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Chapterr 7 

Studiess on the composition and formation of 
bloomm on primed canvas used by F. E. Church 
andd on paint in works of art by F. Stella 

TheThe formation of patches of whitish, crystalline material observed on two 
unfinishedunfinished canvases formerly in the possession of the painter F.E. Church and two 
modernmodern works of art by Frank Stella is investigated in more detail using different 
analyticalanalytical techniques. Two types of materials are observed. Bloom on the surface 
ofof the canvases is shown to consist of apolar long chain CI6 and CI8 saturated 
fattyfatty acids and their lead soaps, independent of the type of paint and pigment 
presentpresent at the surface. This material is formed in the oil rich top layer pigmented 
withwith basic lead white. Formation of concentrated regions of lead soaps, so-called 
protrusions,protrusions, is observed within this same layer as well. The composition of the top 
layer,layer, in combination with the experimental grounds that are supposed to have 
beenbeen used is held responsible for the phenomena observed. 

ObservationsObservations and measurements are presented on a number of panels by F. 
StellaStella that show disturbing white patches. A red and blue paint, consisting of 
alizarinalizarin crimson and cobalt blue respectively, are sensitive to bloom formation. 
TheThe crystalline bloom was identified as free C16 and C18 fatty acids, derived from 
thethe oil medium. The exact mechanism of their formation and migration within the 
paintpaint is not clear. A more detailed study performed on one of the paints revealed a 
degreedegree of hydrolysis of the paint of '40%. The absence of reactive pigments to trap 
freefree fatty acids, in combination with the high ratio of oil to pigment lead to an 
excessexcess of potentially mobile fatty acids that can migrate to the surface of the oil 
paint. paint. 

7.17.1 Introduction 

Thee appearance of paintings is sometimes altered by hazy, whitish patches 
onn their surface, which often results in a loss of the aesthetic value of the work of 
art.. Most of the time this surface phenomenon is observable on works of art 
rangingg from the late 19lh century and the 20th century, independent of the support. 
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Thiss period coincidences with the increased incidence of new innovative painting 
materials,, e.g. tube paint, and suggest a relation with modern painting materials 
and/orr techniques. 

Thee origin of the whitish patches has been ascribed to different processes in 
conservationn literature, e.g. blanching by microfissures, deposition of foreign 
material,, growth of micro-organisms (mould), light scattered from subsurface 
voidss in the paint layer or fine particles on the paint surface [387]. The different 
surfacee phenomena observable have been reviewed recently by Skaliks [16] and 
includedd in a catalogue of pictures to illustrate the possible appearance. It is shown 
thatt a whole range of different organic and inorganic compounds could be 
identifiedd on different works of art. In most of the cases the material found on the 
surfacee originates from the painting [16]. Examples that have been shown include 
thee exudation of plasticizers from synthetic resins, the exudation of organic 
pigments,, the flotation of pigments leading to hexagonal cells (Benard cells) [6, 
388],, the exudation of wax-like materials [389] and the exudation of fatty acids 
and/orr their soaps [17, 18, 387]. Inorganic compounds identified are mainly 
differentt types of sulphates and lead chloride [387, 390]. 

Twoo different terms have been used to describe the phenomena in art 
conservation.. Efflorescence, a term used to describe the formation of soaps on 
wallss or rocks in geology or architectural conservation, is one of these and has 
beenn used for both inorganic and organic compounds. The second term is bloom, 
whichh describes the formation of a white to bluish opaque or semi-opaque film on 
thee surface and is preferentially used for organic compounds. This term also is 
usedd when describing the appearance of a white haze on chocolate, the so-called 
fatt bloom [391-394]. The formation of so-called "ghost images", deposits of 
(crystalline)) organic compounds on the inside of protective glass plates in front of 
paintings,, is related to the blooming phenomenon, as the compounds identified are 
similarr to the, often crystalline, bloom observed on paintings [15-17]. In most 
casess free saturated fatty acids or their soaps could be identified. These are 
obviouslyy originating from the binding media of paint or ground layers. However, 
too date littl e is known about the actual mechanism that causes the deposition of 
these,, partially because of the large number of factors that seems to be involved. 
Nevertheless,, it is possible to ascertain which factors may cause some paintings to 
exhibitt bloom formation over others. 

7.1.17.1.1 Theoretical considerations 

Apparentlyy in some cases the formation or better, the release of free fatty 
acidss from the initial triacylglycerols by hydrolysis is accelerated in such a way 
thatt the paint cannot accommodate or trap these compounds sufficiently, resulting 
inn a migration to the surface. The reason for this migration is still unclear: it may 
havee to do with the contraction of the paint leading to syneresis, the expulsion of a 
liquidd phase by the matrix of the gel-like paint system due to contractile forces, as 
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hass been suggested by Williams [17]. The fact that bloom only occurs after the oil 
paintt film has been dry for an appreciable time, when cross-linking has occurred to 
aa sufficient extent to promote the syneresis or squeezing out of the bloom-forming 
material,, supports this theory. On the other hand, drying oil paints already start to 
shrinkk quite early. If contraction is really the only driving force blooming is only 
expectedd after the film starts to shrink. Unfortunately, if the increasing polarity of 
thee film would play a role (as well) (see below) it might coincide with the 
shrinkingg of the paint. The type of pigment present in the paint may influence the 
shrinkagee process. Some paints will form harder films due to reaction of the 
carboxylicc acid groups (including those of the free saturated fatty acids) with the 
pigmentt surface and therefore are less likely to shrink. At the same time, the 
pigmentss also will trap free fatty acids. 

Itt is inferred from studies on paintings that show bloom formation that 
theree are several pigments, which seem to facilitate blooming. The pigments 
reportedd are the blacks, sienna, ultramarine, (alizarin-)krapplack, cadmium yellow, 
cinnabar,, toluidin red PR3, chrome oxide green, Hansa yellow, and Kassei brown. 
Pigmentss that seem to inhibit the formation of bloom are iron oxide, manganese 
black,, umber, cobalt blue, Pb304 (red lead), lead white, zinc white, and chrome 
yelloww [16]. In general, however, one should be careful when trying to correlate a 
pigmentt type with the possibility to form bloom because of the many variables 
involved.. The quality and modification of the pigment can markedly change its 
propertiess in the paint film, as can the inorganic extenders and the type of binder 
additives.. Besides, the time-dependent condition of the environment of the work of 
artt is likely to be a major factor as well. 

Itt has been observed for certain paintings that the presence of a barrier 
(anotherr paint layer for instance) prevents the free FAs from migrating from a 
lower-lyingg layer to the surface. A varnish layer can have the same effect [16]. 
However,, numerous examples are known where bloom formation is seen on top of 
thee varnish or on top of a paint layer that itself doesn't show blooming unless 
paintedd over a paint that suffers from severe blooming [16, 395]. This is more 
pronouncedd when the varnish or paint layer is thin and doesn't occur in the spots 
wheree the layer is thicker. The influence of the thickness of the paint is clearly seen 
onn a number of paintings where the bloom is more prevalent on top of the junctions 
off  the threads and warps of the canvas. The paint layer is thinnest in these spots 
[16].. It also has been tried to prevent new blooming of a cleaned painting by the 
applicationn of a varnish. However, in time the blooming reappeared at the surface. 
Thee painting "Horben" by Carl Schuster (Augustinermuseum Freiburg; Cat. No. 6) 
[16]]  even showed the accumulation of bloom underneath the varnish and the 
migrationn of material out of the cracking pattern in the varnish, which started to 
lookk like some kind of whitish grid. 

Anotherr reason why the FAs might migrate out of the paint is the polarity 
off  the paint vs. the deposited compounds at the surface, in other words the 
incompatibilityy between the migrating compounds and the remaining materials in 

197 7 



ChapterChapter 7 

thee paint. Fatty acids that are not chemically or physically trapped within the paint 
mightt by driven out because of difference in polarity between the polar networks 
andd the apolar saturated FAs, in other words, a "phase" separation occurs. The fact 
that,, as far as known, no diacids have been observed in the bloom supports this 
theory. . 

Diacidss are much more polar than the long chain saturated FAs because 
theyy have a relatively short apolar chain and two carboxylic acid groups instead of 
onlyy one. They also have a higher melting point so they most probably don't exist 
inn a liquid state in the paint and hence are less easily been exuded. Their 
concentrationn in the paint may be low compared to the saturated FAs, especially in 
youngg films. Because of the two carboxylic acid groups, the chance is bigger that 
thesee types of molecules react with pigments/metals and are efficiently trapped. 

Chocolatee is another source of knowledge on blooming. Normally, in the 
productionn process the chocolate is tempered, a process which should produce the 
largestt number of the smallest possible crystals of the so-called beta-form. These 
crystalss have the highest melting points of the different crystalline forms that can 
occurr in the chocolate. If this is not done, beta-prime crystals are formed which 
mayy later on crystallise to much larger beta crystals, appearing on the surface as a 
whitee hazy substance. A good temper should give a maximum contraction of the 
chocolatee to improve the resistance to fat migration from the bulk. In chocolate 
however,, the bloom does not consist of free fatty acids but triacylglycerols. 

Inn the beginning of the introduction it already has been mentioned that 
additivess of synthetic materials sometimes migrate to the surface. The term bloom 
inn polymer science is not used for this phenomenon but it is described with the 
followingg three terms: migration, bleed or exudation - the transmission of a 
materiall  from within a plastic film to its surface or to another neighbouring 
material.. The solubility of additives in polymeric material is determined by the 
propertiess of the additive and the interactions with the polymer. Normally when a 
systemm reaches saturation the material will start to crystallise. A semi-crystalline 
polymerr at temperatures below the melting point is extremely viscous and it may 
nott be possible for the additive to form a precipitate phase, either because diffusion 
too nuclei is too slow or because the growth of a crystal in the polymer matrix 
requiress deformation of the polymer, which is costly in terms of free-energy. In 
casee the crystallisation cannot occur the additive will be present as a supersaturated 
systemm and migration to the surface may be energetically more favourable. If the 
additivee is in a concentration below saturation and the polymer is exposed to air, 
thenn the only means of loss at the surface is evaporation. This will cause depletion 
off  the concentration at the surface and sets up a concentration gradient. Further 
losss only can occur by diffusion along this gradient to replenish the surface from 
thee bulk. Conversely, if the polymer is supersaturated it may be lost from the 
surfacee by blooming. Provided that there is no restriction on the nucleation of 
crystall  formation on the polymer surface, blooming of the additive effectively fixes 
itss concentration immediately at the surface and keeps it equal to the saturation 
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solubilityy of the additive in the polymer. The growth rate of the bloom will then be 
diffusionn controlled. If the concentration of the material crystallising becomes 
lowerr than the saturated concentration the crystallisation will stop and evaporative 
processess will take over. A similar mechanism also may apply for the formation of 
bloomm and ghost images. It has been tried to reduce the loss of additives by 
reactionn with a long alkyl chain to reduce volatility. The effect is a good way to 
reducee loss by volatilisation but is much less effective as a protection against 
blooming.. A last remark concerns the loss mechanisms of the additives in general: 
theyy are highly sensitive to the geometry of the sample; loss is much more rapid 
fromm thin films than from thick films. As said above, this has also been seen for 
paints;; the pattern of the canvas is often seen in the bloom. The crossings of fibres 
aree clearly marked by the bloom on top. The paint film is thinner in these cases. 

Thee situation just described for the polymers seems a valid reason for the 
crystalss to appear at the paint surface. The actual mechanism of crystallisation is 
anotherr process that has to be considered. Normally, before crystallisation it is 
necessaryy that a nucleation point is present (besides a saturated mixture). A lot of 
materiall  can act as a nucleus in the oil paint as well as on the paint surface. Let's 
supposee that there are nuclei for the crystallisation to start with. Then the question 
remainss why the crystals grow so big in certain cases. This phenomenon can be 
explainedd by so-called Oswald ripening [396]. This is a spontaneous process 
becausee larger crystals are more energetically favoured than smaller crystals. At 
firstt it is easier to nucleate small crystals. However, large crystals have a greater 
volumee to surface ratio, which means a lower energy state. Thus, many small 
crystalss will attain a lower energy state, if transformed into large crystals. The 
nucleationn of small crystals reduces the degree of supersaturation and that may be a 
reasonn why the larger crystals (sometimes) don't have a chance to form. 

7.1.27.1.2 Casestudies 

Inn this chapter two cases will be studied where the formation of a whitish 
haze,, consisting of different types of crystalline material, was observed on the 
surfacee of the object. The first case involves two unfinished canvases of the 
Americann painter Frederic Edwin Church that show a number of typical defects, 
includingg bloom formation. The second case concerns a number of paints found on 
differentt panels of two works of art by the American painter Frank Stella. The first 
questionn that has to be answered in these cases is the composition of the whitish 
materiall  that is found on the surface. Once this has been established, a more 
detailedd study on the chemical state of the object itself is needed to be able to draw 
upp an inventory of the possible causes and mechanisms of the bloom formation. 
Thee model of the oil paint system as has been presented in Chapter 2 plays a 
centrall  role in this analysis. Important questions that should be dealt with are the 
typee of paint and pigment, the amount of mobile vs. stationary components and the 
degreee of network formation. A range of analytical techniques has been used to 
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addresss these matters in more detail, including DTMS, Curie-point pyrolysis-
TMAH-GC/MS,, GC/MS with on-column injection after 
transethylation/trimethylsilylationn derivatisation, FTIR, secondary ion mass 
spectrometryy (SIMS), both on the surface and cross-sections, and scanning electron 
microscopy// electron dispersive X-ray spectrometry (SEM/EDX). The information 
thatt is obtained subsequently is related to the theories that have been put forward in 
literature. . 

7.1.2.17.1.2.1 Case I 

Thiss study was performed on a white haze observed on two pieces of rolled 
andd primed canvas found in the Olana archive upstate New York and originally 
belongingg to the American painter Frederic Edwin Church (1826-1900) a 
representativee of the Hudson River School of painters [397], This group of artists 
iss known for their light and translucent media that capture the evanescent colours 
off  dawn and sunset, the dramatic clear light of midday and the warm haze of 
Indiann summer afternoons [397]. The colour and properties of the ground were 
criticallyy important in their work. The materials of the ground and the colour of the 
groundd both have a significant impact on the stability and tonality of the works of 
art.. During this period, artists' colourmen were experimenting with various recipes 
too economically produce primed canvases that could be stored and rolled. As a 
consequencee of these experiments some problems were encountered with the 
groundss in 19th-century American paintings and those of the Hudson River School 
inn particular. In the Olana archive an unused, rolled piece of primed linen with a 
creamm colour is available for study. A sample of this material (OL.NA), which 
showss bloom formation, was investigated in detail. A second sample of an 
unfinishedd painting on canvas, 1984.122 (circa 1865), showing the same 
phenomenonn but partially covered with an additional thin dark brown imprimatura 
onn top was also available for studies. Besides the problem of bloom formation two 
otherr defects are observed on these canvases: ground staining, and the formation of 
so-calledd protrusions. Protrusions appear as a whitish globule within the prime 
layerr that sometimes rises above the surface. Ground staining, the appearance of 
darkk coloured patches, must have taken place reasonably fast as the phenomenon 
alreadyy was observed at the time of Church. Church related the ground staining to 
thee canvas he had bought from Winsor & Newton. Church identified the cause of 
groundd staining to be the incorporation of lead acetate in the ground layer [397]. 
Indeed,, a strong colour effect has been found by Carlyle in lead white pigmented 
oill  paints made with traditionally processed oils which contain lead acetate as drier 
[315].. Dwyer suggested another possible cause and proposed the darkening as a 
chemicall  alteration of lead-white. The upper particles of this pigment, which is 
normallyy opaque, had turned into unidentified transparent crystals. The mechanism 
off  ground staining will not be further discussed in this chapter. The second 
phenomenon,, the formation of voluminous whitish globules within the paint, that 
(sometimes)) disrupt the paint surface, is thought to relate to the bloom formation 
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andd will be addressed to some extent when investigating the relation between the 
compositionn of the bloom and the underlying paint it was found on. 

7.12.27.12.2 Case II 

Thee second study was performed on a number of samples taken from two 
modernn works of art made by the American painter Frank Stella (1936-) and 
presentlyy in the collection of the Art Institute of Chicago. Both works are from 
Stella'ss "Pillars and Cones" period, which spanned from 1982 into the mid-to-late 
1980'ss [398]. The first work entitled "Gobba, Zoppa e Collotorto" (1986.93) was 
madee in 1985, whereas the second work, "Cricche, Crocche e Manico d'Unico" 
(1992.285),, was executed in 1986 [398]. The works are made of several smaller 
panelss mounted on two larger back panels, which altogether form a three-
dimensionall  structure. Crystalline growths were discovered on four panels: #4, #5, 
andd #6 from "Cricche" and #7 from "Gobba". They were present as a white 
disfiguringg film on the dark red and dark blue paints. The other paints were not 
affectedd unless they were painted over the red or blue. The crystals were 
abundantlyy present where the paint was more thinly painted, and were hardly 
visiblee in areas of high impasto. On panel #6 remnants of masking tape were seen, 
whichh were painted over with brushstrokes of red paint, which shows no crystals 
andd has a lighter colour, compared to the same brushstrokes outside the masking 
tapee area. The crystals were less apparent on panel #5 from "Cricche" when the 
darkk blue paint lay directly over areas that were very thinly painted with a pink 
polyurethanee paint. In addition to the bloom a number of worm-like patterns could 
bee observed distributed over the surface of the magnesium support of "Cricche" 
panell  #6 and on metal supports of several other panels from both works. These 
weree identified as filiform  corrosion. This indicates that these paints were very 
likelyy exposed to relative high humidity levels [395]. 

7.27.2 Materials and methods 

7.2.17.2.1 Chemicals 

Tetramethylammoniumm hydroxide pentahydrate (minimum 97%), sodium 
ethoxidee 21 wt% solution in denatured ethanol (approximately 99%) were obtained 
fromm Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands. Bis-
(trimethylsilyl)trifluoroacetamidee (BSTFA), containing 1% trimethylchlorosilane, 
wass purchased from Fluka, Zwijndrecht, The Netherlands. 
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7.2.27.2.2 Samples 

7.2.2.17.2.2.1 Church 

Thee two canvas samples OL.NA and OL. 1984.122 were supplied for 
analysiss by J. Zucker, Painting laboratory, Peebles Island Resource Center, New 
Yorkk State Office of Parks, Recreation, and Historic Preservation (NY, USA). 
Previouss investigations of sample OL.NA with polarising microscopy have 
revealedd that the linen is coated with a layer of calcium carbonate with a very thin 
cream-colouredd layer of lead white on top [397]. Sample OL. 1984.122 was 
constructedd in the same manner and was partially covered with an additional 
darker,, brownish layer of imprimatura. The different layers of interest were 
removedd carefully from the piece of canvas using a microscope and a fine scalpel, 
resultingg in three different samples. Two samples of a combination of ground and 
leadd white-pigmented paint and a sample of the brown imprimatura layer present 
onn top of OL.1984 122 were collected. This last separation was extremely difficult 
duee to the thinness of the brown layer and pieces of the underlying layer still 
attachedd were present as well. Closer inspection of the surface of both samples 
showedd ground staining, bloom and a number of whitish protrusions. On the 
imprimaturaa a thin white-grey surface coating is visible on top. In case of the 
cream-colouredd layer the bloom and protrusions are hardly visible with the naked 
eyee but under the microscope the phenomena can be clearly identified. The whitish 
materiall  has a waxy appearance and seems not soluble in water, (m)ethanol or 
hexane.. It can be displaced easily with a light mechanical force. Lead was 
confirmedd as the primary metallic component in the bloom material using an 
analyticall  electron microscope interfaced with an energy dispersive X-ray detector 
[397]. . 

7.2.2.27.2.2.2 Stella 

Fourr types of blue paint (two from panel #4, one from panel #6 and #5 
each),, two red paints, one including crystals (panel #6), taken from "Cricche, 
Crocchee e Manico d'Unico" (1992.285) and a red paint with crystalline growth on 
topp of it (panel #7) from "Gobba, Zoppa e Collotorto" (1986.93) were supplied by 
B.. Rimer and I. Fiedler from the Art Institute of Chicago. The materials that Stella 
likelyy has used could be established through discussions with Frank Stella's studio, 
viaa his private conservator. It also has been determined how these paint materials 
mayy have been treated or altered to enhance their working properties. The top skins 
off  the panels, made of aluminium, magnesium, or fibreglass, were coated with 
clearr polyurethane. Some of the edges of each panel were sealed with Bondo® 
polyesterr resin mixed with talcum. The paints on the surfaces were oil paints made 
byy Blockx, a two-part polyurethane marine paint called Awlgrip and a third paint 
madee by Stella, consisting of dry pigments in Acryloid B-72 resin. Stella's studio 
assistantt and his conservator identified the paints that exhibited crystals as most 
likelyy to be the oil paint obtained from Blockx. They further informed that Blockx' 
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oill  paints, although of high quality and preferred for their strong bright tints, 
tendedd to stay tacky for a long time. For this reason, the studio often added cobalt 
drierss to these paints, sometimes in large amounts, to speed up the drying process 
[395,, 398]. The crystalline growth appears under the microscope as finely 
branchedd networks and occasionally as small needle-like crystals. They seem to 
restt on top of the surface and do not rupture the paint surface. The waxy crystals 
couldd be easily detached from the surface by a slight mechanical force using a 
scalpell  blade or brush. The paint samples were stored between welled glass-slides. 
Afterr a few months it was observed that a halo of fine crystals had formed around 
thee paint samples, indicating that the migration of material was continuing. 

AA number of the paint samples were previously analysed at the Canadian 
Conservationn Institute (CCI), Ottawa, using FTIR, X-ray diffraction (XRD), and 
SEM/electronn dispersive X-ray spectrometry (SEM/EDX) and at MVA, Inc., 
Glenview,, Illinois, using infrared microscopy (IM) [395]. The paints, which 
exhibitedd crystal growths, were identified as cobalt blue and alizarin crimson oil 
paints.. The crystals were identified to be fatty acids, especially palmitic (C16) and 
stearicc (CI8) acids. The results are depicted in Table 1. 

Tablee 1. Summary of analytical data on paint Stella panels 

Sample e 
Darkk blue paint panel 5 

Crystalss on dark blue 
paintt panel 5 

Palee blue paint panel 5 

Yelloww paint panel 6 

Redd paint panel 6 

Crystalss on red paint 
panell  6 

FTIR/IMa a 

Cobaltt blue 
Dryingg oil 

Fattyy acids-C16 
fattyy acids, possibly 
aa small amount C18 

Polymerr with 
urethane e 

Bariumm sulphate 
Dryingg oil 

Soapss (possibly 
All  drier) 

Alizarinn crimson 
Dryingg Oil 
Fattyy acids 

XRD D 
Cobaltt blue 
(C0AI2O4) ) 

N/Ac c 

Titaniumm white 
(Ti02,, rutile) 

Cadmiumm yellow 
(CdS),, barium 

sulphatee (BaS04) 

N/A A 

N/A A 

SEM/EDXb b 

Co,Al l 
(Si,, S, Fe) 

N/A A 

Ti,, Al, Si 
(CI,, Fe) 

Cd,, S, Ba 
(Zn,, Al, Se) 

N/A A 

N/A A 

aa The red paint and the crystals were analysed using IM, all other samples were 
analysedd using FTER 
bb major elements, minor, elements, (trace elements) 
cc N/A = not available 
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7.2.37.2.3 TOF-SIMS 

Timee of Flight- Secondary Ion Mass Spectrometry (TOF-SIMS) 
measurementss were performed on a TRIFT II instrument of PHI Electronics Inc. 
(USA)) [399]. The surface of the sample was scanned with a 25keV primary ion 
beamm from an Indium liquid metal ion gun, which has an input beam diameter of 
aboutt 100 nm. The triple ESA ion focussing system guarantees a spatial resolution 
off  at least 1 micron at a mass resolution of about 5000. Positive or negative ions 
emittedd by the primary beam were mass analysed and detected on a position 
sensitivee detector. The surface of the sample was charge compensated with 
electronss pulsed in between the primary ion beam pulses. 

7.2.47.2.4 DTMS 

Thee crystals or protrusions were carefully removed from the paint surface 
usingg a scalpel blade and suspended in a drop of methanol, which had been applied 
ontoo the analytical filament beforehand. Paint samples of typically 200 to 400 ug 
weree homogenised in methanol using a mini-glass mortar. Aliquots of the obtained 
suspensionn or extracted materials were applied onto the analytical filament and 
driedd in vacuo. The analyses were performed on a Jeol SX-102 double focussing 
masss spectrometer (B/E) using a direct insertion probe equipped with a Pt/Rh (9/1) 
filamentt (100-micron diameter). The probe filament was temperature programmed 
att a rate of 0.5 A/min to an end temperature of about 800 °C. Compounds were 
ionisedd at 16 eV under electron ionisation conditions in an ionisation chamber kept 
att 180 °C, mass analysed over the range ml2 20-1000, with 1 second cycle time. 
Dataa were processed using a JEOL MP-7000 data system. 

7.2.57.2.5 TransethylationlTrimethylsilylation 

Forr every mg of sample in a GC vial, 250 ul of a 0.01 M ethanolic sodium 
ethoxidee solution was added. Typical amounts of material analysed are in the order 
off  250 (ig to 2 mg. The vial was flushed with dry nitrogen, sealed and placed in an 
ovenn at 75-80 °C. After 90 minutes the vial was taken out of the oven and allowed 
too cool to room temperature (RT). To neutralise the sample, 30 pi of a saturated 
ethanolicc ammoniumchloride solution is added. After 20 minutes the ethanol is 
evaporatedd under a gentle stream of dry nitrogen and the residue is dissolved in 
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hexanee (250 jil per mg of sample). The resultant suspension is treated with 15 ul 
bis(trimethylsilyl)trifluoroacetamidee (BSTFA), sealed and returned to the oven for 
aa further 30 minutes. After cooling down (RT), and evaporation of the solvents the 
analytess are redissolved in dichloromethane, containing hexadecane as an internal 
standardd (100 mg/l). The mixture is subsequently centrifuged and the upper layer is 
carefullyy separated from pigment particles and remains of the paint film and 
subsequentlyy transferred into a new GC vial. 

Withh the aid of an AS 800 on-column autoinjector (Fisons Instruments) 1 
(jll  of derivatised sample was directly injected into a SGE BPX5 column (25 m, 
0.322 mm i.d., 0.25 um film thickness), mounted in a Carlo-Erba gas 
chromatographh (series 8565 HRGC MEGA 2). The gas chromatograph was 
directlyy coupled to the ion source of a JEOL DX-303 double focusing (E/B) mass 
spectrometerr via a home built interface, which was kept at 180 °C. Helium was 
usedd as carrier gas at a flow rate of approximately 2 ml/min as regulated with a 
CP-CFF 818 pressure/flow control box (Fisons Instruments). The initial temperature 
off  the gas chromatograph was 50 °C, which was maintained for 2 minutes. The 
ovenn temperature was programmed at a ramp of 6 °C to an end temperature of 320 
°CC (50(2)-6-320). Ions were generated by electron impact ionisation (70 eV) in the 
ionisationn chamber (180 °C), accelerated to 3 keV, mass separated and post-
acceleratedd to 10 keV before detection. The mass spectrometer was scanned from 
m/zz 40-700 with a cycle time of 1 s. A Jeol MP-7000 data system was used for 
dataa acquisition and processing. 

7.37.3 Results Case I 

7.3.17.3.1 Cream-coloured grounds of Frederic Edwin Church 

7.3.1.17.3.1.1 SIMS analysis of the surface and in cross-section 

Thee analytical technique that lends itself well for the investigation of both 
inorganicc and organic components in/on solid surfaces is SIMS [400], SIMS makes 
itt possible to investigate the presence of a number of typical compounds found in 
oill  paintings, for example, the (in)organic materials used for priming and the 
componentss of the oil paint: inorganic and organic pigments, triacylglycerols and 
theirr hydrolysis products, including free fatty acids, and metal soaps as the reaction 
productss of (basic) inorganic pigments and free FAs. In this study, the technique is 
onlyy used as a qualitative technique. The actual response of the different materials 
uponn SIMS analysis is not known yet and it is therefore not possible to quantify the 
differentt compounds. 
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Figuree 1. SIMS spectrum of the surface of sample OL. 1984.122 (a) mass range 
m/zz 0-230; (b) mass range m/z 230-62, and (c) mass range m/z 625-1425. 

Thee cream-coloured surfaces of both primed canvas samples including the 
bloomm on top were examined using positive and negative ionisation SIMS. The 
SIMSS spectrum of sample OL.1984 122, recorded in the positive mode, is depicted 
inn Figure la-c, and was shown to be similar to the spectrum obtained for OL.NA. 
Ionss of high intensity are observed indicative of lead (m/z 208), and clusters of 
leadd oxides (Pb20, Pb302, and Pb403) and lead hydroxides (PbOH, Pb202H, 
Pb303H,, and Pb404H) (Fig. 1; Table 2). These lead (hydr)oxides most likely 
originatee from lead white due to thermal processes induced by the primary ion 
beam.. A similar reduction of lead also has been observed when irradiating lead 
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whitee with a Nd:YaG laser [401]. Fragment ions indicative for both palmitic and 
stearicc acid soaps (CI6 and CI8 FA-Pb+, respectively) are observed in Fig. lb at 
m/zz 463 and 491, with a typical monolead isotopic distribution. The basic forms of 
thesee last two compounds, C16/C18 FA-PbOPb+, are also observed 224 mass units 
higher,, at m/z 685 and 713, respectively. Apart from these ions, ions are observed 
att m/z 257 and 285, which are ascribed to hydrogen cationised (M+H)+ C16 and 
CI88 fatty acids. These ions can be derived from free FAs or esterified FAs. SIMS 
studiess on pure compounds (FAs and TAGs) have shown that in case of the latter 
compoundss a more intense acylium [FA-OH]+ is present as well [402]. It should be 
notedd that formation of protonated free FAs is not a very efficient process under 
SIMSS conditions. The presence of such ions, together with a minor presence of 
acyliumm ions, therefore is good marker for free FAs. The ions at m/z 313, 341, 369 
andd 397 are inferred to be derived from acylglycerols of CI6, CI8, C20 and C22 
fattyy acids, respectively ([RCO+74]+; see also Chapter 3). The latter two ions are 
onlyy observable in trace amounts. In theory, it cannot be excluded that these ions 
aree partially derived from hydrogen cationised C20 to C26 fatty acids, although 
theirr relative concentration in the paint is very low (see GCMS data below). The 
intensityy pattern of these ions is indicative for their origin, especially because ions 
indicativee for diacylglycerols with two CI6, a C16 and CI8, and two CI8 FAs 
(m/zz 551, 579, and 607, respectively) are also present in the SIMS data. Both sets 
off  ions are evidence for the presence of low amounts of glycerol-esterified fatty 
acidss on the surface. Above mass 1000 high mass ions of unknown identity are 
presentt in the spectrum. These ions form PbO clusters as well, as can be deduced 
fromm the mass increment of 224 for most of these ions. It should be noted that it is 
moree difficult to obtain exact mass data for the ions in this mass range due to the 
countingg statistics, which are very poor due to the low ion intensity. 

Tablee 2. Positive and negative ions observed in the TOF-SIMS spectra of samples 
OL.NAA and OL. 1984 122 

m/z z 
115 5 
208 8 
225 5 
239 9 
257 7 
267 7 
281 1 
285 5 
313 3 
341 1 
369 9 
397 7 
416 6 
430 0 

Intensity y 
Medium m 
Strong g 
Medium m 
Weak k 
Medium m 
Weak k 
Medium m 
Medium m 
Medium m 
Medium m 
Weak k 
Weak k 
Weak k 
Medium m 

Assignmentt (positive mode) 
In+ + 

Pb+ + 

PbOH+ + 

C16acylium+(C15CO+) ) 
C16FAH+ + 

C18acylium+(C17CO+) ) 
Unknown n 

CI88 FA H+ 

C16CO+74+/C20-H+ + 

C18CO+74+/C22H+ + 

C20CO+74++ / C24H+ 

C22CO+74+/C26H+ + 

Pb2
+ + 

PbOPb+ + 
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447 7 
463 3 
491 1 
551 1 
579 9 
607 7 
654 4 
671 1 
687 7 
713 3 
878 8 
894 4 

m/z z 
208 8 
224 4 
255 5 
283 3 

Medium m 
Medium m 
Weak k 
Weak k 
Weak k 
Weak k 
Weak k 
Weak k 
Medium m 
Weak k 
Weak k 
Weak k 

Intensity y 
Weak k 
Weak k 
Strong g 
Strong g 

PbOPbOH+ + 

C16-Pb+ + 

C18-Pb+ + 

C16-C16DAG+ + 

C16-C18DAG+ + 

C18-C18DAG+ + 

PbOPbOPb+ + 

PbOPbOPbOH+ + 

C16-PbOPb+ + 

C18-PbOPb+ + 

PbOPbOPbOPb+ + 

PbOPbOPbOPbO+ + 

Assignmentt (negative mode) 
Pb b 

PbO O 
C16-H" " 
C18-H" " 

Cross-sectionss made of the paints of OL.NA and of OL.1984 122 were 
subjectedd to imaging SIMS to map the distribution of the different materials in 
relationn to the bloom formation [403]. At the same time a better insight into the 
layerr build-up of the samples was acquired. Figure 2 compares the positive ion 
mapss of different classes of compounds with the positive ion image of the total ion 
currentt (TIC+) of OL.NA (Fig 2a). The paint sample is lying upside down, with the 
paintt surface downwards. Calcium, which is the marker for chalk (CaCOa) used in 
thee ground, is confined to the lower part of the cross-section (Fig. 2b; highest 
concentrationss are shown in white, decreasing via grey to black). Lead (Fig. 2c), on 
thee other hand, shows highest concentrations in the top layer, but is also present in 
thee ground. Fig. 2d-g shows that ions indicative of the different classes of materials 
identifiedd in the surface layer are present in localised areas in the cross-section. 
Leadd soaps (m/z 489-491; Fig. 2d) and lead (hydr)oxides (m/z 430 en m/z 447; 
Fig.. 2e,f) are present in high concentrations in the top layer of the cream-coloured 
paint,, whereas ions derived from ester bound FAs (m/z 267; Fig. 2g and m/z 341; 
Fig.. 2h) are mainly found in the calcium rich ground. Similar distributions were 
foundd in bothh cross sections. 

Thee OL.1984 122 sample was investigated in more detail using microscopy 
andd SEM-EDX in our laboratory. The ground layer that looked like a single layer 
inn the earlier microscopic examination [397] was shown to be a multi-layered 
systemm that consisted of four superimposed layers. The imprimatura layer is placed 
onn top of these layers. EDX analysis shows that the lower layer consists mainly of 
chalk.. The two subsequent layers contain a mixture of lead and calcium, whereas 
onlyy lead is observed in the upper layer. This layer build-up is confirmed by the 
SIMSS data. 
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m/z3411 100^m 

Figuree 2. Positive ion maps of the cross-section of OL.NA: (a) TIC; (b) calcium; 
(c)) lead; (d) lead soaps; (e) lead oxides; (f) lead hydroxides; (g) CI8 FA acylium 
ions;; and (h) C18 MAG fragment ions. 
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Thee surface of the reverse of the canvas OL.1984 122 was analysed as well 
too investigate the possible migration of oil derived compounds to the back. Hardly 
anyy lead oxide or lead hydroxide clusters are detected, which was expected. Ions of 
highh intensity are observed indicative for the presence of C16 and CI8 substituted 
mono-- and diacylglycerols (m/z 313, 341, and 551, 579, 607, respectively) (results 
nott shown). 

Thee results of the surface analysis obtained with negative ionisation (not 
shown)) are less informative. High intensity ions indicative for palmitic and stearic 
FAs,, [FA-H]" , are seen at m/z 255 and 283 for the two cream-coloured samples. 
Bothh esterified and free FAs are known to produce these ions when analysed with 
SIMSS [400]. Whether lead soaps will give [M-H] ions upon SIMS analysis is not 
clearr yet. In addition low intensity peaks are observed 14 mass units higher at m/z 
2699 and 297, respectively. It is not clear how these ions are formed. Low intensity 
ionss at m/z 208 and 224 are observed, which can be ascribed to Pb and PbO 
[404],, In the high mass range low intensity peaks are observed at m/z 974, 1002, 
andd 1030 in a typical ratio which suggest they are derived from saturated 
triacylglycerols.. At least two peaks are observable that are two and four mass units 
lower,, which suggest that unsaturated analogues are present as well. A similar 
clusterr is observed 256 amu lower at m/z 718, 746, and 774. Their composition is 
presentlyy not known. An ion at m/z 315 (unknown identity) is present with a 
reasonablee intensity. The intensity of light ions (m/z 13, 16, 17, 25) is very high. 
Throughoutt the whole mass range weak clusters of ions are observed consisting of 
threee peaks differing two mass units each. These clusters differ 14 mass units and 
aree indicative for pyrolytic processes occurring during the analysis. A series of 
unknownn ions of decreasing intensity are observed starting at m/z 521, with an 
incrementt of 14 mass units towards m/z 603. It is clear from these findings that the 
informationn obtained in the negative ionisation mode doesn't contribute 
significantlyy to the identification of the material on the surface. 

7.3.1.27.3.1.2 Degree of hydrolysis of the paint 

AA two-step chemical chemical work-up [405] was applied on the cream-
colouredd paint samples with the objective to determine the degree of hydrolysis of 
thee glycerol ester bound fatty acids. With this method, all esterified FAs, including 
thosee from the triacylglycerols and waxes, are transethylated in the first step. In a 
secondd reaction all free and metal-bound FAs are trimethylsilylated, together with 
hydroxyy groups present. In this way information can be obtained on the degree of 
hydrolysiss of the oil paint present. Figure 3 depicts the resulting gas chromatogram 
(GC/MSS TIC trace) obtained for the cream-coloured layer sampled from OL.NA. 
Thee analysis of the paint from OL.1984 122 gave a similar result. The identified 
compoundss are given in Table 3. 
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Figuree 3. Total ion chromatogram of cream-coloured paint of OL.NA after 
transethylationn and trimethyl silylation derivatisation in combination with GC/MS 
usingg an on-column injector. Temperature program: 50(2)-6-320. Peak numbers 
correspondd to Table 3. Peaks labelled * are identified as polysiloxanes. 

Tablee 3. List of compounds identified in the cream-coloured layer of sample 
OL.NAA after transethylation/trimethylsilylation derivatisation and GC/MS analysis 
usingg on-column injection. Identification is based on the 70 eV mass spectrum. 

Label l 

1. . 
2. . 
3. . 
4. . 
5. . 
6. . 
7. . 
8. . 
9. . 
10. . 
11. . 

Retention n 
Time e 
(min) ) 
15.5 5 
16.7 7 
17.6 6 
18.7 7 
20.3 3 
20.8 8 
21.1 1 
22.8 8 
23.6 6 
24.6 6 
25.5 5 

Compoundd name 

l,2,3-Tris(trimethylsilyloxy)propane e 
Butanedioicc acid, di-TMS ester 
Hexanoicc acid, 2-TMS ether, TMS ester 
Pentanedioicc acid, di-TMS ester 
Butanedioicc acid, 2-TMS ether, di-TMS ester 
Hexanedioicc acid, di-TMS ester 
Heptanoicc acid, 7-TMS ether, TMS ester 
Heptanedioicc acid, di-TMS ester 
Octanedioicc acid, ethyl TMS ester 
Octanedioicc acid, di-TMS ester 
Nonanedioicc acid, ethyl TMS ester 

Molecular r 
Weight t 

308 8 
262 2 
280 0 
276 6 
350 0 
290 0 
290 0 
304 4 
274 4 
318 8 
288 8 
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12. . 
13. . 
14. . 
15. . 
16. . 
17. . 
18. . 

19. . 
20. . 
21. . 
22. . 
23. . 
24. . 
25. . 

26. . 

27. . 

28. . 
29. . 
30. . 
31. . 
32. . 
33. . 
34. . 
35. . 
36. . 
37. . 
38. . 
39. . 

26.3 3 
27.2 2 
27.6 6 
27.9 9 
28.8 8 
29.0 0 
29.2 2 

29.6 6 
30.4 4 
32.7 7 
33.3 3 
35.5 5 
36.0 0 

36.7-37.0 0 

37.3 3 

37.6 6 

38.1 1 
38.5 5 
40.4 4 
40.9 9 
41.6 6 
42.0 0 
43.1 1 
44.1 1 
44.9 9 
45.1 1 
46.1 1 
46.9 9 

Nonanedioicc acid, di-TMS ester 
Decanedioicc acid, ethyl TMS ester 
Octanedioicc acid, 2-TMS ether, di-TMS ester 
Decanedioicc acid, di-TMS ester 
Nonanedioicc acid, 2-TMS ether, di-TMS ester 
Nonanedioicc acid, 3-TMS ether, di-TMS ester 
Nonanedioicc acid, 4-TMS ether, di-TMS ester 
Nonanedioicc acid, 5-TMS ether, di-TMS ester 
Hexadecanoicc acid, ethyl ester 
Hexadecanoicc acid, TMS ester 
Octadecanoicc acid, ethyl ester 
Octadecanoicc acid, TMS ester 
Icosanoicc acid, ethyl ester 
Icosanoicc acid, TMS ester 
Mixturee of unidentified C18 oxidation 
products s 
Octadecanoicc acid, 9,10-bis[(TMS)oxy], ethyl 
ester r 
Octadecanoicc acid, 9,10-bis[(TMS)oxy], TMS 
ester r 
Docosanoicc acid, ethyl ester 
Docosanoicc acid, TMS ester 
Tetraicosanoicc acid, Ethyl ester 
Tetraicosanoicc acid, TMS ester 
Nonaicosane e 
Heptaicosanol l 
Hexaicosanoicc acid, TMS ester 
Nonaicosanol l 
Octaicosanoicc acid, ethyl ester 
Octaicosanoicc acid, TMS ester 
Untriacontanol l 
Triacontanoicc acid, ethyl ester 

332 2 
302 2 
406 6 
346 6 
420 0 
420 0 
420 0 

284 4 
328 8 
312 2 
356 6 
340 0 
384 4 

488/532 2 

488 8 

532 2 

368 8 
412 2 
396 6 
426 6 
408 8 
454 4 
468 8 
468 8 
452 2 
496 6 
510 0 
480 0 

Thee most intense peak is derived from glycerol (compound 1) that has been 
liberatedd from the oil network upon hydrolysis or transethylation. Besides palmitic-
andd stearic acid in a ratio typical for linseed oils (P/S=1.48), breakdown products 
formedd upon oxidation of unsaturated CI8 FAs are observed (see Table 2). The 
mostt prominent one being azelaic acid, a C9 dicarboxylic acid, indicative of a 
relativelyy high degree of oxidation. Relatively low amounts of C8 and C10 
dicarboxylicc acids are present as well. The ratio of C8, C9, and C10 diacids is 
generall  considered to be an indication that the oil has not been heat-treated prior to 
itss usage. Ethylated and trimethylsilylated derivatives are present for most of the 
compoundss (see in the chromatogTam and Table 2). The trimethylsilylated 
compoundss predominate. This indicates that most of the ester bonds were 
hydrolysedd prior to analysis, as can be expected for an "oil paint" sample of at least 
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1000 years old. The average degree of hydrolysis of the samples analysed was found 
too be around 88%. 

Apartt from the compounds already mentioned, short chain diacids down to 
C44 were observed. A range of oxidised C18 FAs, hydroxy fatty acids and diacids, 
presentt in low abundance, could also be identified. These are typical compounds 
formedd upon ageing of oil paint. At higher retention times traces of a series of 
even-carbonn numbered long chain FAs (C20-30) and odd-numbered alcohols are 
detected.. The TMS derivatives of C29 and C31 alcohols are the most abundant 
homologss in this series. These compounds arise from wax esters and are either 
presentt as ethylated or TMS derivatives (in case of the esters) or TMS derivative 
onlyy (alcohols). It is concluded from the data that the waxes were also hydrolysed 
duee to aging but less severe compared to the paint because their ethyl derivatives 
predominatee over TMS derivatives. 

7.3.1.37.3.1.3 Characterisation of free and bound fractions by DTMS 

Thee DTMS data of the cream-coloured layer of the primed canvases 
OL.NAA and OL.1984 122 shows that both samples have a very similar thermal 
desorptionn and pyrolysis profile with multiple peaks. A typical example is depicted 
inn the insert of Figure 4a for OL.NA. This is an unusual desorption profile for an 
oill  paint because many compound classes are present as relatively volatile matter. 
Freee palmitic- and stearic acid (CI6 and CI8 FAs, respectively) are present and 
desorbb at a relatively low temperature (scans 10-30, results not shown), together 
withh lower amounts of C20 and C22 FAs. Peaks at m/z 256, 284, 312, and 340 are 
indicativee for these compounds. In addition two peaks of relatively high intensity 
withh an unknown origin are seen at m/z 243 [M-15]+ and 258 [M] + in the MS data 
off  the cream-coloured layer of OL.1984 122. Compared to the low temperature 
domainn relatively higher amounts of masses indicative for long-chain C20, and 
C222 fatty acids are seen at scans 30-45 (Fig. 4a). New ions ascribed to long chain 
FAss are seen at mass m/z 368 (C24), 382 (C25), and 396 (C26). At higher 
temperaturess (scans 60-70), m/z 44, ascribed to the evolution of CO2 from both the 
networkk and lead white, is observed (results not shown). A typical m/z pattern 
frequentlyy observed for the oil network is seen in the mass spectrum of scans 72-
85,, which is depicted in Figure 4b. A relatively high peak at m/z 91, which was 
identifiedd as indicative for an aromatic pyrolysis product of oil paint in previous 
DTMSS investigations (see Chapter 4 of this thesis), is one of the more informative 
ionss in a broad envelope of ions from other low molecular weight pyrolysis 
breakdownn products. Furthermore, m/z 256 and 284, released thermally from the 
networkk and a clear lead isotope pattern at m/z 206, 207, and 208 are observed. At 
thee end of the measurement, at high temperatures (scans 85-110, results not shown) 
thee thermal breakdown of lead carbonate is observed as indicated by a high m/z 44 
andd m/z 206-208. 
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Figuree 4. DTMS summation spectrum of OL.NA (a) scans 30-45, insert: TIC, and 
(b)) scans 72-85. 

Thee appearance of long chain FAs in the DTMS spectrum was not expected 
sincee the canvas has not been lined, a process that can introduce wax into a 
painting.. An extraction of the canvas fibres of sample OL.1984 122 with either 
ethanoll  or dichloromethane (DCM) was performed to investigate the origin of this 
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wax.. The DTMS data of both extracts shows the presence of an envelope of ions 
overr a large temperature range indicative for fatty acids and waxes. Figure 5 
depictss the summed mass spectrum of scans 25 to 110 of the ethanol extract. The 
mostt abundant wax esters are observed at mass m/z 620, 648, 676, and 704, 
correspondingg to a total number of carbon atoms of 42 to 48 for the wax esters. 
Thiss profile is typical for beeswax, which consists exclusively of ester of palmitic 
acidd (CI6 FA) and long chain alcohols. At higher masses however, with an 
incrementt of 28 (CH2) mass units low amounts of other wax esters are visible up to 
m/zz 872. These high molecular weight waxes are unusual and most likely originate 
fromm plants. Surprisingly, the ratio of C16 and C18 FAs as present in a normal 
linseedd oil seems not to have changed. Often an increased C16 FA peak can be 
observedd in DTMS spectra of beeswax containing paint material. This implies the 
waxx in the canvas is not hydrolysed. However, especially for the dichloromethane 
extractt increased amounts of apolar chains of C16 and CI8 FAs fragment ions (m/z 
2577 and 285) are observed (results not shown), together with those of C20 to C28 
FAss (m/z 313, 341,369, 397 and 425). In the same temperature range at which the 
waxess are desorbed most dominantly a peak at m/z 280 is observed, which is 
assignedd to a C20 alcohol moiety. A special feature of the summed mass spectrum 
off  scans 30-44 (not shown) is m/z 337, which is quite abundant. The origin of this 
ionn is unknown and merits further study. 
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Figuree 5. DTMS summation spectrum of scans 25-110 of an ethanol extract of 
canvass fibres of OL. 1984 122. Insert: TIC. 

DTMSS analysis of the bloom on the cream-coloured paint of sample 
OL.. 1984 122 indicates that it is composed of relatively volatile components (see 
insertt Figure 6a) as can be deduced from the TIC profile. Most material 
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Figuree 6. DTMS summation spectrum of bloom on surface OL.1984 122 (a) scans 
1-25,, insert: TIC, and (b) scans 33-50. 

evaporatess at low temperature and there is no indication for pyrolysis of oil 
networkk constituents. The DTMS spectrum of scans 1-25 (Figure 6a) shows that 
mainlyy free C16 (m/z 256) and C18 FAs (m/z 284) are desorbed at low 
temperature,, next to smaller amounts of C20 and C22 FAs. Closer inspection of 
scanss 20-30 (not shown) reveals that low intensity peaks are present at m/z 522, 
550,, 578, 606 and m/z 648, 676 and 704. This indicates the presence of trace 
amountss of diacylglycerols and long chain wax esters, respectively. At slightly 
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higherr temperatures (scans 33-50, Figure 6b) two isotopic distributions are seen at 
m/zz 463 and 491, indicative for lead soaps of C16 and C18 FAs, respectively. This 
iss seldom observed and indicates that reasonable amounts of saturated lead soaps 
aree present on the surface'. Their acylium ions at m/z 239 and 267 are also 
observablee although with low intensity. Peaks indicative for lead are only seen 
fromm scan 60 onward and with a low intensity. The same holds for m/z 44, ascribed 
too CO2, which is encountered in the DTMS spectra of aged oils and oils that 
containn lead white. 
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Figuree 7. DTMS summation spectrum of scans 50-60 of a protrusion in paint 
OL.NA.. Insert: TIC. 

Inn addition to the bloom, a sample was taken from a white circular mass, 
withh a transparent rim around a more opaque core, which erupted (or protruded) 
throughh the paint surface of OL.NA. Analysis by DTMS gives a multiple-peak 
desorptionn profile as is depicted in the insert of Figure 7. At low temperature free 
FAss are observed (not shown), whereas at higher temperatures (scans 50-60) peaks 
m/zz 463 and 491, attributed to lead soap formation, can be seen. In the region 
wheree the oil networks start to pyrolyse normally, no distinct signal is observed in 
thee TIC profile. At even higher scan numbers (80>), traces of lead are detected. 
Thesee findings indicate that the free fatty acids and their soaps are present in this 

11 The presence of metal carboxylates was confirmed by FTIR analysis of the bloom [406], which 
absorbss at wavelengths of 2926 cm"1 (C-H stretch vibration), 2844 cm"1 (C-H symmetric stretch 
vibration),, 1723 cm'1 (saturated CO stretch), 1418 cm"1, (symmetric C02 stretch, 1252 cm"1 (C-O 
stretch)) and 1521 cm ' (asymmetric C02 stretch). This data correlates with fatty acids present as 
leadd soaps [205, 270]. 
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protrusionn and suggest that there has been a reaction between the basic lead white 
andd the free organic acids within the paint (or at/near the surface) . 

7.3.27.3.2 The brown imprimatura layer on OL.1984 122 

Partt of the cream-coloured layer of OL. 1984 122 was covered with a brown 
imprimaturaa layer. Despite the presence of this layer the same phenomena were 
observedd on the surface and apparently the thin layer didn't form a barrier for the 
migrationn of fatty acids and their lead soaps. 

Thee surface analysis of the brown paint layer with SIMS resulted in a 
qualitativelyy similar mass spectrum compared to the cream-coloured paint. This is 
too be ascribed in part to the fact that remnants of the underlying ground/paint still 
weree present. There are, however, differences in the relative abundances and the 
overalll  signal intensity, which is lower for the imprimatura. The most noticeable 
differencee is the relatively high abundance of the unknown ion at m/z 281 and the 
lesss abundant ions ascribed to acylglycerols. In the negative mode, two new peaks 
aree observed in the low mass region of the mass spectrum specifically (not shown), 
whichh were not seen before. These peaks, m/z 64 (SO2) and 80 (SO3), suggest the 
presencee of sulphates in/on the surface of the brown layer. 

Thee results of the SIMS analysis of the cross-section of the canvas with the 
brownn imprimatura layer (results not shown) indicates that free FAs are 
concentratedd at the top layer and not in the bulk of the ground layers. The same 
holdss for the lead soaps of C16 and C18 FAs, which are confined to the upper 
layer. . 

Thee degree of hydrolysis of the brown paint system determined by the 
derivatisation-GCMSS method and the P/S ratio was determined to be 87% and 
1.55,, respectively, which agrees well with the values obtained for the cream-
coloredd paint system. The ratio of C9 diacid to CI6 FAs is slightly lower compared 
too the cream paint (2.11 vs. 2.78). The chromatogram (not depicted) that was 
obtainedd for the brown paint layer is almost identical to the one measured for the 
cream-coloredd paint. 

Thee composition of both the bloom and the imprimatura layer also were 
investigatedd with DTMS and the composition was found to be similar to the cream-

11 The results of FTIR analysis of the protrusion by van der Weerd [406] confirm these data. A 
strongg carbonate signal could be observed at 1422 cm'. Additional peaks at 3539 and 683-1 cm'1 

indicatee that lead white is present. The lead carboxylate absorption was clearly seen 1518 cm''. 
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coloredd layer build-up. The shape of the desorption profile (see insert Fig 8) is 
identicall  to Figure 4, although relatively less compounds are evaporated at low 
temperatures,, indicating that lower relative amounts of volatile compounds are 
present.. Figure 8 depicts the mass spectrum of scan 55-70 and shows (fragment) 
ionss typical for the presence of free fatty acids, long chain alcohols, bees wax, 
DAGG fragments and lead white. In addition, two unknown monolead-containing 
compoundss are seen at m/z 348-350 and 516-518. 
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Figuree 8. DTMS summation spectrum of scans 55-70 of brown imprimatura layer 
off  OL. 1984 122. Insert: TIC. 

Analysiss of the whitish bloom scratched off the surface of the brown paint 
layerr gave a relatively simple desorption profile (not shown). Besides free fatty 
acidss detected at low temperature a second peak is observed ranging from scans 
40-75.. This coincides with the region where the oil network is pyrolysed. 
Apparentlyy some paint was scraped off as well while sampling the crystals. Only 
tracee amounts of lead soaps could be identified. At higher temperatures (scans 75-
95,, DTMS spectrum not shown) peaks m/z 64 and 208, indicative for sulphur and 
leadd containing inorganic components are observed. The presence of sulphur was 
alsoo inferred from the SIMS data. Upon re-inspection of the low-mass region of the 
DTMSS spectrum of the cream-coloured ground (Fig. 4) traces of sulphur were 
visiblee there as well. 
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7.3.37.3.3 Discussion 

Thee same phenomena are observed for the two primed canvases, 
independentt of the type of paint. This indicates it is the combination of lead white 
andd ground layer composition that is playing an important role. The cream-
colouredd layers are shown to have been made of linseed oil and lead white, on top 
off  a chalk layer, whereas the brown imprimatura layer is made with a combination 
off  linseed oil, lead white and an unknown brown pigment. Within the cream-
colouredd layer of both canvases indications were found for wax, and the bloom of 
bothh layers was shown to contain some traces of wax esters as well. These are 
thoughtt to have migrated to the surface from beneath the ground as it was shown 
thatt the reverse of the canvas contained reasonable amounts of bees wax and a 
waxyy material, most likely derived from plants. The main differences between the 
twoo cream-coloured paints and the brown imprimatura are the relative abundances 
off  the compounds identified with surface analysis by SIMS. The cream-coloured 
canvass sample of OL.1984 122 has higher relative amounts of FAH+, FA-H" and 
diacylglyceroll  ions in its SIMS mass spectra compared to the brown paint layer. 
Besides,, the brown imprimatura layer differs from the two other samples in the 
relativelyy lower amounts of the diacids. The SIMS mass spectrum of the cream-
colouredd paint of sample OL.NA shows lead containing ions as the most prominent 
whereass ions indicative for glycerol esters of FAs are almost absent. 

Thee two-step derivatisation experiments have shown that the relative 
amountt of free fatty acids is relatively high within the cream-coloured layers 
(>85%).. In a well-defined paint system the presence of free FAs is not supposed to 
leadd to the exudation of the free fatty acids. The paint system itself normally traps 
thesee acidic compounds through the formation of non-volatile metal soaps by 
reactionn with the pigment surface or these compounds are "stored" within the paint 
andd gradually released by evaporation from the paint surface of the paint (given 
thatt the hydrolysis rate is not too fast). The exact mechanism of the bloom 
formationn has been subject of discussion for a long time already and different 
hypothesess have been postulated. It has been suggested in literature that only a 
specificc number of pigments seems to be responsible for the formation of bloom. 
Leadd white is not supposed to contribute to the formation of bloom, as it is a 
reactivee pigment that can normally trap free carboxylic acids and even should 
preventt the formation of bloom. Apparently, the relative amount of free carboxylic 
acidd anions in the prepared paintable surface available to Church is too large to be 
compensatedd by the cations of the pigment particles. We also propose that the 
surfacee of many of the lead white particles is saturated with fatty acid soaps. In 
extremoo this could lead to lead soap masses as observed in protrusions in which 
leadd white particles seem to have been consumed completely. 

220 0 



CaseCase studies on bloom: F.E. Church and F. Stella 

Itt is clear from the literature [397] that the bloom formation has occurred at 
aa relative young age and was independent of the type of pigmentation of the upper 
layer.. The fact that the commercial canvases were prepared in such a way that they 
couldd be rolled suggests that the priming may have contained materials that kept it 
relativelyy soft for a prolonged time. The high oil to pigment ratio of the upper lead 
whitee layer observed with microscopy suggest that there is a problem. This is not 
inn accordance with the general idea that a lead white paint only needs a low 
amountt of oil because it is a lean paint. Normally, some additional oil is 
deliberatelyy added to the final priming layer so it can be absorbed by the ground. 
Thiss practice should prevent that the ground takes up too much oil when painted 
over.. We suspect that the thick calcium carbonate layer unintentionally could have 
beenn made less absorbent for oil and suggest that the waxy components observed 
playy a role in the lower absorbency. Obviously, a reduced capacity to absorb oil 
wil ll  lead later on to a surplus of free fatty acids within the top layer when 
hydrolyticc processes are starting up. In the presence of reactive basic lead white 
particless this will not only lead to the formation of lead soaps, but also will lead to 
thee formation of bloom when the amount of free FAs formed is too large to be 
reactedd away by the pigment particles in the paint compartment. 

7.47.4 Results Case II:  Bloom on paintings by Frank Stella 

7.4.17.4.1 Panel #5 "Cricche, Crocche e Manico a" Unico" 

DTMS DTMS 

Thee first samples of bloom analysed were taken from panel #5 from 
"Cricche,, Crocche, e Manico d'Unico". The panel was covered with pink, orange 
andd light blue epoxy paints. Examination of the paint surface revealed a fine layer 
off  white crystals on dark cobalt blue paint. The other paints on this panel only 
exhibitedd crystals when they were painted over this blue paint. The DTMS TIC 
obtainedd from the crystals is depicted in the insert of Figure 9a. The main 
constituentss are evaporating in the beginning of the analysis from scan 2 to 30 and 
aree identified in the mass spectrum depicted in Fig. 9a as volatile C16 and CI8 free 
fattyy acids (m/z 256 and 284), of which the first are present in relatively large 
quantities.. Fragment ions typical for free fatty acids are seen at lower masses (for 
ann explanation of the observed masses see Chapter 4, Figure 2). At a slightly 
higherr temperature (scans 35-45; Figure 9b) next to free fatty acids, fragments ions 
[RCO+74]++ and [TAG-RCOO]+ are observed (m/z 313 and 341, and 551, 579, and 
607),, consisting of C16 and C18 saturated fatty acids only. 
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Figuree 9. DTMS summation spectrum of crystals on surface of cobalt blue paint 
panell  #6 "Cricche, Crocche e Manico d'Unico",, (a) scans 0-30, insert: TIC, and (b) 
scanss 37-44 

DTMSS analysis of the dark blue paint (Figure 10a) shows a desorption/pyrolysis 
profilee consisting of a relatively small fraction of volatile components and two 
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Figuree 10. DTMS analysis of dark blue paint panel #5" Cricche, Crocche e 
Manicoo d'Unico", (a) scans 40-46, and (b) scans 15-35, insert: TIC. 

peakss at a higher temperature. In the mass spectrum of scan 40 to 46 the presence 
off  a modern orthophthalic alkyd resin is recognised by the presence of ions at m/z 
1044 and 148 (see Fig. 10a), which are characteristic for phthalic anhydride, the 
pyrolysiss product of this type of paints [339, 407, 408]. This type of paint 
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previouslyy has been found on "Hyena Stomp" (1962), a painting also made by F. 
Stellaa and at present in the collection of the Tate Gallery (TG ac. No. T00730) 
[408].. Another paint material, which is present in higher relative amounts, looks 
likee a normal drying oil paint and is characterised by typical (fragments) ions such 
ass m/z 98, 152, 155, 256, 284, 313, and 551 (see mass spectrum of scan 15 to 35, 
Fig.. 10b). 

FattyFatty acid composition by Cu-Py-TMAH-GCIMS 

Curiee point pyrolysis-GC/MS analysis of the cobalt blue paint (#5) could 
nott positively confirm the identity as a modern synthetic paint. All peaks observed 
inn the gas chromatogram depicted in Figure 11 have been encountered before when 
analysingg traditional oil paints (See Table 3 for the identification). The peaks 
labelledd with *, however, are derived from (tere)phtalates. These compounds are 
typicall  for alkyd resin paints, but also can be picked up relatively easily during 
samplingg or sample preparation. It is clear that this component is only present in 
loww quantities. A pure alkyd resin would have given more intense peaks for the 
dimethyll  orthophthalate. The P/S ratio of 2.33 is in the range of walnut oil, or 
mixturess of linseed oil with walnut and/or poppyseed. However, other oils like 
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Figuree 11. TIC of cobalt blue paint panel #6 " Cricche, Crocche e Manico 
d'Unico",, obtained by Cu-Py-TMAH-GC/MS analysis. Temperature program: 
50(2)-6-320.. Numbers correspond to Table 3. 
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safflower,, soybean or tall oil, may have been used as well in the production of the 
alkyd/oill  paint mixture. The relative amount of the C9 diacids is in the same order 
off  magnitude as the C16 fatty acids and not unusual for an oil paint. No data are 
availablee on the degree of hydrolysis of the glycerol ester bonds of the fatty acids. 

Tablee 3. Identified compounds in the Cu-Py-TMAH-GC/MS analysis of paints 
fromm work of arts by F. Stella. Identification is based on the 70 eV mass spectrum. 

Label l 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

9. . 

10. . 

11. . 

12. . 

13. . 

14. . 

15. . 

16. . 

17. . 

18. . 

19. . 

20. . 

21. . 

22. . 

23. . 

24. . 

Retention n 
(min.) ) 

12.0 0 

14.5 5 

16.8 8 

17.3 3 

19.0 0 

19.5 5 

20.2 2 

21.1 1 

21.6 6 

22.2 2 

22.8 8 

23.6 6 

23.9 9 

24.1 1 

25.0 0 

25.4 4 

25.8 8 

26.8 8 

28.6 6 

30.2 2 

31.4 4 

31.8 8 

32.7 7 

33.1 1 

Compoundd name 

Hexanoicc acid, methyl ester 

Heptanoicc acid, methyl ester 

Octanoicc acid, methyl ester 

Heptanedioicc acid, dimethyl ester 

Nonanoicc acid, methyl ester 

Octanedioicc acid, dimethyl ester 

a-Methyll  octanedioic acid, dimethyl ester 

Decanoicc acid, methyl ester 

Nonanedioicc acid, dimethyl ester 

a-Methyll  nonanedioic acid, dimethyl ester 

a,a-Dimethyll  nonanedioic acid, dimethyl ester 

Decanedioicc acid, dimethyl ester 

a-Methoxyy nonanedioic acid, dimethyl ester 

a-Methyll  decanedioic acid, dimethyl ester 

Tetradecanoicc acid, methyl ester 

Undecanedioicc acid, methyl ester 

a-Methoxyy decanedioic acid, dimethyl ester 

Pentadecanoicc acid, methyl ester 

Hexadecanoicc acid, methyl ester 

Heptadecanoicc acid, methyl ester 

Octadecenoicc acid, methyl ester 

Octadecanoicc acid, methyl ester 

Octadecadienoicc acid, methyl ester 

11 l-Methoxy-9-octadecenoic acid, methyl ester 

MW W 

130 0 

144 4 

158 8 

188 8 

172 2 

202 2 

216 6 

186 6 

216 6 

230 0 

244 4 

230 0 

246 6 

244 4 

242 2 

244 4 

260 0 

256 6 

270 0 

284 4 

296 6 

298 8 

294 4 

326 6 
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25. . 

26. . 

27. . 

28. . 

33.3 3 

34.1 1 

34.7 7 

35.0 0 

9-Methoxy-10-octadecenoicc acid, methyl ester, 
10-Methoxy-8-octadecenoicc acid, methyl ester 

9,10-Epoxy-octadecanoicc acid, methyl ester 

Icosanoicc acid, methyl ester 

9,10-Dimethoxy-octadecanoicc acid, methyl ester 

326 6 

312 2 

326 6 

358 8 

7.4.27.4.2 Panel #6 "Cricche, Crocche e Manico d' Unico" 

AA red paint was sampled from a panel consisting of etched magnesium with 
aa clear and lime-green epoxy paint on top. These paint layers are followed by three 
oill  paints: red, yellow, and orange. Beneath the paint layers remnants of masking 
tapee were still present. The only areas of red paint in panel #6 where crystals did 
nott show up, is where the paint lies over the masking tape that most likely had 
beenn used for the etching process of the magnesium. The crystals could be easily 
removedd from the paint and were analysed. Figure 12 presents the results of the 
DTMSS analysis of the crystals. The summed mass spectrum of scans 0-30 clearly 
showss the presence of free CI6 and CI8 FAs. 
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Figuree 12. DTMS summation spectrum of scans 0-30 of crystals on surface of red 
paintt panel #6 " Cricche, Crocche e Manico d'Unico". Insert: TIC. 

226 6 



CaseCase studies on bloom: F.E. Church and F. Stella 

Thee red paint shows a desorption/profile that indicates that mostly high 
molecularr weight networks are present. Three different regions can be identified in 
thee DTMS TIC depicted in Figure 13. In the mass spectrum of scans 1-70 typical 
compoundss are seen that can be related to oil paint. From scans 70 towards 90 
pyrolysiss of the less mobile compounds takes place, indicated by the evolution of 
ionss m/z 91 and 105, in combination with the unresolved envelope of low 
molecularr weight (fragment) ions (result not shown). At the highest temperature 
(scanss 95-125), m/z 44, 64, and 76, are formed. This is a clear indication for the 
presencee of sulphur containing materials. 
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Figuree 13. DTMS summation spectrum of scans 1-70 of red paint panel #6 
Cricche,, Crocche e Manico d'Unico". Insert: TIC. 

Thee red paint was subsequently analysed using Cu-Py-TMAH-GC/MS. The 
resultss are depicted in Figure 14 and Table 3. The P/S ratio has been determined 
andd was in the same range as the previous paint (P/S=2,57). In the time range from 
tR=344 to 38 min. peaks could be detected which are not derived from the oil 
network.. The peak marked # at tR=35.00 min. could be identified as 1-
phenanthrenecarboxylicc acid (C21H30O2). A series of unidentified compounds with 
masss increments of 16 amu, is seen at tR=37.76, 37.86 and 38.23, respectively. The 
highh intensity molecular ions at m/z 340, 356 and 372, respectively, suggest that 
aromaticc rings are present. Fragment ions at M-15, M-59, M-75 and M-115 are 
seenn in all three mass spectra. No direct indications are found for the presence of 
thee organic alizarin despite the fact that identification of alizarin with this 
techniquee was proven before [409]. 
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Figuree 14. TIC of cobalt blue paint on panel #6 of " Cricche, Crocche e Manico 
d'Unico",, obtained by Cu-Py-TMAH-GC/MS analysis. Peak numbers correspond 
too Table 3. Peaks labelled * are identified as dimethyl esters of phthalic acids. 
Temperaturee program: 50(2)-6-320. 

Thee degree of hydrolysis of the red paint with bloom formation, and a red 
paintt free from white crystals was determined using the two-step derivatisation 
method,, as has been described in Chapter 6. The value obtained for the degree of 
hydrolysiss of the relatively young red paint is already 40%. This is high for a 
youngg paint film but only 10% higher than the value obtained for the red paint 
fromm the same panel that didn't develop bloom (results not shown). One should be 
cautiouss however, since it might be possible that a reasonable amount of free fatty 
acidss already has left the paint by evaporation prior to analysis. This phenomenon 
wass observed after the few months that the paint samples were stored for further 
analysis.. White hazes of fine crystals had formed two to three halos around the 
paintt particles. Apparently, the internal chemistry of the paint is severely disturbed 
andd far from the ideal composition. Without the presence of appropriate pigment 
particless or other positively charged binders that can trap the freed FAs, it is likely 
thatt hydrolysed FAs will be mobile. Due to the high percentage of oil used in 
alizarinn paints, in general 64-75%, and the non-drying properties of alizarin an 
excesss of these mobile FAs is to be expected [410, 411 ]. 

Itt was observed that brushstrokes of red paint on top of the remnants of the 
maskingg tape did not show blooming whereas directly next to the tape, on top of 
thee same brushstroke white crystals could be observed. At the same time another 
interestingg observation was made. The red paint on top of the masking tape had 
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keptt its bright red colour, whereas the red paint with bloom formation had turned 
darker.. Recall that alizarin can be used as a pH-indicator for the transition from a 
veryy weak acidic environment to a strong alkaline environment, while it changes 
colourr from red to a more violet colour. We infer that changes in the internal 
chemistryy of the alizarin paint are a response to a higher pH that caused an increase 
inn the degree of hydrolysis of the fatty acids. To test this hypothesis two spectral 
absorptionn curves were recorded of the two types of red paint using an imaging 
reflectionn VIS microspectrometer. It is known from literature that the maximum 
wavelengthh of absorption increases when the alizarin is brought at higher pH and 
thatt the percentage transmittance is increased [410]. Although the two measured 
curvess only differed slightly, the pH effect was observable as a shift to higher 
wavelength. . 

SEM/EDXX analysis of the two red samples was performed at Shell 
Researchh and Technology Centre, Amsterdam (SRTCA) to determine whether 
magnesiumm from the substrate could have migrated into one of the red paints, and 
whetherr this could have played a (catalytic) role in the process of bloom formation. 
Thiss thought presented itself since the remnants of the masking tape could have 
actedd as a barrier against a hydrolytic process that is somehow stimulated by 
corrosionn products from the support. However in both samples of red paint 
investigated,, no signals were observed that could be ascribed to magnesium. In 
mostt of the spots investigated only the elements carbon, oxygen, aluminium and 
sulphurr and sometimes traces of calcium and zinc were observed. A few white 
spotss were observed that contained low amounts of barium or zinc. Most likely the 
aluminiumm is derived from the alizarin red lake, which is often prepared with either 
aluminiumm and/or calcium. Other materials have been used as substrate as well, 
includingg barium sulphate and zinc oxide [410]. However, the excessive use of 
(aluminium)) driers is not to be excluded, especially since Stella's private 
conservatorr has suggested this. The presence of zinc and calcium can be caused by 
smalll  amounts of modern driers as these metals often are mixed in to assist the 
primaryy driers. Barium sulphate is often used as filler and this may account for its 
presence. . 

7.437.43 Panel #4 "Cricche, Crocche e Manico d' Unico" 

Thee last paint sample analysed from "Cricche, Crocche, e Manico d'Unico" was 
takenn from panel #4. A fine whitish haze of crystals was observed on a cooler blue 
paint.. A second warmer blue paint on the same panel did not suffer from bloom 
formationn and was sampled as well to compare the composition of both materials. 
DTMSS analysis of the bloom resulted in a desorption profile and mass spectra (not 
shown)) similar to the blue paint from panel #5. Only free C16 and C18 FAs are 
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Figuree 15. DTMS summation spectrum of warmer blue paint on panel #4 
"Cricche,, Crocche e Manico d'Unico"; (a) scans 17-30, insert: TIC, and (b) scans 
40-50. . 

observed.. The paint itself is identified as modern alkyd paint, both with DTMS and 
Cu-Py-TMAH-GC/MS.. In the DTMS analysis CS2 (m/z 76) is observed at high 
temperatures.. It is formed upon pyrolysis of a sulphur containing char remaining 
onn the analytical filament. The TIC of the gas chromatogram (not depicted) 
showedd a P/S ratio in the same order of magnitude as the other paints from this 
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workk of art, namely 2.45. The relative amount of C9 diacids and the degree of 
oxidationn of this particular sample were significantly lower compared to the other 
paints. . 

Thee DTMS TIC of the analysis of the warmer blue paint is depicted in 
Figuree 15a. The profile obtained is typical for a number of paints analysed. 
Fragmentt ions indicative of phthalates and ortho-phthalates can be observed at m/z 
1499 and 148, respectively, throughout the whole analytical run. In the beginning of 
thee DTMS run, two clusters of ions are seen at m/z 603 and 535 (scans 17-30, Fig 
15a).. The origin of the ions is unknown but they are most likely related to the 
organicc binder. Surprisingly, hardly any free fatty acids are observed within scans 
11 to 30. These compounds are only visible after 40 scans at higher temperatures, 
togetherr with the two ions indicative for orthophthalate alkyd paints (m/z 104 and 
148).. This suggests that the FAs are still present as esters and are not hydrolysed to 
aa large extent. In Figure 15b, the summed mass spectrum of scans 65-94 is 
depicted.. A high intensity ion is seen at m/z 64 (SO2), probably derived from 
sulphates,, and m/z 149, in combination with m/z 223 (phthalates) desorbing from 
thee walls of the ion source. 

AA P/S ratio of 2.65 was obtained with Cu-Py-TMAH-GC/MS. This is in the 
samee range as for the other paints. The same holds for the relative amount of C9 
diacids. . 

7.4.47.4.4 Panel #7 "Gobba zoppa e collotorto" 

Thee other work of art by Franks Stella partially covered with bloom is 
panell  #7 of "Gobba zoppa e collotorto". Red paint had crystalline material on its 
surface,, which was shown to be mainly composed of free C16 and CI8 fatty acids 
uponn DTMS analysis. Investigation of the red paint itself gave a profile with two 
peakss close to each other (see Figure 16). In the beginning of the analytical trace 
freee CI6 and C18 fatty acids are desorbed, followed by more polar and higher 
molecularr weight material constituents of oil paint (Fig. 16; scans 14-32). The 
typicall  mass spectrum observed after pyrolysis of the cross-linked oil networks is 
obtainedd upon summation of scan 50 to 60 (not shown). M/z 91 and 105 are 
presentt in high abundance, together with the broad envelope of low molecular 
weightt compounds and fragment ions as has been seen before (see Chapter 4). At 
thee end of the analytical run peaks are seen that point towards the presence of 
sulphatess in the sample (m/z 64, ascribed to SO2 from a released XSO4). In 
addition,, the CS2 ion at m/z 76, formed upon pyrolysis of a sulphur containing char 
residue,, is seen. 
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AA Cu-Py-TMAH-GC/MS analysis of the red paint showed typical products 
off  an aged drying oil with an average distribution. The P/S ratio of 3.17 was 
slightlyy higher than determined for the other oil paints used by Stella. 
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Figuree 16. DTMS summation spectrum of scans 14-32 of red paint panel #7 
"Gobba,, zoppa e collotorto". Insert: TIC. 

7.4.57.4.5 Discussion/Conclusion 

Alll  the waxy, whitish, crystalline growths found on the two works of art by 
Stellaa were shown to consist of free C16 and CI8 fatty acids. The ratio of these 
freee FAs, as is obtained with DTMS, is relatively high, especially when compared 
too the numerous traditional linseed oil paints that were investigated within the 
MOLARTT project. It is clear from the P/S ratios obtained with Cu-Py-TMAH-
GC/MS,, ranging from 2.5 to 3.2, that the oil medium is the supplier of the bloom. 
Althoughh it is thought that most of these paints are made with Blockx oil paint 
composedd of poppyseed oil, the P/S ratios point toward walnut oil or a mixture of 
poppyseedd oil with walnut an/or linseed oil. This suggests that the P/S ratio may 
havee been altered upon ageing. The relatively volatile C16 FAs, as suggested by 
Schillingg [15], can have evaporated more effectively from the surface of the paint, 
leadingg to an increase of the percentage of C18 FAs. The fact that relatively large 
amountss of free fatty acids had formed around the stored paint sample supports this 
idea. . 
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Thee fact that deviating P/S ratios are found may also be caused by the 
additionn of different amounts of alkyd paints. These have been identified in a 
numberr of paints. Unfortunately, it was impossible to study all paints in detail to 
clarifyy the specific mechanism underlying the bloom formation. It is clear that the 
paintss investigated are composed of organic pigments that do not have (sufficient) 
capacityy to trap the fatty acids that have been hydrolysed. The specific pigments 
thatt exhibited bloom formation need high amounts of oils (70% for the alizarin and 
upp to 140% for the cobalt blue). In the absence of an alkaline reserve even a 
moderatee degree of hydrolysis can lead to an excess of FAs within the paint. 
Whetherr this is caused by increased rates of hydrolysis in these specific cases is 
nott known and merits further study. This will require more fundamental studies on 
thee synergy of the different factors known to be involved in the hydrolytic 
processes. . 

Onlyy the red paint of Panel #6 was investigated in more detail, partially 
becausee of the intriguing phenomena that could be observed. Alizarin crimson, a 
highh oil absorbing pigment, was the only colorant identified in the affected red 
paintt by FTIR. No other compounds are present that might have reacted with the 
freee carboxylic acids to trap them or to reinforce the paint film. On the basis of the 
observationss the idea is put forward that a high internal alkalinity of the red paint 
ledd to an increase in the rate of hydrolysis of the fatty acids. Apparently, the big 
differencee between the bright and darker red is caused by the underlying remnants 
off  tape. The observations suggest that the increase in alkalinity and thus the 
hydrolysiss process is catalysed from the underlying paint layers or the magnesium 
support.. This may be caused by the filifor m corrosion of the magnesium and /or 
thee high humidity that is required for this process [395]. The paint on top of the 
remnantss of tape is protected against the negative effects of the corrosion. The fact 
thatt thick layers are less prone to bloom formation would also support this idea. 
Besides,, thick layers can be seen as large reservoirs for liberated fatty acids, 
somethingg that also holds for the tape. I.e. it just takes longer for them to reach a 
criticall  concentration of free FAs. The formation of free FAs is a process not 
clearlyy understood. Humidity, the internal pH of the paint system, type of 
pigment(s),, and heat for instance, will contribute to the rate of the hydrolysis. Once 
thee free FAs have been formed they are retained within the paint or transported to 
thee surface. The reason why the fatty acids are moving to the surface of the paint is 
evenn less understood. Several theories have been put forward in the introduction 
andd all of the suggestions are reasonable possibilities. These two matters are 
questionss that cannot be answered at present due to the complexity of a paint 
system.. Simple model systems will have to be developed that address the trapping 
efficiencyy of pigments or other paint materials. Mixtures of free fatty acids added 
too paint systems can also be used to imitate the conditions that are expected to lead 
too blooming. Such studies should give a better insight into the problems and 
possiblee solutions. 
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