
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Microspectroscopic analysis of traditional oil paint

van der Weerd, J.

Publication date
2002

Link to publication

Citation for published version (APA):
van der Weerd, J. (2002). Microspectroscopic analysis of traditional oil paint. [Thesis,
externally prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/microspectroscopic-analysis-of-traditional-oil-paint(4c99d7e5-9f31-4a15-bce1-240f16da4c77).html


IMAGIN GG STUDIES IN PAINTINGS 

RESEARCH H 



ChapterChapter J 

l . ii INTRODUCTION 

Paintingss are an important part of our cultural heritage. Art from all periods and places is 
stored,, conserved, studied, and admired in various museums. Paintings are studied by investiga-
torss in different disciplines: 

Artt historians study the history of the visual arts, being concerned with identifying, classify-
ing,, describing, evaluating, interpreting, and understanding the art products and historic deve-
lopmentt of the fields of painting, sculpture, (...), etc.' 

Artt restorers or conservators are concerned with the conservation and repair of works of 
architecture,, painting, (...) from the effects of negligence, wilful damage, or, more usually, in-
evitablee decay caused by the effects of time and human use on the materials of which they are 
made.11 Common tasks for paintings restorers are replacement of yellowed varnishes, filling  and 
retouchingg of paint losses and repair of weakened supports. 

Paintingss researchers in the physical sciences identify painting materials and their current 
state.. Identification of the original materials is important for art historical research to study the 
authenticity,, working methods, and the materials used by the artist. A correctt assessment of the 
currentt chemical and physical state of the painting is crucial for responsible decisions on the 
safetyy of conservation and restoration treatments. 

Theree is a growing awareness that aged paintings are very complex and dynamic systems and 
cannott be adequately investigated with the tools available to most restorers and art historians. 
Paintingss researchers in the physical sciences therefore refine and extend these studies. They 
assimilatee the vast amount of knowledge that has been gathered in related scientific disciplines 
andd apply the advanced techniques that have been developed in the long tradition of the physical 
sciences.. The hands-on experience of painting restorers and the knowledge on painting materi-
alss and techniques gathered by art historians are very important in this research. They indicate 
thee problems encountered in practice, prevent the formulation of historically incorrect hypoth-
eses,, and normally arrange the access to paintings and samples from paintings. As a result, 
paintingss research is more and more becoming a multidisciplinary area, in which physicists, 
chemists,, art historians, and restorers co-operate to characterise paintings and their changes in 
time.. This Thesis describes several studies carried out in this multidisciplinary environment. 
Thee focus is on the application of microscopic imaging techniques in the analysis of paint samples. 
Thee rationale of this research will be presented after an introduction on the physical structure of 
paintingss and an overview of several techniques that are used in their investigation. 

1.22 PHYSICAL STRUCTURE OF PAINTINGS 

AA painting is made of several superimposed layers on a support, normally a wooden panel or 
aa canvas. The first paint layer applied to this support is a white or grey coloured ground layer to 
providee a homogeneously coloured and smooth surface. Painters often made a sketch of the 
sceneryy on top of the ground layer using chalk, charcoal, or ink. Subsequently, the paint layers 
weree applied. Generally, several paint layers were applied for the larger coloured areas, smaller 
details,, shadow regions, and highlights. A varnish layer was applied after thorough drying of the 
paintt layers to provide gloss to the painting and saturate the colours. 
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Thee study of multi-layered paint systems presents difficulties for most analytical techniques. 
Thee chemical properties of adjacent areas can be completely different and should ideally be 
analysedd individually. It is however impossible to physically dissect the smaller of these struc-
turess by means of a scalpel as paint and varnish layers are only between ~l and 100 \im thick. 
Inhomogeneitiess occur on an even smaller scale within the paint layers, as paint itself is a mix-
turee of pigments and binding medium. Pigment particles provide colour and opacity. A fluid 
bindingg medium is mixed with the pigment so that it can be applied to a surface. The binding 
mediumm cures afterwards to a solid paint layer. The size of individual pigment particles ranges 
fromm 0.1 to a few microns and their individual sampling is tricky, if not impossible. 

Impurityy of the materials used to manufacture paint give rise to inhomogeneities on the mo-
lecularr level. Painting materials in traditional paints were not nearly pure, as the chemical pro-
ductionn and purification methods were far from optimal. Further impurities could easily be in-
troducedd during the formulation of the paint, which was commonly carried out in the studio of 
thee artist, as ready-to-use paint was not commercially available until the 19[h century. 

Thee final source of inhomogeneities in paint is caused by the several alterations that take 
placee during the lifetime of a painting, possibly influenced by restoration treatments. Paint cu-
ringg is the first important reaction of freshly applied paint. Drying is normally completed within 
aa couple of hours or days, depending on a large number of factors, including light intensity, 
temperature,, humidity, and the presence of certain pigments or other additives. After drying, 
chemicall  reactions keep occurring, albeit at much longer time scales: years rather than days. 
Indicationss for these reactions can be obtained from macroscopic changes in paint and varnish 
layers,, including the formation of craquelé, discoloration, yellowing, fading, or darkening of 
paint.. Another effect of ageing is the changing transparency of paints. Many of these long-term 
reactionss are taking place in the insoluble, polymerised oil binder, which is difficult to assess 
accuratelyy by common analytical techniques. 

Thee general working method sketched is based on the situation before 1900AD. The produc-
tionn methods of painting materials have since been largely modernised. Furthermore, the 19* C 
painterss started to develop more individual working procedures. A complete introduction on 
methodss and materials in the creation of paintings has been given by several authors""1 and is 
outsidee the scope of the present study. 

Thee complexity of paintings has induced a long history of scientific investigation, which can 
bee categorised in a number of different approaches: non-destructive or non-sampling analysis 
leavess the painting untouched; analysis of samples, which have been physically removed from 
thee painting; and finally the analysis of cross-sections with imaging techniques. 

1.33 NON-DESTRUCTIVE ANALYSIS 

Thee non-destructive or non-sampling approach utilises techniques that enable the study of an 
intactt work of art. Obviously, this is the only choice when sampling of a painting is prohibited by 
itss owner. Non-sampling techniques can reveal a wealth of information on the support, lead 
containingg pigments, underdrawings, and the identity of pigments. 

Onee of the most important non-sampling techniques is X-radiography. X-rays have a high 
penetrationn depth and can be used to literally look through a painting. The contrast in the images 
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iss due to X-ray absorbing compounds in the painting, such as lead-containing paints, puttied 
retouchings,, and nails in the support.5 X-ray photography can be used to study a larger area of the 
paintingg in spatially resolved ways and is therefore classified as an imaging technique. Pigments 
onn the surface of a painting can be analysed by PIXE (Particle (or Proton) Induced X-ray Emis-
sion).66 PIXE provides an elemental analysis based on the energies of X-rays emitted upon irra-
diationn with high-energy protons. Similar information can be obtained by XRF (X-ray Fluores-
cence),, where the sample is excited by irradiation with X-rays. PIXE and XRF can analyse only 
aa single spot on the painting simultaneously, and subsequent measurements are needed to analyse 
differentt areas (spot-analysis). Normally, this technique suffices for pigment identification in the 
topp paint layer. Alternatively, pigments in the upper layer can be analysed by their visual reflec-
tancee spectrum.7 s 

IRRR (Infrared Reflectography) is a non-sampling imaging technique, which is mainly used 
forr the visualisation of carbon-containing underdraw ings.L) IRH detects the NIR (Near Infrared) 
radiationn (wavelength ~1 -2.5 |im)that is reflected by a painting. The penetration depth of NIR 
lightt is nonnally high, due to the low scattering power and absorption of most paints in this 
spectrall  region. The underdrawing however is commonly drawn with efficient infrared absorb-
ers,, e.g. black chalk or lamp black, and can be revealedd by IRR. These underdrawing studies are 
particularlyy interesting for art historical research, as they provide a clear insight in the early 
stagess of the genesis of the painting.10 IRR reveals some information on the absorption charac-
teristicss of the observed pigment, and can be used for identification of these pigments in some 
cases.. However, the specificity of the chemical information is low and certainly not sufficient 
forr an unambiguous pigment analysis, especially in multi-layered systems. The specificity of 
IRRR can be increased by detecting different spectral ranges independently. The easiest way to 
achievee this is the use of optical filters.11 A modern approach of this principle is the implemen-
tationn of LCTFs to enable NIR spectroscopy (Liquid Crystal Tuneable Filters). This approach 
seemss to produce consistent results, but the claim that 'the specificity is sufficient to enable the 
differentiationn of pigments13 should certainly not be accepted as a definite identification. An-
otherr new development in IRR is the application of FPA (focal plane array) digital cameras. 
whichh improve the observed images due to an extended spectral range, and less distortions in the 
image.. n-lJ A different approach to improve the chemical specificity of non-sampling techniques 
iss the use of MIR light instead of NIR light.15 Limitations of this technique and the more useful 
alternativess will be discussed in Chapter 3 of this Thesis. 

Inn summary, non-sampling techniques can reveal a wealth of information on the support, lead 
containingg pigments (X-ray), and underdrawings (IRR). However, the chemical information that 
cann be derived is limited to the identification ofpigments in the surface layers (XRF, PIXE, VIS-
spectroscopy).. Identification of the binding medium using non-sampling techniques has not yet 
beenn reported. Another disadvantage of non-sampling techniques is the inaccessibility of the 
deeperr layers in a painting, or the impossibility to discriminate these layers, depending on the 
penetrationn characteristics of the technique. Individual analysis of different layers might be 
possiblee by depth profiling techniques, such as confocal microscopy or photo-acoustic spectro-
scopy.. However, application of these techniques to intact paintings has not yet been reported. 
Samplingg is currently inevitable for a detailed chemical analysis of the binding medium and for 
thee individual analysis of different layers. 
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1.44 SAMPLING 

Sampless should be very small to minimise the damage to a painting. They are normally taken 
usingg a stereomicroscope and a surgical scalpel. A new range of analysing methods becomes 
availablee in this case, because the samples can be used for invasive measurements. Application 
off  these methods results in a detailed identification of painting materials and their degradation 
products. . 

Smalll  organic molecules in paint can be identified by GC (Gas Chromatography) and GC-
MSS (Gas Chromatography-Mass Spectrometry), the most common organic analytical techniques 
appliedd in paintings research. These measurements can be used to identify different types of 
dryingg oils in an aged paint,16-1" identify and quantify different oxidation products, investigate 
solventt extractable compounds18 in a paint layer and determine the degree of oxidation of an oil 
medium.1''' Furthermore, the composition of terpenoid varnishes can be identified accurately.20 A 
disadvantagee of GC and GC-MS is the inability to study the non-volatile products that form the 
majorr part of aged paint. Py-GC-MS (Pyrolysis-Gas Chromatography-Mass Spectrometry) can 
bee used in cases where the involatile network is of crucial importance, or in the absence of 
volatilee materials. Volatile and network fragments can be roughly separated before mass-spec-
trometricc analysis by DTMS (Direct Temperature resolved Mass Spectrometry).-1 This method 
providess a good and fast fingerprinting method for drying oils, resins, waxes, and other classes 
off  materials. Other mass spectrometric techniques have been used in paintings research on a less 
regularr basis. These include MALDI (Matrix Assisted Laser Desorption Ionisation22) and SIMS 
(Secondaryy Ion Mass Spectrometry31-4). 

Informationn on organic functional groups in paint can be obtained from FTIR (Fourier Trans-
formm Infrared Spectroscopy) spectroscopy. A complete paint sample, including the oil network, 
cann be analysed, as FTIR does not require samples to be soluble, volatile, or ionised. Therefore, 
extractionss or chemical derivatisation reactions are not needed prior to analysis. Furthermore, 
onlyy a small sample is needed to obtain quantitative results. FTIR is sensitive to functional 
groupss in a molecule rather than for complete molecules and complete structural identification 
off  the sample molecules is therefore normally not achieved. FTIR has been used extensively in 
thee investigation of the early reactions in the drying of oil, mostly using model compounds.25" 
Manyy studies mention the use of infrared spectroscopy in the investigation of oil paints,34"44 

resins,45"177 and tempera paint.1^4*  Reference libraries are available from several sources, e.g. 
Sadtlerr (www.sadtler.com), Aldrich,4'' 1RUG (infrared users group, www.irug.org) or the SDBS 
(Integratedd Spectral Data Base System for Organic Compounds, www.aist.go.jp/RIODB/SDBS/ 
menu-e.html).. These sources contain a wealth of infrared spectra but the direct applicability of 
thesee reference spectra in paint research is limited due to the enormous variety of products that 
aree formed upon ageing of paint. A detailed overview of aged paint systems and their infrared 
spectraa would be of great help for the interpretation of FTIR results, but is not yet available. 

Ramann spectrometry, like FTIR. characterises the vibrational properties of chemical func-
tionall  groups. It has been used mainly in the analysis of dyes and pigments/"'" The identifica-
tionn of fresh binding media has been reported/6 but the value of these results in the analysis of 
agedd binding media is not convincing. 

Temperaa paint57-5*  and several dyes59 have been investigated using HPLC (High Pressure (or 

http://www.sadtler.com
http://www.irug.org
http://www.aist.go.jp/RIODB/SDBS/
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Performance)) Liquid Chromatography). This technique can identify and quantify different amino 
acidss and thereby differentiate the different protein sources used for paints, e.g. glues and egg. 
SECC (Size exclusion Chromatography) is a form of HPLC where a separation is made on the 
basiss of the hydrodynamic volume of the molecules. It has been used in the analysis of drying 
oil,-1M'' but the application to older paint samples is hindered by the low solubility of the network 
fragmentss in these samples. 

Meltingg tests provide a useful indication on the presence of several materials, such as waxes, 
proteinss etc. However, the tests are fairly unspecific and the results should be taken as indica-
tionss rather than as proof. A more sophisticated and quantitative technique is DSC (Differential 
scanningg calorimetry), which has been reported as a useful tool for binding medium analysis.14 M 

Thee chemical information on the samples can be obtained with remarkable detail by a combi-
nationn of these techniques. The spatial resolution of the measurement is determined by the sample 
sizee needed for analysis and the skills of the analyst, as the sample should be separated manually 
beforee analysis. This restricts the spatial resolution, normally to about 50 urn. 

1.55 THE IMAGING APPROACH 

AA powerful approach to increase the spatial resolution is the use of microscopic technique. 
Thiss approach enables the analysis of cross-sections, which are prepared from multi-layered 
sampless taken from a painting, thereby eliminating the need for a perfect separation during 
sampling.. Paint cross-sections are normally embedded entirely in a polyester or poly-acrylate 
resin''22 w to facilitate handling and prevent loss of the minute paint chip (~M.grams). Furthermore, 
ann embedded sample can be polished to obtain a smooth surface in which all layers are visible. 
Thee spatial resolution of analyses on embedded paint cross-sections is only determined by the 
usedd technique. They are independent of the physical size of the entire sample and can therefore 
bee used to study layers or particles with far greater detail than would be possible by physical 
separation. . 

Normall  visual light microscopy is the most common imaging techniques and is indispensable 
inn the investigation of paint cross-sections. It is used to investigate the colour, thickness, and 
particlee size distribution of the different layers. The colour and form of pigment particles can in 
manyy cases be used for their identification.M The spatial resolution of optical microscopy is 
aboutt 1 u.m. An even higher spatial resolution can be achieved by backscattered SEM (Scanning 
Electronn Microscopy), another technique that is routinely used in the investigation of paint cross-
sections.. The enormous resolving power of a modem SEM (-10 nm) is hardly exploited fully in 
paintt research. The main rationale for analysis by SEM is the possibility to identify elements 
presentt in a paint cross-section by EDX (Energy Dispersive X-ray spectroscopy). EDX can be 
implementedd in a SEM and measures the energy of X-rays emitted from a sample upon irradia-
tionn with high-energy electrons. SEM-EDX is particularly useful for the spatially resolved analysis 
off  pigments, which normally have a characteristic elemental composition. 

Stainingg tests form a tow-cost method to analyse the presence of different organic materials, 
suchh as different proteins, oil, and several metals." A disadvantage of these tests is their low 
specificity.. Furthermore, a separate staining test should be performed for every element to be 
analysed,, which makes the chances of missing important compounds high. A final disadvantage 
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off  staining test is the introduction of reactive materials in the sample. These might hinder subse-
quentt analytical investigations. 

Imagingg techniques that can provide a reliable analysis of the organic materials in a paint 
cross-sectionn have not yet been used on a routine basis. However, the possibilities of imaging 
techniquess capable of investigating organic substances have increased enormously during the 
lastt decade. New technological advances led to several techniques that can be used to assess 
organicc materials with a resolution better than 10 urn. which was previously only accessible by 
stainingg tests. These techniques include a microscopic imaging visual light spectrometer,65 dif-
ferentt infrared imaging systems,''66*  Raman and confocal Raman spectroscopy,64-7" micro-ther-
mall  analysis system,7'72 spatially resolved mass-spectrometry systems, TOF-SIMS (Time of 
Flight-Secondaryy Ion Mass Spectrometry73) and LD-MS (Laser Desorption-Mass Spectrometryn4). 
Ann overview of imaging techniques is given in Table 1.1. This large number of new analytical 
possibilitiess provides more and more resources to evaluate both the organic and inorganic mate-
rialsrials in a paint cross-section. Furthermore, a single paint cross-section can in principle be analysed 
usingg all these techniques, leading to a wealth of complementary results. The application of 
thesee techniques to paint samples from traditional paintings will improve our insight into their 
organicc chemistry. 

Technique e 

Microscopy y 

VIS-imaging g 

SEM-EDX X 

FTIRR imaging 

SIMS-TOF F 

H-TA A 

Ramann Microscopy 

Detectionn of 

Colour r 

Colour r 

Elementall  analysis 

Functionall  groups 

Molecularr weight 

Meltingg points, heat capacity 

Functionall  groups 

Spatiall resolution 

11 p-m 

11 fim 

100 nm 

66 fim 

<< 1 Jim 

11 jj.m 

11 p.m 

TableTable l.L Ch'eniew of the main characteristics of different imaging techniques. 
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1.66 SCOPE OF THE THESIS 

Thiss Thesis describes the results of the application of different imaging techniques to various 
paintt samples. A thorough description is given of visual light micro-spectroscopic imaging and 
somee applications are presented in Chapter 2. Analytical spectroscopy using imaging micro-
FTIRR and FTIR in various other modes is the topic of Chapters 3-8. 

Thee innovative visual light spectral imager is mounted on a light microscope and provides a 
completee visual light spectrum (400-750 nm) of a cross-section with a maximum spatial resolu-
tionn of about 1 p.m and a spectral resolution of about 4 nm. These visual light spectra can in 
severall  cases identify pigments in a cross-section. The colour description obtained by the system 
iss objective and unbiased and leads in many cases to identification of pigments in a cross-sec-
tion.. Extensive experience of the analyst, which is required for identification by normal light 
microscopy,, is not necessary. Vis-Imaging can also be used to monitor the effects of discolora-
tionn reactions.2"1 Imaging-FTIR (Fourier Transform Infrared Spectroscopy) is a relatively new 
imagingg technique. It is a promising technique for the analysis of the binder, as it is highly 
specificc in the identification of organic functional groups and has a diffraction limited spatial 
resolutionn (-6 Uïn). This technique and its application to an embedded cross-section are high-
lightedd in Chapter 4. The application of FTIR and FTIR-imaging to paint cross-sections and 
otherr paint samples is not straightforward. The sample preparation procedure can vastly influ-
encee the spectral quality and spatial resolution of the final results. Therefore, Chapter 3 gives an 
overvieww of the different sample preparation techniques and their application in paintings re-
search.. Spectra of paint cross-sections as well as dissected samples are included for a valid 
comparison. . 

AA recurrent topic in the described analyses is the interaction between pigment and binder. 
Thee presence and nature of a pigment can strongly influence the properties of a paint layer. 
Thesee interactions have been recognised on a macroscopic scale for many years, but their chemi-
call  basis is far from completely understood. FTIR is valuable technique for the analysis of these 
pigmentt binding medium interactions, as it can be used to study intact samples. However, an 
unambiguouss interpretation of FTIR is difficult due to the complex composition of aged paint. 

Thee mechanisms of early reactions in the oil curing process, as well as the accompanying 
changess of the infrared spectra are extensively described in the literature. It is however question-
ablee whether these systems give a justifiable model for normally aged paint, because the mea-
surementss that were the basis for most of this work on the early stages have been performed on 
puree esterified fatty acids and not on an oil. Furthermore, the interaction with pigments is not 
takenn into account. The study of paint samples from traditional paintings is also complicated, as 
thee methods and materials used by the painter, as well as later restoration methods are normally 
nott documented and can give rise to large uncertainties about the composition of the starting 
material.. A more controlled alternative is the study of naturally aged test paints. The work of 
Meilunass el al shows good spectra and a clear interpretation of different 50 years old paints,37 

butt highlights only two pigmented oil paints. Further FTIR studies on historically accurate aged 
paintss with a known composition are very limited. 

Inn general, the extended libraries of FTIR-spectra for fresh materials are hardly useable for 
agedd paints, while the number of library spectra for well characterised aged paint materials is 
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veryy limited. This provided the rationale to perform a number of analyses on naturally aged test 
paintingss to investigate the long-term effects of several pigments on the oil paint composition. 
Thesee studies, as well as a short review on the early stages of drying, are described in Chapter 5 
off  this Thesis. One important outcome of these studies is the indication that different pigments 
cann induce the formation of metal carboxylates in paint. 

Chapterss 6-8 describe the investigation of paint defects, caused by aggregation of these metal 
carboxylates.. These aggregates, named protrusions, are small whitish lumps of metal soap mate-
riall  that literally protrude through the paint surface. Several paint samples from affected paint-
ingss were investigated by various micro-analytical and imaging techniques, including light mi-
croscopy,, FTIR, FTIR-imaging, VIS-imaging, SEM-EDX, GC-MS, DTMS, and SIMS. Chapter 
66 describes an FTIR analytical study on protrusions in paint cross-sections from five 17th century 
Dutchh paintings from different masters. A hypothesis on the origin of lead soap containing pro-
trusionss and efflorescence could be developed further on the basis of analysis of unfinished 
primedd canvases by the 19th century American painter Frederic Church. The metal carboxylate 
containingg protrusions found in Falling Leaves (Les Alyscamps), painted by Van Gogh are a 
resultt of chemical reactions in the lead chromate/zinc white paint. Analysis of the protrusions in 
thiss paint show that the formation process is still active. 




