee formation of hydroperoxides by monitoring the UV absorbance at 235 nm, and 
GCC determination of the composition of the hydrolyzed paint. Upon UV radiation 
orr exposure to diffuse daylight paint made with vermilion (HgS) shows the highest 
oxidationn rate and was more prone to oxidation compared to the unpigmented oil. 
Bothh lead white (PbC03 • Pb(OH)2), and verdigris (Cu(OCOCH3)2 • Cu(OH)2) 
pigmentedd paint were stabilised compared to the unpigmented oil. Light red 
(Fe2Ü3)) pigmented paint showed a strange behaviour: of all films it had the lowest 
weightt loss by the evaporation of volatiles, whereas the amount of azelaic acid, one 
off the relatively stable end-products of autoxidation, had almost the highest 
relativee concentration. The latter suggests that a relatively large amount of volatile 
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compoundss should have been formed. This contradiction however wasn't 
discussed. . 

Thee same authors reported on the stabilising effect of verdigris on linseed 
oill  oxidation [225]. In addition oleic acid was reacted with verdigris and the brown 
masss was investigated using IR and UV absorbance. It is proposed that upon 
oxidationn of oleic acid a multiply conjugated system is formed. This has never 
beenn reported in the vast amount of literature on the oxidation of oleic acid and 
seemss therefore very unlikely. Furthermore, in autoxidised lipid systems of 
reasonablee age these type of compounds are hardly present anymore due their high 
reactivity. . 

Thee influence of various types of cobalt blue (CoO • A1203) pigments on 
thee autoxidation of linseed oil was investigated by studying the weight changes in 
time.. It was shown that the pigments possessed different catalytic activities. This 
wass ascribed to the chemical composition, shape, particle size, adsorption ability 
andd solubility of the pigment. It was found that a higher solubility of the cobalt 
cationn in the organic phase as well as a better adsorptive ability led to an increased 
activityy [226]. Three different copper (II) salts (acetate, abietate, and basic 
carbonatee (malachite) have been investigated and those of abietate and acetate 
significantlyy increased hydroperoxide breakdown and incorporation of oxygen 
comparedd to an unpigmented oil. A reduction of the weight loss of the copper salt 
pigmentedd films compared to the unpigmented oil was also observed. Investigation 
withh GC/MS of the transesterified fraction shows lower amounts of oleic acid and 
increasedd amounts of azelaic acid, indicative for a higher rate of oxidation. The 
basicc copper carbonate shows intermediate behaviour compared to the 
unpigmentedd film [227]. It is clear that the results of Rasti & Scott previously 
describedd do not match these latter data. It indicates once more how difficult it is to 
understandd the overall result of the drying processes of linseed oil based paint, in 
particularr when results are contradictory. 

Theree are numerous studies on the action of different driers or mixtures of 
drierss on the drying behaviour of alkyd and oil paints [56, 58, 228-231]. These 
studiess are in general directed to finding an optimal combination of primary and 
secondaryy driers. Other studies focus on the influence of the different acid groups 
likee naphtenates, stearates, and 2-ethylhexanoates that have been used to dissolve 
thee metal catalysts into the oil. It has been shown that, the choice of acid is 
inconsequentiall for the activity of the driers provided that the solubility of the drier 
inn the coating remains satisfactory [56], although later studies on several cobalt 
drierr complexes have indicated that the catalytic activity may differ greatly 
[232].Thiss can be understood if the metallic cations are seen as complexes and not 
ass free ions. They are always surrounded by binding medium molecules or by other 
ligandd groups, so in order to oxidize or reduce the transition metal an electron has 
too extracted from, or added to the d shell of the metal via the surrounding materials 
[232]. . 

Environmentall influences on the curing process also have been 
investigated.. The parameters investigated include temperature, humidity, UV light 
andd gaseous pollutants like SO2 or ozone. High levels of humidity as well as high 
concentrationss of SO2 slow the initial reactions down [233, 234]. Low levels of 
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SO2,, however, do lead to an increase in drying rate. The interaction of SO2 with the 
dryingg oil was thoroughly investigated by Simendinger and Balk [235, 236], 
Comparedd to an air-dried film the FTIR spectra show additional changes, which 
weree ascribed to the formation of sulphate ester cross-links between the drying oil 
molecules.. The fatty acids that are most reactive in the normal autoxidation 
reactionn were shown to have the highest reactivity with SO2 as well. The 
temperaturee effect was shown to be inversely proportional to the time required for 
aa through drying [237]. The same phenomenon was observed for experiments done 
withh both dry and humid air during the drying stage [233]. 

Ozone,, O3, is a well-known industrial reagent for the oxidative cleavage of 
doublee bonds. Exposure to ozone results in an increased rate of oxidation and the 
subsequentt formation of low molecular weight breakdown products, with azelaic 
acidd as the main reaction product [238]. The same catalytic effect has been shown 
forr UV-light in the initial stage of drying. Even in the presence of nitrogen and 
withoutt the presence of oxygen the oil shows an increased viscosity, acid number 
andd molecular weight, and a decrease in the iodine number, although slower than 
linseedd oil dried in the presence of air or oxygen. The longer the oils were 
illuminatedd the more absorbing they became, and hence the greater the effect of the 
lightt was [239]. The refractive index and density of the individual unsaturated fatty 
acidss and their glyceryl esters, when exposed to UV light, has been shown to 
increasee as a consequence of the increasing number of conjugated double bonds 
[240,241]. . 

2.9.32.9.3 Maturing and ageing 

Thee natural ageing process is the least understood of all the stages in the 
lif ee cycle of oil paint. This can be due to several factors. First, the long time that is 
requiredd for the study of this phenomenon makes it difficult for researchers to 
performm these investigations. Secondly, most of the industrial paint manufacturers 
aree not interested in the long term changes as will take place in paintings. 
Acceleratedd ageing with elevated levels of light, humidity, salts or temperature, 
withh different exposure cycles and times has been used to investigate the 
acceleratedd ageing and degradation of oil or alkyd paints [242]. Whether the 
outcomee of such studies resembles the reality remains to be seen. Harsher 
conditionss may drive reactions that do not occur under normal storage conditions. 
AA uniform acceleration of the numerous competing and simultaneously occurring 
reactionss involved in the ageing of a material as complex as oil paint would be 
essential.. At the moment no method is known that faithfully predict the long-term 
behaviourr of oil paints. However, worldwide a number of oil paint collections of 
differentt age and compositions are available that have been made with traditional 
pigments.. Some of these test sets were made with the intention to study the longer-
termm process of natural ageing. The samples are reasonably well documented with 
respectt to the composition or the materials used. Unfortunately, it is often not 
exactlyy known under what (environmental) conditions these paint collections have 
beenn stored. Furthermore, the origin and quality of pigments and oils, and the 
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pigmentt to volume concentration is not always known either. This makes it 
difficul tt to compare the analytical results. 

AA second problem of ageing experiments is the complexity of the material 
formed.. Due to the insoluble nature of the dried film the analytical techniques are 
essentiallyy limited to the measurement of changes in weight, density, number of 
doublee bonds, oxygen uptake and oxygen content.Volatile degradation products of 
thee autoxidation [127, 130, 131, 138, 141, 142, 188, 190, 222] and low molecular 
weightt material can be studied using GC/MS, after extraction or chemical and 
thermall  cleavage of the cross-linked system [10, 11, 14, 15, 26, 27, 29, 123-125, 
243-249].. Analytical methods that can be applied to the bulk of the oil paint, the oil 
networks,, include analysis like NMR [216, 221, 250, 251], IR [220, 252-254], and 
attenuatedd total reflection (ATR) spectroscopy [255-257], although the amount of 
informationn that can be obtained on the structure of the cross-linked systems is 
ratherr limited. The results of all these studies indicate that the ageing can be seen 
ass a continuation of the processes initiated in the curing stage. The paint is 
becomingg more polar as a consequence of the incorporation of additional oxygen 
inn the form of ether, carbonyl- , epoxy-, and hydroxyl-groups. It's weight however 
iss now decreasing due to the higher loss rates of volatile materials like aldehydes, 
carbonn dioxide and lower acids. The total number of aldehydes is reduced together 
withh the hydroperoxides that are being degraded continuously [241]. The oil paint 
filmm shrinks steadily upon ageing and an increase in density is observed [258]. 
Whenn subjected to water relatively high amounts of water-soluble material can be 
washedd away, mostly acids of high acid value and oxygen content, whereas a 
substantiall  amount of lower acid value can be extracted with acetone [259]. The 
highh content of extractable acidic material and the increased acid value indicate 
thatt hydrolytic processes occur. 

Onee would expect that the hydrolysis process might be accompanied by a 
graduall  weakening of the paint film. However, another process, the interaction of 
(basic)) pigments, with the various types of acidic material, namely high molecular 
weightt acidic cross-linked systems, long chain fatty (di)acids (metal soaps) or low 
molecularr weight acids, such as formic acid may occur. With the first group and 
probablyy the second, this interaction is thought to reinforce the paint film and 
enhancee some of its properties [260]. The type of material that is formed resembles 
aa specific class of compounds known in the field of synthetic polymers as 
ionomerss [261-264]. These materials consist for the major part of an organic 
fraction,, (met)acrylic or dicarboxylic acids, linked by an lower percentage of 
inorganicc element, e.g. Cs, Li, Na, Ca, Mg, Cu, Zn or Pb. The studies on these 
systemss have all shown that upon the neutralisation of the acid groups (the anion), 
aa structural reorganisation occurs to ionomers with salt groups that tend to 
aggregatee into domains, which are separated from the hydrocarbon matrix. The 
sizee and exact nature of such domains is not clear [262]. A schematic 
representationn of such a system as it is thought to exist in the oil paint in the mature 
stagee is drawn in Figure 1 lc. The properties of such ionomeric systems will largely 
dependd on the number of metal salts vs. free acid groups, hence the degree of 
neutralisation,, the type of metal cation (monovalent or multivalent), and the nature 
off  the organic matrix. In general, the incorporation of higher amounts of metals 
intoo the polymer leads to an increased connectivity of the material and therefore 
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thee stiffness will increase. The divalent ions are in this respect more effective 
comparedd to monovalent ions. Just like the initial ester bonds from which the ionic 
bondss are formed, the linkage doesn't have unlimited hydrolytic stability. From the 
informationn available in literature, it can be concluded that ionic polymers cover 
thee whole range of hydrolytic stabilities, from those who disintegrate in water, to 
thosee who swell but remain intact. Water, for instance, was shown to have a 
considerablee effect on the stability of divalent metal salts of dicarboxylic acids 
[265].. On the other hand, the metal dicarboxylates are insoluble in organic solvents 
withh the exception of zinc dimerates, which are soluble in certain amines. As littl e 
ass 5% of butyl amine is enough to solubilise these compounds in non-solvents 
[265].. They are also soluble in drying oils at 300 °C, but they tend to separate upon 
cooling.. The transition from a single metal carboxylate into the polymeric structure 
iss referred to as a halatopolymeric transition. These halatopolymers are very brittle 
duee to the strong dipole interactions of the polymer chains [265]. 

Ann interesting example of the effect of the metal salt formation is an 
ethylene-methacrylicc acid copolymer, originally opaque, which turns transparent 
uponn metal salt linking [266]. Occasionally, similar observations are seen on lead 
whitee pigmented paints. These have become transparent upon ageing [267]. The 
exactt mechanism is still unknown, but it is thought that the crystallinity of the 
samplee and the accompanying refractive index plays a role. It is clear from this and 
otherr observations that there are still a lot of unanswered questions on the 
structuress of ionomeric materials and how the metal-polymer interactions effect the 
polymerr properties. 

AA number of authors have studied the reactivity of pigments with linseed 
oill  during ageing. Basic pigments like lead white and zinc oxide show appreciable 
reactivityy [217], as was also deduced from the rapid formation of a hard and 
sometimess brittle film, especially when using zinc oxide as pigment [268]. Lead 
whitee reacts at a somewhat slower rate so that the paint obtains the right type of 
plasticityy for a good stabilisation. The use of zinc oxide reduces the volume 
decreasee compared to an unpigmented film, which suggests some kind of 
stabilisationn of the three-dimensional oil network. The reactivity of the pigments in 
thee presence of water is enhanced, as was seen from the condition of pigment 
particles,, when cross sections of zinc oxide or calcium plumbate (Pb02 -2CaO) 
paintss were treated with water. These cross sections show a "corona" that spread 
outt from many pigment particles, though not all, suggesting dissolution and 
subsequentt diffusion of pigment into the surrounding medium [269]. The 
differencee in reactivity of pigments with materials from the mature oil paint is most 
likelyy caused by differences in surface properties. Investigations of the extractable 
fractionn of mature paints indicate a gradient in the metal salt formation: 
appreciablee reaction is taking place with the basic pigments, less with the 
carbonatess and only a littl e with the inert oxide pigments. Furthermore, it has been 
foundd that a major part of the salts were formates [269]. More recent experiments, 
whichh focussed on the FTIR investigation of the non-extractable fraction of a large 
numberr of pigmented films indicated the capability of most of the lead, cobalt, zinc 
andd copper containing pigments to form metal carboxylates [270]. The formation 
off  metal carboxylates is also reflected in the reduced extractability of the fatty 
acidss and the lower swelling of pigmented paint films as a result of exposure to 
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solventss [271-273], Aged lead white and calcium carbonate pigmented films are 
relativelyy stable and show less amounts of leachable material, compared to raw 
siennaa and vermilion pigmented paints [24]. Stolow [22] noticed a strong influence 
off  pigments on the extractable amount of material from pigmented oil paint films. 
Leadd white pigmented paints of different age only show around 20 % of solvent 
leachablee materials whereas iron oxide, titanium dioxide or barium sulphate 
pigmentedd systems gave values above 50%. 

Anotherr study worth mentioning in this context is the examination of the 
impactt of citrates as cleaning agent on pigmented linseed oil films. These 
compoundss are well known for their excellent metal binding capacity and therefore 
aree thought to interfere with the metal carboxylate links present. Closer inspection 
off  the surface layer of paint films treated with ammonium citrate confirms this 
idea,, as the top layer had completely lost its morphology, most likely due to the 
losss of metal ions [274]. In line with this, White and Roy published results that 
indicatee that upon normal solvent cleaning of aged paint samples hardly any 
materiall  is removed and that the surface structure is retained [27]. Sutherland [8] 
camee to similar findings when studying the amount of materials extracted upon 
solventt cleaning of oil paintings. 

Thee fact that a reasonable number of fifteenth to seventeenth century old 
masterss paintings still are in very good condition is a good indication of the strong 
interactionn of certain pigments with the binding medium. Without this internal 
strengtheningg most likely materials would have been lost in the course of time, 
eitherr by evaporation or cleaning procedures. The presence of fatty acids in these 
oldd paintings suggests that most of them are chemically bound instead of being in a 
freee state. The concept of reinforcement nowadays is also exploited in the paint 
andd glass industry. A number of studies on ceramer coatings made with a mix of 
metall  oxides and drying oil via the sol-gel process (polymerisation of metal oxides 
inn organic polymer matrices) show an increased hardness and cross-link density as 
aa function of an increased concentration of the metal oxides [275-278]. These 
studiess also indicate that a covalent bonding exist between the two phases. Another 
examplee is the use of aluminium compounds, especially complexes of alcohols, 
whichh tend to exchange with carboxylic acid groups of alkyd paints. Eventually, 
thesee very stable Al-carboxylate bonds may determine the properties of the film 
[279,, 280]. 

Althoughh not directly related to pigment-medium interactions, a final 
remarkk should be made here on the interaction of linseed oil paint with a metal 
substrate.. The chemical interaction of the paint medium with the metal could lead 
too a very high level of interaction when it is occurring between reactive sites, such 
ass carboxyl groups, on the main polymeric networks. If, however reactions occur 
withh free fatty acids or smaller acids produced upon autoxidation, the reaction 
productss may leave the surface and diffuse into the medium, leading to a reduced 
adhesion.. This has been observed when soluble metal soaps were formed after 
applicationn of drying oil media on zinc or cadmium surfaces. The metal content of 
linseedd oil films after drying on different metal substrates has been determined 
[217]]  and gave a general impression of the reactivity of the metal. The following 
percentagess were reported: lead 5.2; copper 4.1; cadmium 3.6; zinc 1.3 and iron 
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0.1.. Corrosion inhibition of such metal surfaces by addition of neutralising 
pigmentss to the paint is another way of intelligently making use of the reactivity of 
pigments.. The acidic breakdown products of the oil or alkyd paint are chemically 
trappedd and the corrosion is inhibited [281-284]. 

2.9.42.9.4 Degradation 

Theoreticallyy speaking, the formation of the volatile materials discussed in 
thee two previous stages of drying oil paint development already can be seen as the 
firstt steps in the degradation of the paint. However, the paint film itself stays 
relativelyy intact and no typical degradation phenomena like chalking, blistering, 
brittleness,, cracking, and flaking are observed at that time. These phenomena are 
normallyy only first observed when the oil paint is exposed to harsh condition in 
weatheringg tests using high temperature, humidity, ozonization, or high doses of 
ultraviolett (UV) light [6, 242, 285]. The thinner the tested paint film is, the more 
dramaticc the changes and loss of material will be. 

Thee overall effect of strong doses of light on the paint film results in its 
decompositionn forming carbon dioxide, carbon monoxide, water, and low 
molecularr weight volatiles and (di)acids [286-288]. In case of pigmented films the 
extremee breakdown of the thin surface layer leads to chalking [289]. This is 
especiallyy associated with certain pigments which are activated by UV radiation of 
whichh the most active wavelengths lie between 290 and 350 nm, such as lead white 
orr lithopone (ZnS + BaS04). Oxides of iron and carbon black are pigments that are 
resistantt to chalking. These pigments are thought to absorb the radiation turning 
lightt energy into heat. Lower layers of pigmented paints, however, are also 
affectedd because of the penetrating power of UV radiation [290]. The changes in 
densityy are not similar for the top and lower layers. As a result of unequal 
contraction,, stress and strain is built up in the paint system, which can lead to 
failuree of the oil paint in the form of cracking or flaking. Another factor of 
importancee in this process is the non-homogeneity of the different layers due to 
formationn of metal salts within particular layers [258]. 

Heatt is thought to be a less complex factor compared to other parameters 
involvedd in the degradation of oil paint. High temperatures are responsible for the 
alterationn of the kinetics of the different processes like autoxidation, photoxidation, 
andd hydrolysis, and furthermore volatile compounds will be lost faster from the 
paintt film. 

Thee effect of high levels of humidity already has been partially discussed 
above.. Water absorption in the paint leads to the hydrolytic breakdown of ester 
bondss of drying oil and alkyd paints. The overall effect is a gradual weakening of 
thee film, so that the mechanical effects of alternate swelling and shrinking [291], or 
off  movements of the substrate, should become more destructive with time. On the 
otherr hand, water can be absorbed and may collect at the interface of substrate and 
paintt or different paint layers, leading to loss of adhesion and peeling. Adhesion 
mayy be restored on drying, but eventually this cycle will produce an irreversible 
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losss of adhesion. Blooming, the formation of an exudate on part or the whole of the 
surface,, is occasionally observed under high levels of humidity as well [6]. This 
lastt example can be seen as a change in the equilibrium between the three types of 
fattyy acids present in the oil paint: esterified-, metal bound-, and free fatty acids. 
Thee increased rate of hydrolysis leads to an excess of the free fatty acids within the 
paint,, which are thought to migrate eventually to the surface of the painting when 
nott trapped by the reaction with pigments. Two examples of studies on paintings 
sufferingg from bloom formation are given in Chapter 7. 

2.102.10 Summary and relevance for paintings 

Traditionall  linseed oil paint consists of a viscous mixture of finely divided 
(in)organicc pigment and oil. Initial chemical reactions involved in the curing 
processs of the fresh oil paint after application are mainly a result of autoxidation. 
Thiss very rapid process involves formation of hydroperoxide-substituted fatty 
acids,, breakdown of the hydroperoxides, giving rise to highly reactive radicals and 
subsequentt cross-linking. The breakdown process is accelerated (catalysed) by the 
presencee of (transition) metals from pigments or driers. The resulting cross-links 
aree covalent ethers, peroxides and carbon-carbon bonds. In solidifying paint a 
three-dimensionall  network is formed because there is more than one reactive site 
onn the unsaturated FAs, hence more than one point to create a cross-link. This is 
schematicallyy drawn in Fig. 11. Figure 11a presents a spatial distribution of 
reactivee oil molecules, which forms 3D network by cross-linking (Fig. 1 IB). 

Apartt from cross-linking reactions, also degradation reactions occur which 
transformm the triacylglycerol radicals into volatile low molecular weight 
(un)saturatedd aldehydes, ketones, alcohols, acids and hydrocarbons. Most of these 
smallerr volatile molecules arise from the hydrocarbon chain of highly unsaturated 
fattyy acid moieties. These compoounds will leave the paint film by evaporation, 
althoughh short chain FAs (e.g. C7-C11) for example may be trapped within the 
paintt film for a longer period of time. 

Duee to incorporation of oxygen into the paint film the weight increases and 
thee film becomes more polar. At this stage the paint is very sensitive to organic 
solventss due to the open structure of the network, the high amount of extractables 
andd the flexibilit y of the paint system. 

Afterr the paint film has become a solid but elastic film, oxidation processes 
doo not stop but proceed leading an increasing relative amount of acidic oxidation 
products.. Hydrolysis of the initial triglyceride ester bonds occurs leaving a residual 
cross-linkedd fraction with free carboxylic acid groups, free FAs and diacids, and 
glycerol.. Glycerol and some of the lower molecular weight FAs will evaporate. 
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OO Ester bon d ® Metal catio n (+) 
 Aci d grou p (-) - OH Hydroxy l grou p 
 Cros s linkin g sit e 

Figuree 11. Schematic model depicting different stages in the development of oil 
paintss (a) fresh oil; (b) dried oil after curing (plastic stage), and (c) mature aged oil 
paintt (lithification stage). 
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Thee liberated acid groups of both the cross-linked networks and free FAs are 
immobilisedd by reactions with metal ions to metal carboxylates, leading to a so-
calledd ionomer. Metal ions at the surface of pigment particles as well as dissolved 
ionss (from pigments or driers) can act as an anchor point for the carboxylic acid 
groups.. Multivalent interactions lead to complex coordination chemical 
relationships,, which form linkages between different parts of the cross-linked 
networks.. Fig. 1 lc summarises the result of the maturation process of the non-
hydrolysedd cross-linked networks to the polyanionic ionomer stage of the oil paint. 

Thee physical changes caused by the transition from cured to mature oil 
paintt are very drastic. The paint film loses weight because more volatile 
compoundss will evaporate from the paint than oxygen is incorporated. As a result 
thee paintfilm shrinks. 

Thee solvent sensitivity in a truly ionomeric oil paint film will be strongly 
decreasedd because non-cross-linked FAs in the paint film are chemically trapped in 
thee form of solvent stable salt. On the other hand the sensitivity for acid, base and 
ionogenicc detergents is greater because they affect the coordination chemistry of 
thee paint system. 

Withoutt stabilisation of the hydrolysed paint by multivalent metal ions, the 
paintt film will be more vulnerable towards swelling. In this case liberated FAs can 
appearr at the surface (blooming), evaporate (precipitation on the protecting glass) 
orr become extracted under restoration. 
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