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CHAPTER

ONE
INTRODUCTION

C HAPTER 1. I NTRODUCTION

1.1

The cleaning of oil paint

Paintings conservators go through great efforts to enhance the readability and appearance
of paintings. For that purpose, cleaning actions like the removal of old or discoloured
varnish layers or other unwanted conservation materials may be required. For varnish
removal, organic solvents such as acetone, ethanol and hexanes are commonly used
(Figure 1.1), whereas aqueous solutions with additives are mostly used to remove surface
dirt. While certain paintings never undergo cleaning treatments, some masterpieces
have been cleaned regularly in their lifetime, leading to considerable uncertainty in their
conservation history. Although these cleaning actions are carried out with great care and
attention for detail, it remains extremely difficult to assess the effects that cleaning might
have on the internal chemistry and long-term stability of a painting.
An increasing number of paintings in museum collections around the world is affected by visible and invisible paint alteration phenomena. Examples of these alterations
range from the cracking of paint, pigment discoloration, the yellowing of varnishes and
dirt accumulation,1 to the formation of protrusions, crystalline material deposits on the
surface and increased transparency of paint layers.2,3 The latter examples are caused by
pigment-binder interactions and chemical reactions between pigment and oil, which lead
to a change in chemical structure and physical stability of oil paintings. The evolving
chemical knowledge on these paint alteration processes has shed new light on the possible
unwanted side-effects of cleaning and invoked conservators and conservation scientists to
formulate questions such as: what is the ’impact’ of cleaning on a painting? However, the
term ’impact’ is notoriously vague and invokes additional questions such as: how can we
define and measure impact?

Figure 1.1 Mertens removing an old varnish from The Nightwatch by Rembrandt van Rijn in February
1947. A brush with ethanol and a cotton tissue with turpentine to ’stop’ the rapid action of the alcohol
was used. Image: Rijksmuseum, photographer unknown.
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One way to start estimating the impact of cleaning on paintings, is to create a detailed
understanding of the chemistry and the material properties of oil paints. However, the
slow chemical alterations naturally occurring in oil paint are already extremely complex
and remain relatively poorly understood. The possible additional alterations induced by
solvent exposure increase the complexity of processes under investigation considerably.
In this context, it is helpful to view oil paints as polymeric materials consisting of cured
drying oils that are filled with (in)organic pigment particles. These polymeric materials
are metastable as a whole, but are locally composed of paint layers with unique local
chemical equilibria, which may be disturbed by solvent exposure. For example, solvents
may displace mobile paint components between paint layers or extract soluble materials
from the bulk of the paint, thereby accelerating slow chemical alteration processes that
are naturally occurring in oil paint. As a result, solvent-based cleaning interventions may
lead to notable unwanted side-effects on longer timescales.
The work described in this thesis aims to expand our knowledge on the molecular structure
of oil paint and the potential changes to this structure induced by solvent-based cleaning. Processes
that can be enhanced or altered by solvent exposure, such as the transport of soluble paint
components and their reactivity, will be studied in particular. To assess the complexity of
the material to be cleaned, we will start with a brief overview of the material composition
of traditional oil paint. Considering oil paint as a complex heterogeneous polymer, we
discuss the chemistry of drying oils, the influence of (in)organic pigments on the drying or
ageing of paint and the composition of natural varnishes. We proceed with a discussion
on the scientific challenges for integrating scientific research into traditional conservation
practice. Finally, an outline of this thesis is given.

1.2

The polymeric structure of oil paint binding media

A chemical view on traditional and modern oil paint regards the paint material as a mixture
of complex metal oxides or conjugated organic dyes (inorganic or organic pigments), a
polymerised, triglyceride-based drying oil, and often a variety of additives. In order
to understand the influence of cleaning on oil paint, it is crucial to view oil paints as
pigment-filled polymers and focus on the properties of the polymeric structure of the
binding medium. Because solvents diffuse and interact with these polymers, polymer
properties such as degree of cross-linking, polarity, concentration of plasticisers and
ion-content determine the sensitivity towards solvents. If the properties of the polymer
change, the sensitivity for solvents changes. The properties of these drying oil-based
polymers are determined by the chemical composition and the environmental conditions
during the lifetime of a painting. The wide range of paint materials and environmental
conditions results in diverse polymeric structures, which determine to what how solvents
are transported and retained during cleaning treatments.
9
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Figure 1.2 a: Chemical structure of linseed oil or flax oil, a common drying oil used in oil paintings,
b: structure of a triacylglyceride (TAG) unit in linseed oil (LO), C18:3 denotes linolenic acid, C18:2
linoleic acid and C18:1 oleic acid and c: schematic depiction of a crosslinked polymer network (image:
Ivan Kruyven).

1.2.1

The composition of the binding medium

The binding medium of oil paint consist of a drying oil such as linseed oil (LO, Figure 1.2a),
which contains a mixture of triacylglycerides (TAGs) with a high degree of unsaturation
on the fatty acid (FA) side chains (Figure 1.2b). These unsaturations (C=C double bonds)
dry by autoxidation with atmospheric oxygen and form a crosslinked polymer network
(Figure 1.2c). This polymer network is the matrix that incorporates the pigment particles
and contains mainly ether- or peroxy-type cross-links formed by the autoxidation of double
bonds on fatty acid side chains.4–6 Over time, increased oil oxidation and subsequent
chain scission results in the formation of e.g. aldehydes and carboxylic acid groups. It
should be mentioned here that roughly 10% of the side chains in LO consists of the
saturated fatty acids (SFAs) palmitic acid (C16:0) and stearic acid (C18:0) and the amount
of SFAs can vary considerably depending on the origin of the linseed.7 Although SFAs
are always a minor component in LO, they are very important in oil paint degradation
because SFAs do not crosslink and freely migrate in polymerised LO. As a result, SFAs
(and fragments thereof) are often found in extracts of cotton swabs or tissue used for
varnish removal. The redistibution of SFAs between paint layers due to solvent exposure is
described in C HAPTER 6. Since solvents can extract soluble paint components such as SFAs,
analysing the composition of binding-medium extracts indirectly provides information
on the autoxidation process. In chapter 4, we show experimental evidence that illustrates
why the analysis of the polymeric binding medium is crucial for understanding oil paint
chemistry.8

1.2.2

The influence of pigments on polymer structure

Inorganic pigments influence the chemical and physical properties of the polymeric
binding medium. In the context of oil paint cleaning, it is important to focus on the
polymeric structure of the binding medium because during solvent exposure, solvents will
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diffuse into and interact with the binding medium. It is widely recognised that metal ions
present in inorganic pigments can influence the drying of oils,5,6 which leads to widely
different properties in the resulting polymerised oil network. For example, ultramarine9
or anatase titanium dioxide10 pigments are known to enhance the breakdown of the
binding medium which can lead to the formation of powdery paints. In conservation
science, an important phenomenon that is often related to the structure of the binding
medium and pigment properties, is solvent- and water sensitivity. Solvent sensitivity may
occur in cases where the binding medium has such a low degree of polymerisation and
high degree of oxidation (due to network degradation or inherently low cross-linking)
that minor mechanical action removes pigment particles.11 When water sensitivity is
reported, high concentrations of extractable free dicarboxylic acids are often found,12–14
together with a low degree of polymerisation of the binding medium.15 Therefore, the
wide variety of cases where solvents sensitivity is reported is an example of how polymer
properties of the binding medium influence solvent action. Besides the chemical influence
of pigment properties on oil polymerisation, the concentration of pigments also plays an
important role in determining the final polymeric structure of the oil and therefore solvent
sensitivity. In C HAPTER 8, the relation between pigment properties, solvent sensitivity
and the properties of the polymeric binding medium is discussed in detail.

1.2.3

The composition of natural varnishes

Organic solvents are used for the removal of old and discoloured varnish layers. The
composition and state of degradation of these varnishes determines the choice of solvent
properties for their effective removal, keeping the minimal influence on the underlying
paint layers in mind. Like polymerised oil binders, natural varnishes generally increase in
polarity upon ageing by the increasing formation of oxidation products. This increased
polarity can change the solubility of varnishes in organic solvents significantly.
Natural varnishes can be divided in three general classes: (1) oil/resin varnishes,
(2) solvent-based varnishes and (3) water-based varnishes and coatings. Both oil/resin
varnishes and solvent-based varnishes are often based on tree resins. Examples of popular
resins are mastic, dammar and shellac (secreted by the female lac bug on trees). Oilbased varnishes form an insoluble coating due to the crosslinking of the oil, whereas
solvent-based varnishes generally remain soluble in organic solvents to some extent.
Water-based natural varnishes were often applied temporarily and generally consist of
egg white or water-soluble gums.16 Resins may chemically interact with reactive inorganic
pigments by the diffusion of metal ions into the varnish layer.17 For example, arsenic
oxides, formed by photo-degraded orpiment, realgar, and emerald green pigments readily
migrate through a multilayered paint system, including the varnish layer.18 To inhibit the
chemical degradation of resins, it is possible to add chromophores as radical scavengers
to natural varnishes or utilise saturated synthetic resins with increased stability towards
11
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Figure 1.3 The application of a new varnish layer on The Nightwatch by Rembrandt van Rijn in January
1976 using a large brush. Image: Nationaal Archief, photo by Bert Verhoeff.

ultraviolet (UV) light.19 In this thesis, modern synthetic resins are not considered. For a
comprehensive treatment of the chemistry of natural varnishes, the reader is referred to
the book by Mills.20
It is often forgotten that solvents are also used during the application of varnishes
(Figure 1.3). The removal of an aged varnish thus requires two separate exposures to
solvents: one time during the removal of the old varnish and another time during the
application of the new varnish layer. Sutherland studied the capacity of varnish solutions
to extract fatty acids from the paint layers and found significant differences in extraction
capacity for different solvents, in agreement with the known extraction capacity of the
pure solvents.21

1.2.4

Surface dirt and unwanted conservation materials

Unvarnished painted surfaces (often encountered in modern oil paintings) acquire dirt
directly on the paint surface and the removal of surface dirt may be required (Figure 1.4).
The removal of surface dirt is generally executed with dry sponges, aqueous solutions,
microemulsions or gelled solvents with added chelators, surfactants or gels. Recent
advances in the development of modern materials for cleaning are discussed in C HAPTER 8.
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Figure 1.4 Close-up of of surface dirt removal from ’Two heads’ (1953) by Karel Appel. a: detail
of surface dirt before cleaning, b: detail after cleaning and c: detail of surface dirt. Image: CMOP
project, photos by Lise Steyn.

Nowadays, the term ’cleaning’ also covers the removal of overpaint, surface dirt or any
other unwanted conservation materials on the paint surface. Surface dirt can be composed
of a mix of greasy substances, soot from the exhaust from traffic or cigarette smoke. Since
the chemical composition of the dirt varies considerably, a standard artificial dirt recipe has
been suggested to facilitate the comparison of cleaning methods between publications.22,23
This particular artificial dirt contains for example carbon black, iron oxide, gelatin powder,
starch, cement, oil and mineral spirits and can be sprayed on the surface.23
In this thesis, we are primarily concerned with the influence of solvents and water on
the physicochemical properties of the oil paint. Therefore, surface dirt is relevant from the
perspective of choosing solvent application methods, which may influence the amount of
solvent and mechanical action on the paint. Different methods of solvent application are
compared in C HAPTER 2, 6 and 7.

1.3

Cleaning studies: craftsmanship and science

The cleaning of oil paintings has historically evolved as a craftsmanship at least five
centuries ago.16 At present, the cleaning of especially sensitive or valuable paintings often
involves the chemical analysis of the paint materials in a collaboration of conservators
and scientists. Although the influence of scientific investigations increased considerably
over the years, knowledge transfer in the field of cleaning science still relies heavily on
oral communication and hands-on experience with new materials, cleaning techniques, or
theories discussed in workshops.24 These workshops are generally given by conservation
scientists and, although these sessions are valuable, they also form one of the most
important challenges for a scientist in this field of study because it is extremely difficult to
translate theoretical insights into paint cleaning strategies. It is problematic for scientists to
give general advice on paint cleaning treatments due to the great variety of paint materials
and history of the objects to be treated. For conservation scientists, it is thus required to be
cautious in framing the implications of the results obtained, whereas for conservators it is
necessary to remain critical on new scientific insights or products. Both of these aspects
13
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have implications for the design and interpretation of cleaning experiments, as discussed
below.
As usual in painting research, an initial choice between studying model systems
and real paintings has to be made. Model systems come in a wide variety, ranging
from historically accurate reconstructions (mock-ups) that aim to appear aesthetically,
chemically or mechanically close to the original artwork, to well-defined, synthetically
made reconstructions where all relevant parameters (e.g. oil, pigment, environment,
additives) are controlled. Especially these well-defined model systems are scientifically of
great value due to their known composition and history. The advantage models systems
have over real paintings is that they are relatively cheap and can be easily remade, enabling
multiple types of destructive analyses. A disadvantage of model systems is that they
feature a reduced historical accuracy, for example due to artificial ageing. Model systems
are great for systematic studies, comparing for example solvent application times or methods
and identifying trends in solvent transport rates. Real paintings have the advantage of
historical accuracy and natural ageing. Therefore, the study of model systems will never
be relevant without the investigation of real paintings; one would not know how to design
the model system. The disadvantage of studying historical paintings is that they have an
unknown composition and treatment history. This renders paintings especially suitable
for phenomenological studies (studies relating existing theories to observed phenomena, not
driven by a hypothesis).
In cleaning science, the choice between model systems and real paintings is governed by the challenge of balancing reproducibility of the cleaning experiment and the
practical relevance of the cleaning treatment. Considering the wide variety of cleaning
treatments and paint materials, it is almost impossible to satisfy these conditions in a
single experiment. Conservation scientist should therefore aim to clearly communicate
the practical implications of the experiments and in order to allow conservators to integrate
this knowledge into conservation practice. Over the years, continuous discussions and
doubts regarding the relevance of the available technical literature have persisted.25–27 As
stated by Phenix & Sutherland,28 the role of scientific investigations is ’to inform, guide
and improve cleaning practice’. This statement is taken as a guideline by the author of
this thesis.

1.4

Outline of this thesis

C HAPTER 2 describes the fundamental study of solvent swelling and diffusion of oil paint
models in a range of organic solvents and water that are both commonly used for the
cleaning of oil paintings. Time-resolved ATR-FTIR spectroscopy is used to monitor the
concentration profiles of these solvents in our oil paint model systems. The methodologies
that are developed to measure diffusion and swelling are applied to compare a series of
conservation treatment gels. To describe the experimental data theoretically, a model is
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developed that accounts for simultaneous swelling and diffusion.
C HAPTER 3 demonstrates the application of time-resolved ATR-FTIR spectroscopy to
measure the reaction between saturated fatty acids and metal ions in paint films to form
crystalline metal soaps. Significant differences in the rate of metal soap crystallisation are
found depending on the presence of solvent, pigments and trace amounts of water.
C HAPTER 4 describes the mechanism by which reactive zinc white (ZnO) pigment
dissolves into the oil paint binding medium by associating to carboxylic acid groups. The
resulting zinc carboxylates that form are subsequently used to quantify the amount of
carboxylic acid groups under different environmental conditions.
C HAPTER 5 provides an in-depth characterisation of zinc carboxylates in oil paint by
unravelling the coordination environment around zinc ions. Two different types of zinc
carboxylates are formed and are shown to be present in different ratios depending on
the water content in the oil polymer. Subsequent SAXS measurements show that only a
small portion of these zinc carboxylates reside in clusters with high ion-content and the
concentration of these clusters varies with the amount of free carboxylic acid groups.
C HAPTER 6 shows how the transport rate of saturated fatty acids between different
paint layers is enhanced by solvents exposure, stimulating metal soap formation after long
solvent exposure times. Both the extraction of a fatty acid marker and the formation of
zinc soaps are used to quantify the impact of different methods of solvent application.
C HAPTER 7 deals with the application of a new quantitative optical technique in
the field of paintings research: FT-LSI. FT-LSI provides spatial information on solvent
transport within the paint layers by measuring the motion of scattering pigment particles.
Important insights in the relation between solvent transport and paint ageing are obtained.
Moreover, LSI allows for a non-invasive, quantitative comparison of different solvents
and methods of solvents application on heterogeneous paint layers.
Finally, CHAPTER 8 present a new physicochemical model describing the processes
involved in solvent action on oil paint and reviews the technical literature on the cleaning
of paintings. The results from previous chapters are placed in the context of other cleaning
literature and an outline for the field of cleaning science is presented.
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