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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.

8
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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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a

b

C18:1
C18:3

c

O

O
O

O
O

O

C18:2

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
10
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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.
12
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a

b

c

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
14
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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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C HAPTER 2. S OLVENT DIFFUSION AND FILM SWELLING

2.1

Introduction

Paintings are exposed to organic solvents or aqueous solutions during restoration or cleaning procedures. These cleaning actions may induce many types of undesirable chemical
changes,28–31 which are often not immediately visible to the restorer. At present, our
understanding of the influence of solvent treatment on fundamental chemical processes
is too limited to make a reliable estimate of the long-term effects of common restoration
procedures. For example, it is unclear to which depth solvents typically penetrate during
cleaning and to what degree soluble components are transported between paint layers.
Although the rate of transport processes of soluble components can vary considerably
between paintings and cleaning methods,32 the degree of paint swelling and the rate of
solvent diffusion are both important factors.
The binding medium in oil paint consists of triacylglycerides (TAGs) that have a high
degree of unsaturation on their fatty acid chains. As it dries through autoxidation, the oil
forms a strongly cross-linked polymer network.4–6,33–41 The presence of potentially reactive
metal-containing pigments and a variety of additives further adds to the complexity of
aged oil paint. Oil paint can be considered metastable polymers, subject to slow chemical
and physical deterioration processes that affect the appearance and structural integrity of
oil paintings.
We have previously demonstrated that mixtures of oil binding media and ZnO or
PbO gradually form an ionomer-like structure.42,43 In such an ionomer structure, metal
ions originating from pigments or driers are distributed throughout the polymerised
oil network and associated to carboxylic acid groups. Ionomer-like structure has been
detected in many oil paint layers that contain lead or zinc ions. We have developed
ionomer model systems for aged oil paint to study the molecular structure and dynamic
processes in paintings. These models consist of linseed oil polymerised with lead or zinc
sorbate (2,4-hexanedieneoate) complexes, as illustrated in Scheme 2.1. In previous work,
small angle X-ray scattering (SAXS) measurements on these ionomer systems indicated
that metal carboxylates form clusters in oil polymers,43 and we showed that the reaction
of saturated fatty acids with network-bound metal carboxylates is a rapid process that is
accelerated by solvent swelling.29 In this study of solvent behaviour, we have employed
the same model systems for aged oil paint (Pbpol and Znpol), and included films of pure
polymerised linseed oil (pLO) and films pigmented with ZnO (ZnO-LO) for comparison.
The pigmented system has the same ionomeric structure in the polymer binding medium
as Znpol,43 so differs from the pure ionomer system only in the presence of ZnO pigment
particles. We also study the kinetics of solvent delivery of three cleaning gels on our model
systems for aged oil paint binding medium.
When investigating the solvent diffusion and swelling behaviour of a polymer, it is
important to know if the system is studied above or below the glass transition temperature
(Tg ). It is well known that the Tg of polymers can strongly influence solvent diffusion
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Scheme 2.1 The formation of ionomers by co-polymerisation of linseed oil with metal sorbate. Linseed
oil is represented by a typical structure of a triacyl glycerol (TAG) unit. The depicted carboxylate
coordination geometry does not reflect the real geometry (see Chapter 5).

behaviour. Above the Tg (in the rubbery region), polymers generally show Fickian (ideal)
sorption, whereas polymers can show strong deviations from ideal behaviour below their
Tg (glassy regime).44 Therefore, we have studied the viscoelastic properties of our model
systems and used dynamic mechanical analysis (DMA) to determine their Tg .
Time-dependent attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy was used to follow swelling and diffusion processes in our ionomeric model
systems.45 This approach has been applied before to study single or multicomponent
solvent diffusion,46–48 solute diffusion from an external medium into a polymer,49,50
polymer chain inter-diffusion51,52 and metal ion diffusion in ionomers.51 Diffusion and
swelling by organic solvents53–56 and water57–61 in polymer blends based on linseed oil
has been measured before using a variety of methods. For ionomers, data on diffusion
and swelling is mainly limited to water and alcohols for fuel cell applications.62–66 In most
of these studies, polymer films are cast from solution (e.g. by spin-coating or dip-coating)
directly onto the ATR elements as thin films to ensure a good contact. However, polymer
films based on drying oils are insoluble due to their high degree of cross-linking and our
model systems did not adhere well to ATR elements. To meet the challenge of maintaining
a reproducible and constant contact between polymerised oil films and the ATR crystal
during solvent swelling, we developed a measurement setup that can be combined with
a standard diamond ATR module in which a very small constant pressure is applied on
the sample during solvent exposure. The method allows the measurement of dynamic
processes in unsupported film-like materials with at least one smooth surface (e.g. paints,
polymers, gels or skin). Finally, to fully describe the process of solvent sorption in oil-based
polymers, we have developed a combined diffusion/swelling model based on a polymer
fraction dependent diffusion coefficient.
Combining new insights on the viscoelastic properties of oil paint model systems
and the swelling and diffusion behaviour of water and other solvents, this work aims to
provide a better understanding of solvent action on oil paints to support the development
of improved conservation and restoration strategies.
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2.2
2.2.1

Results and discussion
DMA analysis of model paint films

The viscoelastic properties of the model ionomer and paint systems were characterised by
DMA. Figure 2.1 and Table 2.1 present glass transition temperature and cross-link density
data for ionomer films with increasing metal content (from 0% neutralisation to 100%), as
well as pure polymerised linseed oil (pLO) and ZnO-based paint (ZnO-LO). The Tg values
were obtained from the maximum of the tan δ plots (note that tan δ = E”/E0 , where E”
and E0 are the loss and storage modulus values, respectively).
At present, there is some uncertainty in the literature on the Tg of linseed oil-based
paint films. Previous studies reported values between 0 and 10 ◦ C,67–70 while Ploeger
et al.71 observed an increase to around 40 ◦ C upon aging of the paint films. LO polymers
modified with styrene72 or epoxy groups73 tend to have a higher Tg . We found a Tg for
pLO at 8 ◦ C. The Tg is raised slightly to 10 ◦ C upon co-polymerisation with sorbic acid
(Mpol-0, essentially an ’empty’ ionomer), suggesting possible hydrogen bonding between
adjacent acid groups.74
For the lead ionomers (Pbpol), the characteristic behaviour of a two phase system
was observed. It is known that, in a relatively apolar polymer matrix, the introduction of
ionic groups can lead to the formation of ionic aggregates,75,76 , giving rise to ion-poor (i.e.
polymer matrix) and ion-rich (i.e. metal carboxylate cluster region) phases. The tan δ peak
at low temperature is attributed to the bulk Tg , while the peak at higher temperatures
corresponds to the glass transition in the ion-rich regions (Tc ). This Tc peak grows at the
expense of the main glass transition peak and shifts to higher temperatures as the ion
content increases. In contrast to Tc , the ‘matrix’ Tg for Pbpol shifts to lower temperatures
when the ion-content is increased. The shifts in Tg and Tc suggest that there are changes in
the structure or composition of the ion-poor and ion-rich phases in Pbpol with increasing
lead content, not just in the concentration of ion-rich clusters. In previous research, SAXS
analysis on Pbpol samples showed that long-range inhomogeneity in lead concentration
exist at low neutralisation levels, while lead ions tended to be grouped in smaller and
more defined ion-rich clusters at high neutralisation.43 In line with these observations,
to explain the trends in Tg and Tc we propose that the lead carboxylate concentration
(and therefore also the cross-link density) decreases in the bulk polymer with increasing
neutralisation leading to lower Tg values, while at the same time the ion-rich phases
become more enriched in lead, leading to a rise in Tc .
Considering Znpol, it was observed that increasing the zinc content has no significant
effect on the Tg values. No Tc was observed for Znpol in the measured temperature range,
though Figure 2.1b seems to suggest there could be a transition (> 150 ◦ C) that is related
to ion cluster relaxation. A very high Tc would be in agreement with the fact that the
formation of crystalline zinc soaps in ionomeric polymer systems is much slower than the
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Figure 2.1 DMA thermograms showing a Mpol-0, pLO, ZnO-LO and b Znpol and c Pbpol ionomer
systems with increasing metal content.
Table 2.1 Tg , Tc and νe values for pLO, ZnO-LO, Mpol-0, Znpol and Pbpol ionomer systems with
increasing metal content. COOM/COOH refers to the proportion of sorbic acid groups that is
coordinated to a metal ion (Zn2+ or Pb2+ ).
Sample

COOM
COOH

Tg
(◦ C)

pLO
Mpol-0

0
0

Pbpol-32
Pbpol-64
Pbpol-100
Pbpol-std.

Tc
(◦ C)

νe
(mol/cm3 )

8
10

–
–

2.1 × 10−5
3.5 × 10−4

0.32
0.64
1
1

33
20
17
11

31
53
61
67

8.5 × 10−4
1.2 × 10−3
4.0 × 10−3
4.8 × 10−3

Znpol-32
Znpol-64
Znpol-100
Znpol-std.

0.32
0.64
1
1

11
10
9
16

–
–
–
–

6.3 × 10−4
6.8 × 10−4
8.6 × 10−4
2.2 × 10−3

ZnO-LO

–

21

–

5.6 × 10−4

formation of lead soaps.29,77 The tan δ peaks close to room temperature decreased strongly
in height with increasing zinc content, which is thought to reflect a decreasing mobility
of the polymer chain segments.78 While decreasing chain mobility seems plausible with
increasing zinc carboxylate content, SAXS measurements on Znpol systems showed no
clear trend in either the concentration or the size of ionic domains with increasing zinc
neutralisation.43 Clearly, more DMA and SAXS experiments on systems with a wide
neutralisation range are necessary to clarify the structural details of linseed oil-based
ionomers.
The Tg of ZnO-LO was measured at 21 ◦ C. The slightly higher Tg for ZnO-LO might be
explained by the lower degree of curing for ZnO-LO (1 week at 60 ◦ C) compared to Znpol
(17 h at 150 ◦ C). In previous studies, Phenix69 could only detect ’progressive, general
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Figure 2.2 The relation between ion content and νe as calculated by Eq. 2.1.

thermal softening’ in 16 year old ZnO paint, possibly due to a higher pigmentation.
The elasticity modulus E0 in rubbery plateau region at 140 ◦ C (see Figure B.3) was used
to calculate cross-link densities (νe ) according to79
νe =

E0
3RT

(2.1)

The calculated values for νe as a function of metal carboxylate concentration (COOM/COOR)
are shown in Figure 2.2. Both for Znpol and Pbpol, νe increases significantly with metal
content. Ionic cross-links thus contribute significantly to the measured storage modulus
and calculated cross-link densities, despite the fact that the unbound carboxylic acids
in the not fully neutralised ionomers can also form ’cross-links’ by hydrogen bonding.
In analogy with Weiss et al.,80 we also calculated a cross-link density by assuming that
every metal sorbate unit forms an additional cross-link (νc ) on top of the cross-link density
of Mpol-0, and compared this with νe calculated from Eq. 2.1. It was found that νe was
consistently higher than νc by approximately 5–20%. In the paper by Weiss et al.,80 two
possible explanations are given for this high contribution of metal neutralisation to νe :
1. Synergism exists between the ionic cross-links and molecular entanglements that
yield a higher effective cross-link density than that based on a linear combination of
the two effects;
2. ionic clusters have a lower molar mass between cross-links than that calculated from
the average chain length between simple contact ion-pair associations.
Since we are currently primarily concerned with solvent behaviour in these oil-based
ionomers, the in-depth investigation of these hypotheses is beyond the scope of this work.
Concluding, we established that our model systems have bulk Tg values close to room
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temperature. Therefore, (near) Fickian solvent diffusion is expected. The effect of the Tc
on solvent diffusion remains to be investigated.

2.2.2

Solvent diffusion and swelling in model paint films

The diffusion and swelling behaviour of seven solvents was investigated in Znpol, Pbpol
and ZnO-LO model systems. Solvent concentration profiles were obtained by integration
of characteristic solvent IR bands. The maximum swelling capacity of each solvent was
determined by monitoring the IR absorption bands corresponding to the linseed oil
polymer. As solvent diffused into the volume probed by the IR beam, the concentration of
polymer chains in that volume decreased according to a profile that mirrored the solvent
diffusion profiles. Since it was shown previously81 that FTIR spectroscopy can be used to
measure swelling factors that are equivalent to those obtained from size measurements
using a CCD camera, the relative difference in absorption of the ester carbonyl band (1740
cm−1 ) at saturation and at t = 0 (i.e. ∆A/A0 ) was used as a measure for the maximum
degree of swelling ( f eq ). Values for f eq for all solvents and samples are given in Table 2.3.
A significant variation in the solvent swelling capacity was observed. DCM swelled
the investigated model systems by more than a factor of 2, while water hardly swells the
oil polymer at all (approximately 5 to 10 % volume increase for zinc and lead, respectively).
The FTIR spectroscopic method for measuring equilibrium swelling accurately reproduces
trends reported in the literature for solvent swelling of oil paints, and confirms the low
swelling capacity of water.82,83 The trends in f eq for different solvents are consistent
between all three investigated polymers. It is noted that for low-swelling solvents such
a cyclohexane and water, the differences between Znpol and Pbpol are larger. In the
case of cyclohexane in Pbpol, it was not possible to carry out the diffusion experiment at
room temperature due to detachment of the rather stiff polymer film from the ATR crystal
during solvent exposure. Therefore, this measurement was conducted at 40 ◦ C. Despite
the differences in viscoelastic properties that were measured with DMA, no significant
differences in f eq between Znpol and Pbpol were found (standard deviation in f eq of
± 0.13, see Experimental section). However, ZnO-LO did exhibit consistently lower values
for f eq than the unpigmented ionomer films. This result is explained by the fact that the
pigment particles do not contribute to the swelling of the system upon solvent absorption.

2.2.3

The Fickian diffusion model

Diffusion in films exposed to liquid solvent
A Fickian diffusion model for ATR-FTIR has been developed by Fieldson and Barbari45 ,
which allows for the calculation of diffusion parameters using the recorded IR spectra.
Having established that the model systems under investigation have Tg values close to
room temperature, we investigated the applicability of this Fickian diffusion model. A
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typical concentration profile for acetone, toluene-d8 and methanol-d4 in Znpol is shown
in Figure 2.3. For ideal diffusion with a constant diffusion coefficient, Fick’s second law
states
 2 
∂ C
∂C
(2.2)
=D
∂t
∂x2
where C is the concentration of penetrant in the medium, and D is the diffusion coefficient.
A solution to this differential equation has been derived by Fieldson and Barbari45 using
appropriate boundary conditions for the geometry of an ATR-FTIR setup, making use
of the exponential decay of the evanescent field of the IR beam into the sample and the
Beer-Lambert law
A(t)
8γ
= 1−
A(∞)
π (1 − exp[−2γδ])
∞

∑

"

n =0

#


exp − D f 2 t ( f exp[−2γδ] + 2γ(−1)n )
(2n + 1) (4γ2 + f 2 )

(2.3)
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2
(2.4)

In this relation, γ is the inverse of the penetration depth dp of the IR beam into the sample.
dp varies from 0.5 to 3.5 µm from 3500 to 500 cm−1 in our experiments, so with a typical
film thickness around 150 µm the recorded spectra are representative for the bottom side
of the film. Parameters n1 and n2 are the refractive indices of the polymer sample and
ATR crystal, respectively, δ is the thickness of the film, θ is the angle of incidence of the IR
beam (45◦ ), and λ is the wavelength corresponding to the maximum of the characteristic
IR band of the penetrant. For the experimental conditions described in this chapter, the
shape of the diffusion profile is very insensitive to the exact value of γ. Therefore, a single
measured value for the refractive index of a Znpol film was assumed as a constant for
all calculations. This model represents an ideal case of penetrant transport (i.e. negligible
preferential interaction between the polymer and solvent), corresponding to a diffusion of
penetrant that is on a much slower timescale than polymer chain relaxation.44
Fitting Eq. 2.3 to the diffusion curve of acetone, toluene-d8 and methanol-d4 in Znpol,
it is immediately clear that the ideal model is not capable of described simultaneously
the long delay until solvent signal is first detected as well as the sharp increase in solvent
concentration that follows (see Figure 2.3, blue curves). Similar results were found for all
investigated solvents and films. While Eq. 2.3 is frequently applied to describe penetrant
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Figure 2.3 Concentration profile for acetone, toluene-d 8 and methanol-d 4 in Znpol using a standard
(blue) and adapted (red) Fickian diffusion model to fit the data. The standard Fickian model clearly
does not predict the delay time τd .

diffusion in polymers, our use of relatively thick films enhances the effect of potential
polymer swelling during diffusion, and it causes a significant delay time (τd , the time
necessary for solvent to reach the sampling volume). Therefore, using thick polymer films,
it becomes easier to investigate deviations from ideal diffusion behaviour.
To allow for the considerable delay time, τd , Eq. 2.3 was adapted such that

0 ,
A(t)
= A(t−τ )
d

A(∞)
,
A(∞)

for

0 < t < τd

for

t ≥ τd

(2.5)

With this procedure, the swelling between 0 < t < τd is neglected, while Fickian diffusion
is assumed at t > τd . The shifted Fickian model of Eq. 2.5 provided a near-perfect fit to
the experimental concentration profiles, as shown in Figure 2.3. Corresponding diffusion
coefficients DFick are listed in Table 2.3.
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From the excellent match between the ideal diffusion model and the experimental
concentration profiles at t > τd , it can be concluded that once the polymer is nearly
completely swollen (i.e. only minor changes in polymer fraction), (near) Fickian diffusion
behaviour is observed in the measurement volume at the bottom of the film. However,
film swelling does cause an significant increase in τd . This effect is easily observed by
comparing the experimental τd values with values calculated with the common relation
√
between δ (thickness) and D, δ = Dτd . The relation yields consistently lower τd values
than observed experimentally, demonstrating that the ideal diffusion model needs to be
replaced by a diffusion model that accounts for film swelling.
In paintings restoration, the swelling of paintings is an important phenomenon. It
is well-known that aged oil paint can swell significantly during cleaning and varnish
removal.84 Especially with the relatively short solvent application times typical for restoration work, one might argue that equilibrium swelling ( f eq ) is never reached, except in
the areas of the paint closest to the surface. The initial stages of solvent diffusion are
therefore especially relevant to understand the potential effects of restoration treatments
on paintings, adding to the importance of developing a model that describes the entire
swelling and diffusion process.

Diffusion of solvents released by gels
The shifted Fickian model of Eq. 2.5 was applied to study ethanol and water (D2 O)
diffusion released by several cleaning gels.32 These gels can be used for surface cleaning
or varnish removal. The experimental setup is shown in Figure 2.9b. Although the
shifted Fickian model does not describes the entire swelling and diffusion process, it
allows an accurate estimation of τ and D. In this series of experiments, we measure the
diffusion and delay time occurring when a film is exposed to a gel loaded with solvent
(Figure 2.9a) and compare the results to those obtained from films exposed to free liquid
solvent (Figure 2.9b).
Figure 2.4a shows the concentration profiles of ethanol in the binding medium model
for free ethanol, Nanorestore Max Dry gels and 4 % agar gels loaded with ethanol. The
difference of the parameter τ between free solvent and solvent released from gels is used
as a measure of solvent retention by gels. From Table 2.2, it is evident that the gelled
systems do not show significant retention (for Znpol: L2 /τ = 15 ± 4 for free ethanol
and L2 /τ ' 10 for gelled systems and for Pbpol: L2 /τ = 7.6 ± 2.1 for free ethanol,
L2 /τ ' 8 for gelled systems). In general, the diffusion coefficient of solvents released
from gels in the swollen polymer (at t > τ) is similar (i.e. within the experimental error)
to the diffusion of free solvents. For example for Znpol, free ethanol diffusion has a
value of D = 5.6 ± 1.8 × 10−8 cm2 /s and ethanol released from gels has a value of
D = 7.6 ± 0.5 × 10−8 cm2 /s and D = 6.6 ± 2.4 × 10−8 cm2 /s, for Nanorestore and agar
4 %, respectively. Likewise, similar diffusion coefficients for free ethanol and ethanol
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Figure 2.4 Concentration profiles of a ethanol and b D2 O in zinc and lead ionomer films. Solid black
lines represent best fits of the Fickian diffusion model (Eq. 2.5) with a lag time τ as extra parameter.
For D2 O, τ was estimated. Only a fraction of all collected data points are shown for clarity.

released from gels were found for Pbpol: D = 3.2 ± 0.6 × 10−8 cm2 /s for free ethanol,
D = 3.40 ± 0.06 × 10−8 cm2 /s for Nanorestore and D = 5.4 ± 0.3 × 10−8 cm2 /s for agar
4 %. It should be noted that for the gels, evaporation of ethanol from the gel causes loss
of contact between the sample and the detector (after ± 100 min for Znpol and ± 60 min
for Pbpol with agar) and complete solvent saturation is not reached. The contact loss
between sample and ATR crystal did not allow us to quantitatively determine the amount
of solvent (e.g. expressed as swelling) delivered by the gels. Qualitatively though, the
solvent delivery from gels appeared to be on par with the application of pure solvents at
long timescales.
It was observed that the gels accumulate water on their outer surface, which causes
reproducibility issues when the gels are not properly dried before application. When
undried, the surface-adhered water seems to be forced into the polymer upon application
of the gel. Consequently, τ was close to zero and D up to three times faster for undried
gels as compared to surface-dried gels (data not shown). Even when the gels were
properly dried, this effect was hard to control. To correct for the error introduced by
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Table 2.2 Diffusion coefficients D and lag times corrected for thickness L2 /τ resulting from a fit
of the adapted Fickian model to the concentration profiles. Values are averaged over at least two
measurements, standard deviations are indicated with ±.
D
(10−8 cm2 /s)

L2 /τ
(10−8 cm2 /s)

Sample

Solvent

Znpol
Znpol + Max Dry
Znpol + agar 4%
Znpol
Znpol + Max Dry
Znpol + agar 4%
Znpol + gellan 3%

ethanol
ethanol
ethanol
D2 O
D2 O
D2 O
D2 O

5.1±1.8
7.6±0.5
6.6±2.4
0.56±0.08
0.39±0.06
0.44±0.07
0.39±0.06

15.0 ±4.0
9.7±0.6
12.0 ±0.3
8.4±0.3
5.4±0.7
6.2±0.2
6.5±0.4

Pbpol
Pbpol + Max Dry
Pbpol + agar 4%
Pbpol
Pbpol + Max Dry
Pbpol + agar 4%
Pbpol + gellan 3%

ethanol
ethanol
ethanol
D2 O
D2 O
D2 O
D2 O

3.2±0.6
3.4±0.06
5.4±0.3
0.58±0.06
0.42±0.14
0.42±0.13
0.32±0.01

7.6±2.1
8.1±0.0
9.1±1.0
7.0±0.5
6.8±0.3
6.4±1.4
6.7±0.9

improper drying of the gels, all measurements were performed in duplicate or triplicate.
Considering the values of DD2 O for all measurements, some gels (gellan and Max Dry for
Znpol) show a small but significant decrease in D compared to free water (Table 2.2). We
have no mechanistic explanation for this small decrease in D and it is at present unclear if
our dataset is large enough to make a solid statistical argument in favour of this minor
difference. Comparing the retention (τ) of free water and water released by gels in Table 2.2,
no significant increase in τ was found when water was loaded into gels for Pbpol, while
for Znpol there seems to be very limited retention (L2 /τ for Znpol is ' 8 × 10−8 cm2 /s
for free water and L2 /τ ' 6.5 × 10−8 cm2 /s for gels). Clear confirmation of this effect
would require a larger data set.
The fact that there is minimal or no effect on τ when water or ethanol is loaded into
gels suggests that diffusion is rather determined by the nature (e.g. porosity) of the paint
surface than by the method of solvent application (free solvent or gels). In order to inhibit
solvent retention from the gels, the diffusion of solvent into the paint must be slower than
the diffusion of solvent out of the gel. In that case, small amounts of solvent accumulate
on the interface of the gel and the surface. This is a key observation for cleaning with gels:
it is the paint surface that largely determines the rate of solvent uptake. This argument
holds only for non-porous paints, powdery or cracked paints are expected to show faster
diffusion by capillary action. Preliminary experiments on a 40 year old porous paint
sample confirmed this fast diffusion but posed new analytical challenges that will be the
topic of forthcoming research.
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2.2.4

The diffusion-swelling model

Construction of the diffusion-swelling model
In the model paint systems, sample swelling to more than twice the original dry volume
occurred in the most extreme cases, corresponding to a polymer fraction decreasing
from 1 to 0.5. Solvent swelling and diffusion in polymers is widely discussed in the
literature.85–89 The most comprehensive models are those based on the free-volume theory
originally developed by Vrentas and Duda.90,91 However, free-volume models contain
many parameters that, despite having physical meaning, are largely unknown. Therefore,
we decided to employ the simplest model that accounts for a decreasing polymer volume
fraction during swelling, using a variable diffusion coefficient. The functional form of
this model is inspired on Cukiers formula for diffusion in hydrogels,87 and describes a
diffusion coefficient that is an exponential function of the polymer volume fraction φ as
D = D0 eαφ

β

(2.6)

Since D = D0 at φ = 0 (pure solvent), for hydrogels D0 has been interpreted as the diffusion coefficient of solvent molecules in their own environment88 or at infinite dilution.87
However, for systems swelling much less than hydrogels, the pre-exponential factor D0
should be considered as a fitting parameter. Parameter α has been correlated to the radius of solvent molecules.87 For parameter β, values of 0.5 and 0.75 are mentioned by
Amsden.87 Given the limited range in polymer fraction φ for our samples, it was expected
that one parameter describing it’s effect of diffusion would be sufficient and we assumed
β = 1, yielding a diffusion coefficient dependent only on D0 and α. As the diffusion
coefficient at equilibrium swelling, Deq , is most relevant in the present case, Eq. 2.6 is
rewritten as
D = Deq eα(φ−φeq )
(2.7)
Here, φeq is the polymer fraction at equilibrium (complete) swelling f eq . Next, the swelling
factor F is defined as
F = 1/φ = vtot /vp = (vs + vp )/vp
(2.8)
Here, vs is volume of solvent, vp is volume of polymer, and vtot is the total volume. The
total polymer mass is assumed to occupy the same (partial) volume, vp , during swelling,
while vs and vtot , do increase. If cs is the molar solvent concentration, then vtot contains
vtot cs mol solvent of volume vs . Given the solvent density ρs and the solvent molar mass
Ms , we know that vs contains vs ρs /Ms mol of solvent. Therefore
vtot cs = vs ρs /Ms

(2.9)

Combining Eqs. 2.8 and 2.9 gives the relation between swelling factor and molar solvent
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Figure 2.5 Illustration of the method-of-lines model with elements that increase in thickness during
swelling. The concentration cs∗ is the concentration of solvent at equilibrium or maximum swelling.

concentration
F=

ρs
ρs − cs Ms

(2.10)

A method-of-lines numerical method was applied to solve the convective diffusion
problem, as illustrated in Figure 2.5. We followed a similar procedure as Bisschops,92
where diffusion of solvent caused by a gradient in solvent concentration is described on a
moving grid. The initial thickness of the pure polymer film at t = 0 is δ(0). As solvent
is penetrating from the surface into the polymer, the polymer starts to swell, causing
the polymer/solvent interface to move in opposite direction. The initial polymer slab
is divided in a number of layers of equal thickness, ∆x0 , at t = 0, hence the grid points
are at equal distance. During swelling, at 0 < t < tend , these grid points move with the
same velocity as the polymer moves outwards (the moving grid) until solvent saturation
at t = tend . During swelling, the total film thickness, δ, increases at a velocity equal to
that of the interface. At t = 0, diffusion of solvent starts to occur under the influence of
a concentration gradient, with an equilibrium concentration cs∗ at interface, and cs = 0
everywhere else, as depicted in Figure 2.5, left pane. This equilibrium concentration
is calculated from the final swelling factor using Eq. 2.10. At 0 < t < tend , a solvent
concentration gradient exists as schematically shown in the center pane of Figure 2.5. Note
that Eq. 2.10 implies that a higher solvent concentration corresponds to a higher swelling
coefficient. Therefore, the different polymer layers are expanding at different rates as long
as a concentration gradient is present.
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The convective diffusion equation to be solved differs from the usual form, as it has
to account for simultaneous swelling. Consider a volume element at time t and solvent
concentration c (we drop the subscript s for the remainder of this derivation) of volume
V = a∆x, where ∆x is its thickness (∆x0 at t = 0) and a is its cross-sectional area. This
volume element contains cV mol solvent. At time t + dt, the solvent concentration is
c + ∆c, the thickness is x + ∆x 0 , and the amount of solvent is cV + ∆(cV ). By evaluating
this change in amount of solvent to the difference in influx and outflux at both sides of the
volume element, during ∆t through surface a, we can write the finite difference equation
∆(cV ) = a



dc
−D
dx





dc
− −D
dx
x +∆x

 

∆t

(2.11)

x

With ∆t → 0 and substituting V we obtain the first order differential equation
d(∆xc)
=
dt



−D

dc
dx





dc
− −D
dx x
x +∆x

(2.12)

In absence of swelling, ∆x remains constant during the diffusion process and equal to ∆x0 .
With an infinite number of lines, (i.e. letting ∆x0 → 0), Eq. 2.12 reduces to the usual second
order differential equation for convective diffusion of Eq. 2.2.
In presence of swelling, we can make use of the relation between the swelling factor
and thickness
∆x = F∆x0
(2.13)
The relation between swelling factor and solvent concentration in Eq. 2.10 allows writing
c∆x as a function of c only. After differentiation, the left hand side of Eq. 2.12 then becomes
∆x0



ρ
ρ − Mc

2

dc
dt

(2.14)

Thus, letting ∆x0 → 0, Eq. 2.12 can be written as the second order partial differential
equation

 −2


dc(t, x )
ρ
d
dc(t, x )
=
D
(2.15)
dt
ρ − Mc(t, x )
dx
dx
Note that both the diffusion coefficient D (Eq. 2.7) and the swelling factor F (Eq. 2.10) are
functions of t and x. This formulation of the convective diffusion equation accounts for
two effects of swelling: (1) the stretching of the polymer layers that reduces the solvent
concentration gradient; (2) the dilution of penetrant in the polymer by an increase in
volume. The new diffusion-swelling model is more general than Eq. 2.3 and includes both
non-Fickian and Fickian diffusion. For Fickian diffusion, one would assume constant D
and film thickness, which yields results identical to Eq. 2.2.
The partial differential equation in Eq. 2.15 was solved using the method-of-lines as
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illustrated in Figure 2.5 with as boundary conditions


t = 0, 0 < x < δ


:c=0

t ≥ 0, x = δ(t)

: c = c∗





t ≥ 0, x = 0

:

dc
dx

=0

It is important to note that, similar to what was assumed by Bisschops,92 the concentration
gradient is defined with respect to a moving grid. Thus, the finite difference version of
Eq. 2.15 is solved for each layer of increasing thickness, and at each integration step the
thickness of the slabs is updated.
Finally, we derive a relation between concentration of solvent and measured IR absorbance, as an alternative to Eq. 2.3, which assumes a constant diffusion coefficient and no
sample swelling. The starting point for this derivation is Eq. 2.16, relating the absorbance
of the IR band of the penetrating solvent over time, A(t), to the changing concentration
profile in the film, c(t, x ). This relation is based on the decay of the evanescent electric
field strength associated with the IR beam45
A(t) = K

Z δ
0

c(t, x )e−2γx dx

(2.16)

Using an expression for the relative IR absorbance and concentration, allows us to use
a simplified representation (Eq. 2.16) instead of the full equation used by Fieldson and
Barbari.45 In Eq. 2.16, the factor K is determined by several optical properties like the
extinction coefficient and refractive indices. Using the ratio A(t)/A∞ , factor K vanishes,
while parameter γ is still defined as in Eq. 2.4. Due to the fast exponential decay of the
evanescent wave (e−2γx ), the concentration at the bottom of the film c(t, x = 0) accounts
for the measured absorbance A(t). The relative change of solvent concentration over time
can now be expressed as
c(t, 0)
A(t)
=
(2.17)
c(∞, 0)
A(∞)
In this model, At is the area of an IR band of the penetrant at time t, and A∞ is the band
area when the sample is completely saturated with penetrant (see Figure B.2).
Application of the diffusion-swelling model
Figure 2.6 shows the experimental solvent profiles and fitted curves according to the
diffusion-swelling model with non-constant diffusion coefficients. In all cases, an excellent
agreement was found between the experimental and fitted curves. The values obtained for
Deq are listed in Table 2.3. The trend in the values of solvent diffusion coefficients is similar
to those determined by measurements of paint swelling on polymerised linseed oil films
reported by Stolow.93 For water, the measured diffusion coefficients are of the same order
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Figure 2.6 Diffusion profiles of seven solvents in Pbpol, Znpol and ZnO-LO films of 135 to 160 µm
thickness and a metal ion concentration in the polymer films of roughly 420 mM. Solid black lines
represent best fits of the 2-parameter diffusion-swelling model, Eq. 2.7, as employed in the convective
diffusion equation, Eq. 2.15.

of magnitude as the values reported for water diffusion in pigmented alkyd paints61 and
vapor diffusion in historical samples of Prussian blue and basic lead carbonate paints57
(ranging between 1.2 − 7.7 × 10−13 m2 /s).
An important achievement of the diffusion-swelling model is that, unlike the (adapted)
Fickian model, it gives an adequate prediction of τd . The values for α obtained are listed in
Table B.4 and range between 0 and -19. The fact that α ≤ 0 indicates that the diffusion rate
increases with decreasing polymer fraction φ during the transition from dry to swollen
polymer. The relation between D and φ for solvent diffusion for Znpol, Pbpol and ZnOLO is shown in Figure 2.7), highlighting the significant differences in the equilibrium
swelling factor, with f eq ranging between 0.05 for D2 O and 1.2 for DCM. The minimal
values for D (Dmin ), in the dry state, are in the order of 10−13 m2 s−1 , which is still higher
than typical diffusion coefficients found for glassy polymers.94 This finding is in agreement
with the Tg values close to room temperature that we measured for dry Znpol, Pbpol and
ZnO-LO. In general, similar diffusion coefficients (varying less than a factor of 2) were
found for all three investigated model paint systems, indicating that small differences in
chemical composition do not significantly affect the diffusivity. It is especially noteworthy
that the introduction of 50 wt.% of pigment in ZnO-LO does not lead to strongly altered
diffusion behaviour. This result indicates that, in intact oil paint films (i.e. paint films
without cracks), solvent diffusion around pigment particles is relatively fast and the rate
of diffusion is mostly determined by the properties of the organic polymer matrix.
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Measured at 40 ◦ C

Solvent

DCM
acetone
toluene-d8
methanol-d4
ethanol
cyclohexane
D2 O

66
15
8.7
5.4
1.9
0.27
0.051

Deq
10−11
m2 /s
14
4.9
2.5
1.0
0.43
0.14
0.061

Znpol
DFick
10−11
m2 /s

1.2
0.73
0.71
0.60
0.89
0.24
0.05

f eq

55
23
9.9
2.3
1.6
0.30a
0.064

Deq
10−11
m2 /s

14
6.1
3.1
0.72
0.40
0.11a
0.053

Pbpol
DFick
10−11
m2 /s

1.1
0.89
0.81
0.56
0.87
0.45a
0.13

f eq

38
17
3.7
2.3
1.2
0.086
0.038

Deq
10−11
m2 /s

16
7.5
2.2
1.5
0.50
0.052
0.035

ZnO-LO
DFick
10−11
m2 /s

0.66
0.47
0.26
0.24
0.41
0.18
0.05

f eq

Table 2.3 Values of diffusion coefficient at equilibrium swelling according to the diffusion-swelling model (Deq ) and those with the assumption of Fickian
diffusion (DFick ). Diffusion parameters have been estimated at a 95% confidence interval and were found to vary between 27–34% for Deq and below
4% for DFick (Table B.3 and Table B.2). The standard deviation in the swelling factor is 0.13.

a
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Figure 2.7 Diffusion coefficient in Znpol, Pbpol and ZnO-LO film versus polymer fraction φ, calculated
using the diffusion-swelling model, Eq. 2.7, using parameters in Table B.3 and Table B.4.

Figure B.4 compares the diffusion coefficients obtained using the adapted ideal model
DFick and those at equilibrium swelling obtained using the diffusion-swelling model (Deq ).
In the adapted ideal model (Eq. 2.5), swelling effects above or inside the measurement
volume after the first detection of solvent signal that slow down solvent migration are
not taken into account. The diffusion-swelling model does incorporate this swelling, and
therefore one expects Deq > DFick . Indeed, Deq is consistently larger than DFick , with the
difference being largest for the most swelling solvent (DCM) and very small for the least
swelling solvent (D2 O). These observations show that, even though only minor swelling
occurs after solvent signal is first detected, a variable diffusion coefficient is necessary to
accurately model the solvent diffusion process close to equilibrium swelling. However,
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the simple adapted ideal model can still be used to calculate a reasonable approximation
of the solvent diffusion coefficient. Table B.3 and Table B.4 list the obtained diffusion
parameters Deq and α from Eq. 2.7 values with their 95% confidence intervals for all paint
models.
Having established that the swelling-diffusion model accurately describes solvent
transport in oil paint systems, we can now compare diffusion parameters of the different
solvents. The complexity of the solvent diffusion process is illustrated by the fact that some
of the faster diffusing solvents like DCM and toluene have the highest molecular weight
and that toluene and cyclohexane have very different diffusion rates despite having a
similar structure. Moreover, the two slowest diffusing solvents—water and cyclohexane—
are the most and least polar solvents and have the smallest and largest molecular radius
in the set.
According to Amstden,87 the parameter α of Eq. 2.6, which determines how strongly
the solvent diffusion coefficient changes with polymer fraction, is related to the molecular
radius of the diffusing molecule. The fitted values of α are plotted versus the molecular
radius of the solvent molecules in Figure B.5. With this solvent set, we did not find a
significant correlation between molecular radius and α. Since our set of solvent consists
of a limited range of molecular radii and very diverse solvent properties, it is necessary
to consider different solvent properties to explain the differences in diffusion behaviour.
Stolow93 correlated kinematic viscosity ν (absolute viscosity η divided by density ρ) and
the diffusion coefficient. As illustrated in Figure B.6, our findings confirm this correlation,
with the more slowly flowing solvents having the lowest diffusion coefficients. Water
deviates from this trend with a diffusion rate that is much slower than what is expected
based on its kinematic viscosity.
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Figure 2.8 Correlation of equilibrium swelling factor, f eq , with Deq . Lower swelling generally leads to
slower diffusion. Error bars calculated as described in Appendix A.
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Historically, equilibrium swelling data has been used to quantify diffusion behavior in
paints.93 Additionally, a high degree of swelling is associated with an increased risk of
pigment loss during oil paint cleaning treatments.54 Figure 2.8 shows a logarithmic plot of
Deq versus f eq , showing that solvents with a high swelling capacity are indeed generally
diffusing faster. Alcohols exhibit relatively strong swelling compared to their moderately
fast diffusion. These results confirm that swelling studies can be a useful indication of
diffusion behaviour of solvents in linseed oil-based paints. However, it is important to
emphasise that accurately describing diffusion phenomena in paint is not straightforward.
The experiments described in this work have practical implications for paintings
restoration. Disregarding potential reactivity between the solvent and paint components,
it is often desired to minimise mechanical stress and limit the volume of paint material
that is affected by a solvent during cleaning. In this light, both water and aliphatic
hydrocarbons like cyclohexane offer a combination of two useful properties: low swelling
power and slow diffusion. As water and aliphatic hydrocarbons are at opposite ends of
the polarity scale, it should be possible to remove a broad range of soiling materials from
the surface of oil paintings with these two solvents. The risk of mechanical damage can
be further reduced by making use of tailored gel systems for oil paint cleaning.95,96 To
this end, we would encourage the development of gel systems that can be loaded with
aliphatic solvents, solvent mixtures or even microemulsions that allow precise tuning
of solvent polarity. Finally, the methods described here can be extended to study paint
swelling and solvent diffusion for porous paint and mixtures of solvents.

2.3

Conclusions

Paintings are exposed to organic solvents and aqueous solutions during restoration treatments, which may lead to chemical alterations within the paint layers and altered viscoelastic properties of the paint. We have characterised linseed oil based binding medium models
with DMA and found viscoelastic properties similar to classical ionomers. Ionomers containing zinc show gradual broadening of tan δ with increasing metal content whereas lead
ionomers show characteristic behaviour of matrix- and ion-cluster relaxation. In all cases,
Tg is only weakly influenced by metal content.
Accurate concentration profiles of solvents and water in model paint samples were
measured successfully using ATR-FTIR spectroscopy. Both an adapted Fickian diffusion
model and a diffusion-swelling model incorporating the effect of film swelling on diffusion
were used to describe the experimental data. We used the adapted Fickian model to study
the solvent release of three common cleaning gels and found minimal or no solvent
retention caused by the use of gels. In contrast to the adapted Fickian diffusion model, the
considerable delay time observed for the relatively thick films was successfully predicted
by the diffusion-swelling model. With the diffusion-swelling model, it was found that
the solvent diffusion coefficients of solvents increase during paint swelling. No single
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solvent parameter was sufficient to explain the measured trend in solvent swelling or
diffusion rate. However, strongly swelling solvents (e.g. acetone) generally diffuse faster
than weakly swelling solvents (e.g. water).

2.4

Experimental

Sample preparation Metal sorbate complexes were synthesised by dissolving 550 mg
sorbic acid (Aldrich, 99+%) with 1 mL triethylamine (Sigma-Aldrich, >99%) in 20 mL
demineralised water at 50 ◦ C. The addition of 1.0 g Zn(NO3 )2 · 6 H2 O (Sigma-Aldrich p.a.)
or 1.1 g Pb(NO3 )2 (Sigma-Aldrich, >99 %) dissolved in 5 mL water resulted in immediate
precipitation of the white product. After stirring for 20 minutes, the product was separated
by vacuum filtration, washed with water followed by acetone, and dried overnight at
reduced pressure. The metal sorbate salts were stored under inert atmosphere to prevent
oxidation. Binding medium model systems for diffusion studies Znpol-std. and Pbpolstd. were made by grinding 250 mg zinc sorbate or an equivalent molar amount of lead
sorbate with 1750 mg cold-pressed untreated linseed oil (LO, Kremer Pigmente) to a
smooth paste with mortar and pestle. This concentration of metal ions is equivalent to a
molar metal carboxylate to ester ratio (COOM/COOR) of 0.29, and corresponds to roughly
420 mM Zn2+ /Pb2+ in the uncured sample mixture. For DMA analysis, Znpol and Pbpol
samples with constant total acid group concentration and increasing metal neutralisation
were made according to Table B.1. The mixtures were applied to 50 × 75 mm glass slides
and spread with a draw-down bar to achieve a wet thickness of 190 µm. The layers were
cured overnight in an air-circulated oven at 150 ◦ C, resulting in transparent homogeneous
dark orange films with a thickness around 140 µm. Films of pure polymerised LO (pLO)
were prepared in a similar fashion. Model paint samples for zinc (ZnO-LO) were made by
grinding ZnO with cold-pressed untreated LO in a 1:1 (w/w) ratio to a smooth paste with
mortar and pestle. The wet sample thickness was 190 µm and the samples were dried at
60 ◦ C in air for 7 days. For all measurements, 5 × 5 mm squares of the films were cut and
lifted off the glass support. The thickness of each sample was measured with a digital
micrometer accurate to 1 µm prior to diffusion measurements.
Agar was purchased from Sigma Aldrich and Gellan Kelcogelr CG-LA (LOT NO
3H7072A) was purchased from Azelis and used as received. Gels were made by mixing
4 wt% (agar) and 3 wt% (gellan) in deionised water at 100 ◦ C while stirring for 15 min and
subsequently cast on a flat surface. Nanorestorer Max Dry was used as received from
CSGI. Gels were kept in a sealed container loaded with ethanol or D2 O for at least 12 hour
before use. Complete exchange of solvents inside the gels upon loading was not verified
analytically. For agar and gellan, no detectable saccharide residues were found in the D2 O
supernatant as analysed by 1 H NMR while sacharide residues were found in the ethanol
supernatant. All gels were blotted with paper tissue and flushed with a flow of N2 until
dry on the surface before application.
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Figure 2.9 a: Illustration of the measurement cell used for time-dependent ATR-FTIR measurements
of polymer films in contact with solvents. The spring provides a small pressure to keep a constant
contact between the sample and the ATR-crystal as solvents swell the sample, while the porosity of the
metal disk ensures unhindered diffusion of the solvent through the sample film. b: The setup used for
the release of solvent from cleaning gels, the glass slide reduces evaporation of solvent from the gel.

Experimental setup DMA analysis was performed on a Perkin Elmer Pyris Diamond
DMA in tensile mode using a temperature range from -50 to 150 ◦ C and a heating rate
of 2 ◦ C/min under N2 atmosphere. For all samples, an amplitude of 10 µm, a minimum
tension/compression force of 10 mN, a minimum tension/compression force gain of
1.1 mN and a force amplitude default value of 500 mN were used. The glass transition
temperature (Tg ) was obtained from the maximum value of tan δ. For Pbpol, two Gaussian
functions and a baseline were fitted to determine both Tg and Tc , see Figure B.1.
ATR-FTIR spectra were measured on a Perkin-Elmer Frontier FT-IR spectrometer fitted
with a Pike GladiATR module with a diamond ATR-crystal ( = 3 mm). Spectra were
recorded at the bottom of the sample every 10, 30 or 60 s (depending on the diffusion rate
of the solvent) at 4 cm−1 resolution and averaged over 4 scans. In order to measure spectra
of polymer samples during exposure to solvents or solutions, a custom-built stainless
steel cylinder was used as illustrated in Figure 2.9. The cell volume was sealed with two
solvent resistant O-rings between the top plate and the pressure clamp of the ATR module.
The polymer sample was covered by a  = 10 mm porous sintered metal disk, and a small
but constant pressure was applied to the polymer sample by a spring placed between the
pressure clamp of the ATR module and the porous disk. An inlet in the cylinder allowed
for the addition of liquids to the sample chamber with a syringe. The inlet was kept sealed
with parafilm during measurements to avoid solvent evaporation. In all experiments,
analytical grade solvents were used. Automated spectrum collection was started as soon
as solvent was injected into the measurement cell.
Data processing Diffusion curves in polymer films were measured of cyclohexane
(904 cm−1 ), ethanol (879 cm−1 ), acetone (529 cm−1 ), D2 O (2510 cm−1 ), methanol-d4
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(2485 cm−1 ), DCM (1265 cm−1 ), and toluene-d8 (541 cm−1 ). The wavenumbers in parentheses for each solvent refer to the positions of a characteristic solvent band that was
sufficiently isolated for accurate band integration. The time-dependent band areas were
calculated with Perkin-Elmer TimeBase software using a baseline anchored to the spectrum to either side of a band, and required no further processing before model fitting. FTIR
spectra of Znpol at maximum solvent swelling for all solvents are shown in Figure B.2.
The reproducibility of the diffusion curves was investigated by repeating the acetone
diffusion experiment eight times on Znpol films with thicknesses varying between 124
and 159 µm. The standard deviation in the thickness measurement, caused by uneven
sample surfaces, was approximately 10 %. The standard deviation in the swelling factor
was determined by repeating the experiment for acetone nine times and was found to be
0.13. We have applied a method to calculate the 95% confidence intervals of the fitting
parameters using a least squares procedure97 (see Appendix 2.A). The 95% confidence interval in DFick resulting from the parameter estimation procedure was below 4%, whereas
for Deq the interval was between 27–34%.
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2.A

Appendix A: Parameter estimation procedure

The model described in the main text is employed in the parameter estimation procedure
to find the diffusion parameters, Deq and α. The procedure could be performed using a
direct optimisation procedure as the number of parameters to be estimated is small. The
cost function, C ( D̄, α), was constructed on the basis of the values of the concentration
curves from the solvent FTIR band areas, ci , and the model predicted values, ĉi , on the
same instants of time, ti , over the time interval, where the concentration changes are
appreciable:
N

C ( D̄, α) =

∑ (ci − ĉi ( D̄, α))

2

(2.18)

i =1

Here, N denotes the number of time point of concentration data for each solvent/polymer
sample.
Although the optimisation procedure has provided a set of parameters that allow
a good description of the experimental data, yet some of the parameters could still be
correlated. The estimability of such correlated parameters is problematic, they would have
large error or even turn out to be completely inestimable. Therefore, we have applied a
method to calculate the 95% confidence intervals of the parameters using a least squares
procedure97 based on a linearisation of the non-linear kinetic model at parameter values
listed in Table B.3 and Table B.4. This method requires to calculate the sensitivity matrix X
containing the partial derivatives of the observable ci , to the parameters, Deq and α:



X=



1
σc
1
σc

∂c1
∂ D̄
∂c2
∂ D̄

..
.

1 ∂c N
σc ∂ D̄

1
σc
1
σc

∂c1
∂α
∂c2
∂α

..
.

1 ∂c N
σc ∂α








(2.19)

i
Here, the σ1c ∂∂cD̄i and σ1c ∂c
∂α denote the partial derivatives of concentration for each measurement point i to the parameters Deq and α, respectively. Note that the number of rows in
X equals N, the number of time point of concentration data for each solvent/polymer
sample. The parameter sensitivities are numerically computed from the diffusion model
and subsequently scaled with the standard deviation of concentration measurements, σc .
The vector of standard deviations of the estimated parameters Deq and α, follows as:

h

s D̄

i q
−1
sα = ( X T X )

(2.20)

The 95% confidence interval is calculated from this standard deviation as:
h

s D̄

sα

i
95

h
= 1.96 s D̄

sα

i

(2.21)
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The value for the standard deviation of the concentration, σc , is obtained from 9
repeated measurements of the relative concentration curves for acetone in ZnPol. One
value was obtained by simply constructing an average curve from the set of 9 curves and
determining the standard deviation as the sum of the squared differences at each time
point of the individual curves with the average curve:
v
u
u1
σc = ∑ t
N
j =1
9

N

∑ (ci − c̄i )2

(2.22)

i =1

Here, i counts the N time points (N = 33) at the interval, where the concentration changes
appreciably, while ci and c̄i are the values of the measured and average concentrations
at time points ti . The value thus obtained was σc = 0.087. However, the equilibrium
swelling factor and film thicknesses measured for these 9 samples are not the same, so part
of the standard deviation calculated this way must be attributed to differences in swelling
factor and thickness. Therefore, we decided to employ a different method to estimate σc ,
where we use the diffusion model to account for the differences in swelling factor and
thickness. Using a similar cost function as Eq. 2.18 and minimising this we obtained the
best fit values for Deq and α for all the 9 acetone/ZnPol series at the measured time points:
ĉi . Replacing c̄i by ĉi in Eq./ 2.20 now leads to a σc value corrected for swelling factor
and thickness, which turned out to be σc = 0.047. The fact that this value is smaller is an
indication indeed that part of the deviations between the 9 curves must be ascribed to
differences in swelling factor and thickness. We decided that the lower estimate of σc is
the proper value to calculate the scaled matrix X.
However, it is not sufficient to account for the error in concentration only, since the
measured values of both the swelling factor and the film thickness are used, via the
diffusion model, to determine the diffusion parameters, do also contain considerable error.
We have determined the standard deviation of thickness, σδ , by measuring it repeatedly at
different places on one film sample, which yielded σδ ≈ 10−5 m. The standard deviation
of the swelling factor, σ f , as measured by the FTIR polymer band area, was obtained from
the 9 acetone/ZnPol samples also used to estimate σc . Thus, σ f turned out to be 0.13
(swelling factors are between 1 and 2.5). When determining the errors in the diffusion
parameters using the sensitivity matrix, we could account for the errors in thickness and
swelling factor in an elegant way by treating them as both parameters and measurements
at the same time. This implies, in the first place, that we have to extend the optimisation
problem with two additional parameters: thickness δ and equilibrium swelling factor
f . Consequently, the starting values for these parameters of the constraint optimisation
problem are set equal to their measured values, δ and f , and their constraints at δ ± σδ
and f ± σ f , respectively. The second implication of treating δ and f as both parameters
and measurements implies that sensitivity matrix X has two more columns and also two
more rows. The extra columns denote the sensitivities of concentration to parameter
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thickness, δ, and to equilibrium swelling factor, f , while the extra two rows refer to the
measurements sensitivity to the parameter. As for these rows the parameters are identical
to the measurements, the unscaled elements on the diagonal are just ones, as obviously
∂f
∂δ
∂δ = 1 and ∂ f = 1 . Since scaling by the standard deviation is required, the ultimate
values of these elements become 1/σδ and 1/σ f , respectively (and zeros in non-diagonal
positions). Thus, we obtain an extended X matrix:


1
σc
1
σc

1
σc
1
σc

∂c1
∂ D̄
∂c2
∂ D̄
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 ..
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(2.23)

1
σf

We also obtain two more standard deviations from (cf. Eq. 2.20):
h

s D̄

sα

sδ

i q
−1
s f = (X T X )

(2.24)

We have used the extended sensitivity matrix X to estimate the 95% confidence intervals
of DFick , Deq and α listed in Table B.2, Table B.3 and Table B.4. It was noted that the their
values were significantly increased by mostly the error in the equilibrium swelling factor.
Furthermore, treating δ and f as both parameters and measurements allowed optimisation
of δ and f as well, but in only two cases this procedure yielded slightly different values
for the swelling factor than the measured ones.
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2.B

Appendix B: Supplementary Information
Pbpol-std.
tan δ (E'/E'')

0.15

0.1

Tg

Tc

0.05
0

50

temperature (ºC)

100

Figure B.1 Illustration of fitting procedure to obtain both Tg and Tc . The total signal intensity (red
curve) is a summation of three Gaussian functions. The black dashed curve is one of the three Gaussian
functions that is fitted to the experimental data, and serves as a background. The green (Tg and
blue (Tc ) functions correspond to the signals for the bulk glass transition and cluster glass transition,
respectively.
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Figure B.2 FTIR spectra of solvent saturated Znpol ionomer samples. Dashed boxes indicate the
characteristic solvent band that was integrated to measure solvent diffusion.
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Figure B.3 Storage modulus (E’) values over the temperature range -50–140 ◦ C. Rubbery plateau
region was defined at 140 ◦ C.

Table B.1 Overview of the composition of samples for DMA measurements. LO is linseed oil, So
is sorbic acid, MSo is either zinc or lead sorbate, So/LO refers to the molar ratio between sorbate
molecules (either as free acid or metal complex) and linseed oil, and COOM/COOH refers to the
proportion of total sorbate molecules that is bound to a metal ion (either zinc or lead).

Sample
pLO
Mpol-0
Znpol-32
Znpol-64
Znpol-100
Znpol-std.
Pbpol-32
Pbpol-64
Pbpol-100
Pbpol-std.

LO (mg)

So (mg)

MSo (mg)

So/LO

COOM/COOH

400
400
400
400
400
400
400
400
400
400

0
30
20
10
0
0
20
10
0
0

0
0
12.8
25.6
38.4
57.1
19.2
38.3
57.5
84.9

0
0.6
0.6
0.6
0.6
0.2
0.6
0.6
0.6
0.2

0
0
0.32
0.64
1.00
1.00
0.32
0.64
1.00
1.00
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Table B.2 Fitted values for parameter DFick using the adapted Fickian model according to Eq. 2.3.
The error in DFick values corresponds to the 95% confidence interval.
Solvent

Znpol
DFick (m2 /s)

Pbpol
DFick (m2 /s)

ZnO-LO
DFick (m2 /s)

DCM
acetone
toluene-d8
methanol-d4
ethanol
cyclohexane
D2 O

1.4 × 10−10
5.6 × 10−11
2.5 × 10−11
1.0 × 10−11
4.3 × 10−12
1.4 × 10−12
6.1 × 10−13

1.4 × 10−10
6.1 × 10−11
3.1 × 10−11
7.2 × 10−12
4.0 × 10−12
1.1 × 10−12
5.3 × 10−13

1.6 × 10−10
7.5 × 10−11
2.2 × 10−11
1.5 × 10−11
5.0 × 10−12
5.2 × 10−13
3.5 × 10−13

±0.04
±0.1
±0.04
±0.02
±0.05
±0.01
±0.01

±0.04
±0.2
±0.04
±0.1
±0.05
±0.06
±0.04

±0.05
±0.2
±0.06
±0.03
±0.07
±0.04
±0.03

Table B.3 Fitted values for parameter Deq using the diffusion-swelling model according to Eq. 6. The
error in Deq values corresponds to the 95% confidence interval.
Solvent

Znpol
Deq (m2 /s)

Pbpol
Deq (m2 /s)

ZnO-LO
Deq (m2 /s)

DCM
acetone
toluene-d8
methanol-d4
ethanol
cyclohexane
D2 O

66 × 10−11 ±16
15 × 10−11 ±4
8.7 × 10−11 ±2
5.4 × 10−11 ±1
1.9 × 10−11 ±0.4
2.7 × 10−12 ±0.9
5.1 × 10−13 ±2

55 × 10−11 ±14
23 × 10−11 ±8
9.9 × 10−11 ±2
2.3 × 10−11 ±0.6
1.6 × 10−11 ±0.4
3.0 × 10−12 ±0.7
6.4 × 10−13 ±2

38 × 10−11 ±15
17 × 10−11 ±5
3.7 × 10−11 ±1
2.3 × 10−11 ±0.7
1.2 × 10−11 ±0.3
8.6 × 10−13 ±3
3.8 × 10−13 ±1

Table B.4 Fitted values for parameter α using the diffusion-swelling model according to Eq. 6. The
error in α values corresponds to the 95% confidence interval.
Solvent
DCM
acetone
toluene-d8
methanol-d4
ethanol
cyclohexane
D2 O

Znpol

Pbpol

−8.0
−9.6
−10.5
−7.5
−7.6
−19.2
0

±0.8
±1.5
±1.6
±0.6
±0.6
±9.1

ZnO-LO

−8.9
−9.2
−13.3
−9.4
−8.0
−10.5
−6.6

±0.79
±1.3
±1.8
±1.4
±0.63
±1.6
±4.4

−7.4
−10.6
−12.9
−12.7
−7.3
−12.2
0

±1.6
±3.0
±7.5
±7.7
±1.8
±7.3

Table B.5 Pure solvent properties.98
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Solvent

Dself (m2 /s)

DCM
acetone
toluene-d8
methanol-d4
ethanol
cyclohexane
D2 O

3.5 × 10−9
1.3 × 10−9
2.2 × 10−9
5.9 × 10−9
2.8 × 10−9
3.8 × 10−9
5.5 × 10−9

radius (Å)
4.30
4.55
5.38
3.54
4.18
5.48
2.74

density (kg/m3 )
1330
790
943
888
790
776
1100

MW (g/mol)
84.9
58.1
100
36.0
46.0
84.1
20
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Figure B.4 Correlation between diffusion coefficient assuming Fickian diffusion (DFick ) and diffusion
coefficient at equilibrium swelling (Deq ) calculated using the diffusion-swelling model.
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Figure B.5 Correlation between parameter α in the diffusion-swelling model with molecular radius of
the solvent.

47

C HAPTER 2. S OLVENT DIFFUSION AND FILM SWELLING

−9

Znpol
Pbpol
ZnO-LO

DCM
acetone

log Deq

−10

toluene-d 8
methanol-d 4

cyclohexane
ethanol

−11

cyclohexane

−12

D2 O

−13
0.2

0.4

0.6

0.8

1

1.2

1.4

ν (mm2/s)
Figure B.6 The relation between the measured diffusion coefficients in Znpol for the investigated set of
solvents (plotted as the natural logarithm for clarity) versus their kinematic viscosity values ν (dynamic
viscosity η divided by density ρ). Kinematic viscosity values are at 298 K and taken from Ref.98 .
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C HAPTER 3. T HE FORMATION OF METAL SOAPS

3.1

Introduction

Traditional oil paints are a mixture of mainly inorganic pigments, a drying oil (triglycerides
with a high degree of unsaturation) and a wide variety of possible additives. As the oil
binding medium dries and ages through autoxidation reactions, this mixture becomes a
complex heterogeneous system of solid particles suspended in a dense polymer matrix.
Oil paints are subject to slow deterioration processes that affect the appearance and structural integrity of oil paintings. Factors such as humidity,99,100 exposure to solvents,28,68
temperature changes and exposure to light101 are known to influence the stability of oil
paint. Reactions between pigments or metal-based siccatives and the oil binder can lead to
the prominent conservation issue of metal soap formation: complexes of metal ions (usually
lead or zinc) and long-chain saturated fatty acids (SFAs). These complexes can form large
crystalline aggregates that protrude through the paint surface and have been associated to
cases of brittleness, transparency and delamination in oil paint layers.3
broad IR band
1529/1585 cm-1
O
O
O

O
M

HO

O

R

O
O

O
M

R
= polymer network
M = Pb2+/Zn2+

O
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O
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R

O
O

R
O
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R
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metal soap
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O
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crystalline
metal soap

R = C15H31

Scheme 3.1 Hypothetical pathway for the formation of crystalline metal soaps from ionomeric binding
media upon exposure to palmitic acid (HPa).2 The noted wavenumbers refer to the position of
the νa COO – vibration band for lead (red) and zinc (blue) complexes. The geometry of the metal
carboxylate complexes is depicted schematically.

An important discovery has been that metal ions (originating from pigments or driers)
migrate into the binding medium, where they are distributed throughout the polymerised
oil network and associated to carboxylate groups.2,42,43 Such an ionomer medium contains
clusters of metal carboxylate groups (identified by a broad νa COO− band in infrared (IR)
spectra) that, while potentially reactive towards long-chain saturated fatty acids (SFAs),
could contribute to the stability of the oil network on the short term.43 SFAs can either be
formed by partial hydrolysis of the polymerised oil network, or be derived from paint
additives such as aluminium stearate.102 Our current hypothesis, illustrated in Scheme 3.1,
is that the presence of free SFAs leads to the formation of amorphous metal soap complexes.
Subsequently, due to the low solubility of metal soaps in oil,77 these complexes will tend
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to crystallise and form metal soap aggregates. With FTIR spectroscopy, this crystalline
state of metal soaps can be distinguished from amorphous metal carboxylate species by
their sharp COO− bands at 1510 cm−1 (Pb) or 1538 cm−1 (Zn).
Linseed oil-based ionomer model systems, time-dependent ATR-FTIR spectroscopy
and ATR-FTIR imaging were used to investigate the diffusion of a SFA (palmitic acid, HPa)
and its reaction with metal carboxylate clusters. ATR-FTIR spectroscopy has proven to be
a powerful tool to study dynamic processes in polymer films.32,49–52,103 Mature oil paint
’model’ systems (Znpol and Pbpol) were synthesised by co-polymerisation of linseed oil
(LO) and metal sorbate (2,4-hexadienoate) at 150 ◦ C (see Experimental). We have proven
that these systems are representative of mature oil paint in terms of metal carboxylate
concentration and structure.2,42,43 The paint models were either subjected to fatty acids
in solution or to molten fatty acids, because long-chain fatty acids are solids at room
temperature. Both conditions entail a departure from the ’real’ conditions in oil paintings
to some degree but do allow studying essential reaction-diffusion processes.

3.2
3.2.1

Results and Discussion
Time-dependent ATR-FTIR studies of metal soap formation

The model systems were exposed to a solution of HPa in acetone in a custom ATR sample
cell (Figure 3.13) that ensured a constant contact between the samples and the ATR crystal.
These experiments provided information on the sequence of several diffusion and reaction
processes that happen on much longer timescales in real oil paintings.
Figure 3.1 shows the evolution of IR spectra of Znpol and Pbpol recorded during the
first 200 minutes of exposure to a solution of HPa in acetone. The spectra before exposure
exhibit clear amorphous metal carboxylate bands in the 1500–1650 cm−1 region. At
t > 0, IR bands corresponding to acetone appeared within minutes, while the remainder
of the spectrum decreased in intensity due to a decreasing concentration of polymer
in the measurement volume. After 10–20 minutes, carboxylate bands associated with
crystalline lead palmitate (PbPa2 ) and zinc palmitate (ZnPa2 ) were detected. In Pbpol,
CH2 progression bands between 1240–1340 cm−1 , associated with packed all-trans alkyl
chains, were clearly visible. Figure 3.2 shows X-ray diffraction measurements on ionomer
films after exposure to HPa solution that confirm the attribution of the sharp νa COO –
bands appearing in Figure 3.1 to crystalline metal palmitate (MPa2 ) complexes.
Integrated band areas corresponding to acetone, PbPa2 and ZnPa2 are shown in Figure 3.3, which clearly illustrate the sequence of diffusing species detected at the bottom
of the film. To obtain accurate areas of the crystalline MPa2 bands, a custom spectral
processing algorithm was applied to subtract contribution of the overlapping broad metal
carboxylate band (see Figure 3.14 for details). After 30 minutes, the concentration of acetone reached a constant value in the measurement volume (penetration depth45 dp varies
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Figure 3.1 A baseline-corrected selection of IR spectra with 10 min time intervals of a Pbpol and
b Znpol ionomers of 140–160 µm thickness, recorded during the first 200 minutes of exposure to
a solution of HPa in acetone. Spectra at t = 0 are highlighted in red and blue for lead and zinc,
respectively. Bands associated with acetone are marked by •. Arrows indicate the νa COO – vibration
of crystalline MPa2 complexes. The inset in a shows the CH2 progression bands of PbPa2 .
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Figure 3.2 XRD traces of Pbpol and Znpol ionomer films before and after exposure to a solution of
HPa in acetone. In both cases, the samples show characteristic long spacing peaks corresponding to
crystalline zinc and lead palmitate.104 Pbpol also shows peaks of HPa that crystallised after remaining
traces of the acetone solution evaporated.

from 0.5 to 3.5 µm from 3500 to 500 cm−1 ). IR bands of PbPa2 and ZnPa2 were detected
just minutes after acetone was first observed. The shape of the profiles and the time at
which species are first detected (delay time τd ) give valuable information on the reaction
and diffusion processes taking place. Additionally, because the initial broad COO – band
area was nearly constant (σ = 6% in a set of 10 repeats), differences in absolute band areas
within the series can be used to measure MPa2 concentrations qualitatively.
To investigate the effect of the presence of metal ions on HPa diffusion, we compared
reactive and unreactive films (i.e. linseed oil without metal ions). Films of pure polymerised linseed oil pLO were exposed to molten HPa at 70 ◦ C while monitoring the νa
COOH band at 1710 cm−1 (see Figure 3.14 for the integration method). The diffusion
52

integrated absorbance (cm-1)

3.2. R ESULTS AND DISCUSSION

acetone

5

PbPa2
ZnPa2

4

HPa

3

2

2

1

1
0

0
0

200

400

600

0
800

20

40

60

80

1000

100

1200

time (min)

Figure 3.3 Profiles of IR band areas corresponding to acetone (529 cm−1 ), PbPa2 (1510 cm−1 ), and
ZnPa2 (1538 cm−1 ) in Pbpol and Znpol ionomers during exposure to a solution of HPa in acetone
(56 mM). The diffusion profile of molten HPa (1710 cm−1 )was recorded at 70 ◦ C in a polymerised
linseed oil film (pLO).
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Figure 3.4 Integrated COOH band area of HPa during diffusion of molten HPa into a polymerised
linseed oil film at 70 ◦ C. The data was fitted to a Fickian diffusion model appropriate for the ATR-FTIR
measurement geometry as described by Fieldson and Barbari.45

profile of molten HPa was described well with a simple Fickian diffusion model,45 yielding
a diffusion coefficient D = 1.15 · 10−8 cm2 /s (Figure 3.4).
The fast formation of MPa2 complexes in the measurement volume demonstrates
that metal soap crystallisation starts directly after HPa reaches the bottom of the film,
indicating that the presence of free SFAs in ionomeric binding media is enough to cause
spontaneous metal soap crystallisation. Consequently, any process that may increase the
free SFA concentration in a paint (ester hydrolysis, wax-resin lining of paintings,16 etc.),
is expected to have a significant effect on the metal soap formation rate. Comparing the
profiles of Pbpol and Znpol (Figure 3.3), PbPa2 had a τd of approximately 10 min, while
for ZnPa2 τd = 20 min. Interestingly, τd for molten HPa in the unreactive pLO was much
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Figure 3.5 FTIR spectra of (blue) Znpol ionomer after reaction with a HPa solution for 24 hours and
(green) of a homogeneous suspension of ZnPa2 and linseed oil. The latter sample contained the same
ratio of metal-carboxylate bonds to ester bonds (COOM/COOR) as the initial unreacted Znpol ionomer
film. The spectra were normalised on the maximum of the ester carbonyl vibration at 1740 cm−1 to
allow a comparison of the concentration of other molecular species relative to the concentration of
ester groups. The fact that the asymmetric carboxylate stretch vibration at 1538 cm−1 is so much
more intense in the Znpol sample than in the mixture of ZnPa2 suggests that there is a gradient in
the concentration of ZnPa2 in Znpol towards the bottom of the film after reaction with HPa solution.
In other words, ZnPa2 seems to exhibit preferred crystallisation at the bottom of the film. Bands
associated with acetone are marked by •.

smaller than the delay time of crystalline MPa2 complexes in reactive ionomer systems.
This observation indicates that the initial HPa diffusion rate is strongly increased by the
simultaneous flow of acetone in the same direction. Moreover, the MPa2 concentration
profile keeps increasing slowly on long timescales, unlike the diffusion profiles of acetone
or other solvents.32
The observed concentration profiles offer a better understanding of the reaction and
diffusion of free SFAs, solvents (cleaning agents) as well as the possible transport of
network-bound metal ions in oil paintings. The idea that the measurement system contains
multiple diffusion processes seems to be confirmed by the presence of a fast and slow
regime (Figure 3.3). One explanation for these two regimes is a decreasing HPa diffusion
rate as the local concentration of crystalline MPa2 increases and fills up the free volume
in the polymer network. Alternatively, if there is a slow migration process of metal ions
at play, the fast regime of MPa2 crystallisation can be interpreted as the consumption of
network-bound metal carboxylates initially present in the measurement volume. The slow
regime would then be caused by M2+ migration, causing crystalline metal soaps to keep
forming at the bottom of the sample even when the initial concentration of metal ions
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Figure 3.6 MPa2 concentration profiles in a Znpol and b Pbpol ionomers, comparing experiments with
direct exposure to a HPa solution (solid), pre-swelling with acetone (dashed) or removal of most of the
water in the system (dotted). The pre-swollen curves were shifted horizontally to place t = 0 at the
moment of HPa addition. c MPa2 profiles in paint films pigmented with ZnO (blue curve) or Pb3 O4
(red curve).

in the measurement volume has been consumed. In this scenario, metal soaps would
need to show preferential crystallisation near the polymer/ATR-crystal interface. Such
an accumulation process is also suggested by the intensity of the ZnPa2 band in films
after long exposure to HPa solutions (Figure 3.5). The intensity of this band is far greater
in Znpol after reaction than in a mixture of ZnPa2 and linseed oil with the same Zn2+
concentration. Interestingly, even though one would expect metal ions to migrate towards
the top of the film (where HPa arrives first), these measurements suggest that M2+ ions
from outside the measurement volume have migrated towards the bottom of the film
instead.
The effect of acetone flow on the diffusion of HPa was investigated by carrying out
reaction-diffusion experiments in which HPa was only introduced after the sample film
was first fully saturated with acetone (Figure 3.6a and b). While the MPa2 profile shape was
unaffected, the pre-swollen films did show a significantly increased τd . This delay supports
the notion that the rapid initial diffusion of HPa and subsequent crystallisation of MPa2
shown in Figure 3.3 is indeed caused by the initial acetone flow. In all experiments, τd was
approximately twice as long in Znpol compared to Pbpol. Previous research demonstrated
that crystallisation from the melt is a faster process for PbPa2 than for ZnPa2 ,77 which offers
an explanation for the earlier detection of PbPa2 . Significant differences in the diffusion
rate of HPa in the two ionomers are not expected, because the diffusion constants of a
wide range of solvents were approximately equal in Znpol and Pbpol (see C HAPTER 2).32
In studies of oil paint ageing, water has always been suspected of causing a broad
range of degradation phenomena, primarily through hydrolysis of the triacylglyceride
ester bonds. We studied the effect of water on the reaction-diffusion processes by removing
as much water from the system as possible. The dotted curves in Figure 3.6a and b show
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Figure 3.7 ATR-FTIR spectra of Pb3 O4 -LO and ZnO-LO model paint films before (bottom) and after
(top) reaction with a solution of HPa in acetone. Note the broad ionomer metal carboxylate band in
the spectra at t = 0, and the high intensity of the crystalline metal carboxylate band of the metal
palmitates (1510 cm−1 and 1538 cm−1 for lead and zinc, respectively) compared to the ester carbonyl
band at 1738 cm−1 . Spectra were normalised to the maximum of the ester carbonyl band at 1738 cm−1
and vertically shifted for clarity. Bands associated with acetone are marked with •.

the MPa2 profiles recorded on films that were dried overnight in vacuum at 100 ◦ C, using
dry acetone that was freshly distilled over B2 O3 . Both for Znpol and Pbpol, τd was similar
to the non-dried runs. However, the subsequent rate of MPa2 formation was slower and
the final conversion was much lower, especially for Znpol. This result demonstrates that
even low concentrations of water in the system have a profound effect on the rate of metal
soap formation. Rather then promoting metal soap formation by generation of free SFAs
through ester hydrolysis, here water increases the rate of MPa2 formation when free SFAs
are introduced to the system. We hypothesise that water lowers the activation energy for
metal ion transfer between carboxylate groups, thereby increasing the metal ion migration
rate through the polymer network and the consumption of metal ions by free SFAs. Such
an effect has been demonstrated in perfluorosulfonated ionomer membranes.105
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We compared the unpigmented ionomer systems Znpol and Pbpol with complete
paint models consisting of zinc oxide (ZnO) or minium (Pb3 O4 ) in linseed oil, dried at
60 ◦ C for one week (denoted ZnO-LO and Pb3 O4 -LO, respectively). Both these paint
models showed broad COO – bands in FTIR spectra nearly identical in both shape and
intensity to Znpol and Pbpol systems (Figure 3.7, bottom), indicating the formation of
ionomeric binding medium.43 Figure 3.6c shows the crystalline MPa2 profiles for ZnO-LO
and Pb3 O4 -LO during exposure to HPa solution. The pigmented films showed very fast
MPa2 crystallisation on short timescales. The concentration of ZnPa2 in the ZnO-LO
system reached a constant level after approximately 600 minutes, while the concentration
of PbPa2 was still increasing in the Pbpol system after 1000 minutes.
It is apparent that pigmentation strongly affects the metal soap formation process.
Though the intensities of the initial broad COO – bands in ZnO-LO and Pb3 O4 -LO were
highly similar to those in Znpol and Pbpol, the initial slope of the profiles and the band
intensities after 1000 minutes were, especially in the case of ZnO-LO, much greater in
the case of pigmented films (compare Figure 3.6a, b and c). Two effects can explain these
differences. Firstly, in the case of ZnO-LO, it is likely that ZnO particles are consumed as
the total concentration of COOH groups increases when HPa flows into the system and
metal soaps form. Secondly, the pigment surface could act as a suitable nucleation site
for MPa2 . It is conceivable that both factors are in effect to different degrees in Pb3 O4 -LO
and ZnO-LO, explaining the differences in their profile shapes. If Pb3 O4 is less prone to
degradation than ZnO, this higher stability could result in a slower release of Pb2+ during
the measurement and an overall profile shape that is largely governed by slow transport of
Pb2+ ions that were already present in the binding medium at the start of the experiment.

3.2.2

ATR-FTIR imaging of zinc soap products in cross-sections

The influence of ZnO particle size and concentration on zinc soap formation
Since time-dependent ATR-FTIR measures only the bottom of the films and does not
provide information on the distribution of zinc soap products, it was decided to use ATRFTIR imaging on embedded cross-sections.106 After HPa exposure, the models systems
were embedded and measured in order to study potential pigment degradation or metal
ion migration.
First, we tested the hypothesis that ZnO particles are consumed during the experiment
by exposing mixed ZnO/TiO2 paint models with increasing ZnO concentrations (ZnOTiO2 -LO) to HPa in acetone. After 24 hours of exposure to HPa in acetone, the embedded
cross sections were imaged. Figure 3.8a shows ATR-FTIR heat maps of the crystalline
ZnPa2 band at 1538 cm−1 , showing an increasingly intense ZnPa2 band for increasing
ZnO concentrations and confirming the formation of more zinc soaps when more ZnO is
present (compare e.g. heat maps for 2 wt% and 80 wt% ZnO in Figure 3.8a). Figure 3.8b
shows a selection of ester normalised FTIR spectra extracted from the maps. The spectra
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Figure 3.8 a: Ester normalised heat maps of the ZnPa2 band (1540 cm−1 ) after reaction of ZnOTiO2 -LO samples (2–80 wt% ZnO) with a solution of HPa in acetone (direction of HPa flow indicated
with arrow). Spherical high intensity spot in the left image and thin layer at the bottom interface in the
right image are caused by protein contamination. b: Ester normalised imaging ATR-FTIR spectra inside
the ZnO-TiO2 -LO layer after HPa exposure. The layer was divided in 50 slabs, spectra were averaged
over each slab and plotted as a function of depth (position inside the layer). Green corresponds to
the top, red to the bottom of the layer. Areas with protein contamination were omitted. c: Relative
concentration profiles obtained by integration of the ZnPa2 band and the amorphous zinc carboxylate
band (COOZn, centered at 1585 cm−1 and integrated between 1560–1700 cm−1 as indicated with
dashed lines) along the depth of the films. Upon increasing the ZnO concentration from 2–80 wt%, a
clear increase in both ZnPa2 and COOZn is observed.

were obtained by dividing the measured layer into 50 slabs, performing averaging along
the slabs and plotting the average spectra for all 50 slab positions between top and
bottom. In Figure 3.8b, green corresponds to the top, red to the bottom of the imaged
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layer. Subsequent integration of the ZnPa2 band and the amorphous zinc carboxylate
band (COOZn, 1585 cm−1 ) along the depth of the films yields the relative concentration
profiles that are displayed in Figure 3.8c. We note that the amorphous zinc carboxylate
band shows interesting variations in intensity and peak position (see C HAPTER 5), but
we here only consider the total intensity in this region of the spectrum as a measure of
the amount of amorphous zinc carboxylates. Moreover, minor contributions from a small
band around 1600 cm−1 caused by the Technovit embedding resin may lead to a slight
overestimation of the total band intensity, but integration of this spectral region gives
access to interesting information on the relative concentration and spatial distribution
of amorphous zinc carboxylates nevertheless. It can be seen in Figure 3.8b and c that
for higher ZnO concentrations, an increase in both the ZnPa2 and the COOZn band are
observed. Zinc ions (originating from ZnO particles) thus associate to carboxylate groups
to refill the ionomer network and increase the amount of COOZn. In addition, more
crystalline zinc soaps are formed when higher ZnO concentrations are present. These
results shows that an important mechanism in zinc soap crystallisation is filling the
network with amorphous COOZn, followed by a crystallisation step (see Scheme 3.1).
Since the IR bands associated with amorphous COOZn containing alkyl chains that are
linked to the polymer network, or disordered as in molten ZnPa2 (C HAPTER 5), are
fundamentally indistinguishable, we can not discriminate between these two situations.
As a result, the increasing formation of COOZn upon increasing the amount of ZnO
(Figure 3.8b and c) may be partly explained by the presence of ZnPa2 molecules that have
not yet crystallised. Therefore, it can not be excluded that some HPa reacts directly with
ZnO at the ZnO surface to form crystalline ZnPa2 without an intermediate exchange step
with COOH groups attached to the polymer network.
To further investigate the breakdown of ZnO, we explored the effects of particle size
on the formation of ZnPa2 by using ZnO with a <100 nm particle size (100 wt% ZnO,
sample designated nanoZnO-LO), resulting in a strong increase in ZnO surface area. It
was hypothesised that, upon increasing the ZnO surface area, the release of zinc ions
into the network would be facilitated, resulting in an increase in either ZnPa2 or COOZn,
or both. Figure 3.9b shows a selection of IR spectra taken from a cross-section of a
nanoZnO-LO model system after 24 hours of exposure to HPa in acetone. Comparing
Figure 3.9b with spectra from Figure 3.8b, it is clear that both the formation of ZnPa2 and
amorphous COOZn increased strongly when nano ZnO is used. This observation is further
illustrated by the relative concentration profiles for ZnPa2 and COOZn that are displayed
in Figure 3.9c, showing an almost twofold increase in amorphous COOZn formation
compared to normal ZnO. These results further demonstrate that (1) ZnO particles are
actively broken down during the experiment and (2) highlight that the reaction of free
SFAs with Zn2+ ions incorporated in the ionomer network is an important pathway in
crystalline ZnPa2 formation. Although on the basis of these experiments it can not be
excluded that HPa also reacts directly with ZnO directly at the ZnO surface, the results
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Figure 3.9 a: Ester normalised heat maps of the ZnPa2 band (1540 cm−1 ) after reaction of the
nanoZnO-LO sample (100 wt% nano ZnO) with a solution of HPa in acetone (direction of HPa flow
indicated with arrow). b: Ester normalised imaging ATR-FTIR spectra inside the nanoZnO-LO layer
after HPa exposure. The layer was divided in 50 slabs (slices), spectra were averaged over each slab
and plotted as a function of depth (position inside the layer). Green corresponds to the top, red to
the bottom of the layer. c: Relative concentration profiles obtained by integration of the ZnPa2 band
and the amorphous zinc carboxylate band (COOZn, centered at 1585 cm−1 and integrated between
1560–1700 cm−1 as indicated with dashed lines) along the depth of the films. The use of nano ZnO
shows a strong increase in the amount of ZnPa2 and COOZn, as compared to regular ZnO (Figure 3.8b
and c).

verify that unpigmented binding medium model systems are valuable tools for studying
metal soap crystallisation.

The influence of pigmentation on the spatial distribution of zinc soaps
The important role of the ionomeric binding medium in metal soap formation has been
illustrated above. However, the fact the that bottom of the films contained much more
zinc soaps than the top (Figure 3.5) proves that zinc ions must have migrated during
the experiment with HPa in acetone. To investigate this phenomenon in more detail,
cross-sections were taken at timed intervals during the experiments with Znpol and direct
exposure to HPa in acetone (see Figure 3.6a and b, direct exposure).
Cross-sections were taken at 30, 60, 120 minutes, 24 hours and 67 hours, embedded in
Technovit resin, polished and measured using ATR-FTIR imaging. The results are shown
in Figure 3.10, showing preferential ZnPa2 formation in the direction opposite to the
HPa flow (at the interface of the ATR crystal). At present, the reason for this preferential
crystallisation at the ATR-interface (from now on interface effect) is unclear. Due to the
lack of suitable nucleation sites for crystallisation inside unpigmented Znpol ionomers,
the most suitable nucleation site may be the ATR crystal itself. However, attempts to
eliminate the interface effect using amorphous substrates such as polymerised linseed oil
or PET also showed the interface effect, suggesting that the crystallinity of the ATR crystal
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Figure 3.10 Ester normalised heat maps of the ZnPa2 band (1540
after reaction of a Znpol
sample with a solution of HPa in acetone for 30, 60, 120 minutes, 24 hours and 67 hours. Direction of
HPa flow indicated with arrow. The maps clearly show preferential ZnPa2 formation in the opposite
direction of the HPa flow (at the interface of the ATR crystal). Spherical high-intensity spots (visible
in samples taken at 30 and 120 min) are caused by protein contamination.

does not play an important role. It was also hypothesised that in absence of pigment,
the relative rates of HPa diffusion and ZnPa2 formation might cause crystallisation to
start at a specific depth that corresponds to the thickness of the films used, and therefore
result in the formation of ZnPa2 at the bottom of the films. Experiments on thicker films (>
300 µm) did not confirm this hypothesis and showed the interface effect nevertheless. It is
important to note that, despite the interface effect, the measured trends in crystallisation
rate and effects of solvents and water on MPa2 formation in ionomers remain valid.
The interface effect was not observed in experiments with reactive pigments such
as ZnO or Pb3 O4 (see e.g. Figure 3.8a). Besides being consumed upon HPa exposure,
pigments may therefore play a role as nucleation sites for crystalline metal soap formation.
To rule out the degradation of pigment particles and focus on the role of pigments during
metal soap crystallisation, we investigated a Znpol ionomer filled with inert, coated, rutile
TiO2 pigment (Znpol-TiO2 ). Such a ’filled’ ionomer might provide additional insights in
the origins of the interface effect.
Imaging ATR-FTIR heat maps of the ZnPa2 band, taken on embedded cross-sections
of a Znpol-TiO2 sample after HPa exposure for 15, 30, 60, 120 minutes and 24 hours are
displayed in Figure 3.11. The heat maps clearly show that a relatively homogeneous ZnPa2
distribution is present at all times. These results confirm that the presence of inert pigment
particles strongly influence the dynamics of zinc soap crystallisation. Apart from influencing the distribution of ZnPa2 , an enhanced rate of ZnPa2 formation for Znpol-TiO2
compared to Znpol was also found in time-dependent ATR-FTIR measurements (Figure 3.12). We can thus conclude that, although time-dependent ATR-FTIR measurements
do not give information on the metal soap distribution, the trends observed in the rates
of MPa formation (Figure 3.12) are, except for nanoZnO-LO, in agreement with imaging
ATR-FTIR measurements. The fact that nanoZnO-LO does not show increased formation
of zinc soaps compared to normal ZnO (Figure 3.12) at high concentrations, might be
explained by the measured intensity of pure ZnPa2 , which is of similar magnitude to what
is measured at the bottom of the films in these experiments. We note that the relevance
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Figure 3.11 Ester normalised heat maps of the ZnPa2 band (1540cm−1 ) after reaction of a Znpol-TiO2
samples with a solution of HPa in acetone for 15, 30, 60, 120 minutes and 24 hours. Direction of
HPa flow indicated with arrow. The maps clearly show homogeneous ZnPa2 formation throughout the
depth of the film.

of the measured interface effect for paintings conservation practice is currently unclear.
Although the crystallisation of zinc soaps at interfaces is often observed in practice,3,107
it remains to be seen if the presence or absence of (reactive) pigments is the cause of this
phenomenon.
In summary, two combined effects of reactive ZnO pigments that enhance the rate and
amount of ZnPa2 formation can be distinguished:
• ZnO particles can break down during HPa exposure, either by the reaction of HPa
directly at the ZnO surface or by providing zinc ions to empty carboxylic acid groups
in the network. Since high concentrations of HPa are used, both ZnO breakdown
pathways probably occur during our experiments.
• ZnO particles can serve as nucleation site for zinc soaps to crystallise, thereby
enhancing the rate of nucleation, crystallisation, or both. Because inert TiO2 particles
showed this effect, it is likely that reactive ZnO particles will operate by the same
mechanism.
The effects discussed here highlight the complexity of the metal soap crystallisation process
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Figure 3.12 ZnPa2 concentration profiles in Znpol and filled Znpol-TiO2 ionomers, ZnO-LO and
nanoZnO-LO with direct exposure to a HPa solution. Except for nanoZnO-LO which does not show
an increase compared to normal ZnO, the observed trends of ZnPa2 formation over time (using
time-dependent ATR-FTIR spectroscopy and measuring the bottom of the films) are in qualitative
agreement with the information on the ZnPa2 distribution obtained with ATR-FTIR imaging.

in paints and stress that time-dependent ATR-FTIR spectroscopy and imaging ATR-FTIR
are powerful methods to study such complex processes with high chemical specificity.

3.3

Conclusions

We have described a time-dependent ATR-FTIR method using a custom sample cell and
spectral processing algorithms that is capable of accurately monitoring complex reactiondiffusion processes in polymer media. Using this method, fast crystallisation of metal
soaps was observed in ionomeric oil paint binding media model systems upon exposure
to a solution of palmitic acid in acetone, showing that the availability of ionomeric metal
carboxylates and free fatty acids is a sufficient condition for metal soap formation.
The transport rate of fatty acids through the binding medium is enhanced by solvent
diffusion, which has important implications for the practice of solvent cleaning of paints
with reactive molecules on their surface. Additionally, low concentrations of water or the
presence of pigment particles in the films increase the rate of metal soap formation. It is
found that reactive pigment particles can break down during metal soap formation and
release metal ions into the binding medium. This phenomenon was studied in detail for
reactive ZnO pigments and two combined effects were found: (1) ZnO particles can break
down when exposed to SFAs, thus enhancing the rate and amount of ZnPa2 formation
and (2) pigment particles can serve as nucleation site for zinc soaps to crystallise, thereby
enhancing the rate of nucleation, crystallisation, or both.
The reaction-diffusion experiments described here contribute to the understanding of
the mechanisms that drive the formation of metal soap aggregates in oil paintings, and
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highlight the potential of time-resolved ATR-FTIR spectroscopy and ATR-FTIR imaging
for the study of dynamic processes in polymer films with high chemical specificity.

3.4

Experimental

Sample preparation Metal sorbate complexes were synthesised by dissolving 550 mg
sorbic acid (Aldrich, 99+%) with 1 mL triethylamine (Sigma-Aldrich, >99%) in 20 mL
demineralised water at 50 ◦ C. The addition of 1.0 g Zn(NO3 )2 · 6 H2 O (Sigma-Aldrich
p.a.) or 1.1 g Pb(NO3 )2 (Sigma-Aldrich, >99 %) dissolved in 5 mL water resulted in
immediate precipitation of the white product. After stirring for 20 minutes, the product
was separated by vacuum filtration, washed with water followed by ethanol and acetone,
and dried overnight under reduced pressure. The metal sorbate salts were stored under
N2 atmosphere to avoid oxidation.
Binding medium model systems Znpol and Pbpol were made by grinding 250 mg
zinc sorbate or an equivalent molar amount of lead sorbate with 1750 mg cold-pressed
untreated linseed oil (LO, Kremer Pigmente) to a smooth paste with mortar and pestle.
The concentration of metal ions was equivalent to a molar metal carboxylate bond to
triacylglyceride (TAG) ester ratio (COOM/COOR) in the uncured sample mixture of 0.29.
This concentration corresponds to roughly 420 mM zinc in the polymer. The mixture was
applied to 50 × 75 mm glass slides and spread with a draw-down bar to achieve a wet
thickness of 190 µm. The layers were cured overnight in an air-circulated oven at 150 ◦ C,
resulting in transparent homogeneous dark orange films with a thickness around 150 µm.
Films of pure polymerized linseed oil pLO were prepared in a similar fashion. Model
paint samples for zinc (ZnO-LO) or lead (Pb3 O4 -LO) were made by grinding ZnO and
Pb3 O4 with cold-pressed untreated LO in a 1:1 (w/w) ratio (zinc) and 2.75:1 (w/w) ratio
(lead) to a smooth paste with mortar and pestle. The wet sample thickness was 190µm
and the samples were dried at 60 ◦ C in air for 7 days. For all measurements, 5 × 5 mm
squares of the films were cut and lifted off the glass support. The thickness of each sample
was measured with a digital micrometer accurate to 1 µm.
Analytical methods ATR-FTIR spectra were measured on a Perkin-Elmer Frontier FT-IR
spectrometer fitted with a Pike GladiATR module that included a heated top plate and a
diamond ATR-crystal ( = 3 mm). Spectra were recorded every 10, 30 or 60 s at 4 cm−1
resolution and averaged over 4 scans. During time-dependent measurements, the ATR
module was flushed with nitrogen to ensure a constant background signal. In order to
measure spectra of polymer samples while they were exposed to solvents or solutions, a
custom built stainless steel cylinder was used as illustrated in Figure 3.13. The cell volume
was sealed with two solvent resistant O-rings between the top plate and the pressure
clamp of the ATR module. The polymer sample was covered by a  = 10 mm porous
sintered metal disk, and a small but constant pressure was applied to the polymer sample
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Figure 3.13 Illustration of the measurement cell used for time-dependent ATR-FTIR measurements
of polymer films in contact with solvents or solutions. The spring provided a small pressure to keep
a constant contact between the sample and the ATR-crystal as solvents swell the sample, while the
porosity of the metal disk ensured unhindered diffusion of the solvent through the sample film.

by a spring placed between the pressure clamp of the ATR module and the porous disk.
An inlet in the cylinder allowed for the addition of liquids to the sample chamber with a
syringe. The inlet was kept sealed with parafilm during measurements to avoid solvent
evaporation.
In all experiments, analytical grade solvents were used (analytical grade acetone
contained up to 0.3 wt% water). In reactive measurements on pre-swollen films, the
polymer sample was first swollen with 0.4 mL of pure acetone, and 1 mL of palmitic
acid in acetone (20 mg/mL HPa) was added when the recorded IR spectra showed that
the samples were fully saturated with acetone. For measurements with molten HPa, an
adapted setup was used in which the stainless steel cylinder was replaced by a rubber
septum ring. The porous metal disk was submerged in molten HPa for several minutes
before a measurement, and then quickly placed on top of the sample that was pre-heated
at 70 ◦ C. Spectrum collection was started immediately after contact between the sample
and HPa, after which the spring and rubber ring were put in place. The top plate of the
ATR module was kept at 70 ◦ C throughout these measurements.

X-ray diffraction X-ray diffraction (XRD) measurements were recorded with Cu Kα
radiation at 1◦ /min on ca. 5 × 5 mm squares of polymer sample film taped to a silicon
low-background sample holder.

Cross-sections Cross-sections were analysed with imaging-ATR-FTIR using a Perkin
Elmer Spotlight 400 FTIR microscope equipped with a 16 × 1 pixel linear MCT array
detector at 8 cm−1 resolution and a Perkin Elmer ATR Ge crystal accessory. Spectra were
collected in the 750–4000 cm−1 range using an pixel size of 1.56 µm (diffraction limited
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spatial resolution), an interferometer speed of 2.2 cm/s and averaging over 2 scans. Raw
imaging ATR-FTIR data was processed using a custom Matlab script.
Illustration of two band isolation methods To integrate overlapping absorption bands
accurately in the large datasets recorded during time-dependent measurements, data
correction and integration algorithms were written in the Wolfram Mathematica software,
which are available from the authors on request.
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Figure 3.14 Illustration of two band isolation methods. a: For isolation of crystalline metal palmitate
bands (shown for Zn here), the spectrum at t = 0 (red curve in 1) was scaled to each spectrum in a
series (dashed line in (2)). The scaled t = 0 spectrum was then subtracted from each spectrum at
t > 0 (green curve in 2), resulting a time-series of isolated crystalline metal carboxylate bands suitable
for integration (3). b: For isolation of the COOH band (1), a combination of two constrained Pearson
IV band shapes was fitted to each spectrum in a series (2), resulting in a series of fitted band shapes
that could be integrated (3).

To obtain accurate time-dependent areas of the sharp metal carboxylate bands corresponding to crystalline lead palmitate (1510 cm−1 , shoulder at 1540 cm−1 ) and zinc
palmitate (1538 cm−1 ), it was necessary to subtract the contribution of the partially overlapping broad amorphous metal carboxylate band from each spectrum (see Figure 3.14a).
First, the spectrum of an unreacted film at t = 0 (shown in red) was scaled to each spectrum at later times by matching the intensities at a fixed position on the broad amorphous
metal carboxylate band (COOZn, around 1600 cm−1 , where the contributions of surrounding bands are minimal). Subsequently, the scaled reference spectrum (dashed red curve)
was subtracted from each spectrum in the series. The resulting isolated crystalline metal
soap band (shown in green) could then be integrated by summing the intensity values in
a fixed range that spanned most of the band.
During measurements of palmitic acid (HPa) diffusion into linseed oil polymer films,
66

3.4. E XPERIMENTAL

the COOH band of HPa at 1710 cm−1 overlaps with the ester carbonyl band of linseed
oil with a maximum at 1740 cm−1 . A stepwise profile fitting algorithm was applied to
integrate the carboxylic band accurately (see Figure 3.14b). First, a Pearson type IV band
shape108 was fitted to the ester carbonyl band at t = 0 and all band parameters except
band height were fixed. Second, the sum of two Pearson IV band shapes—one constrained
ester carbonyl band and one unconstrained function—were fitted to the overlapping
carbonyl bands in the last spectrum in the measurement series, after which all parameters
except band height were also fixed for the COOH band. Finally, a combination of the two
constrained band shapes was fitted to the entire spectrum series, and the time-dependent
area of the COOH band could be calculated.
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C HAPTER 4. C ARBOXYLIC ACID GROUPS IN OIL PAINT

4.1

Introduction

The degradation of oil paintings manifests itself by visible and mechanical paint alterations
such as brittleness, loss of opacity, formation of protrusions, and delamination of paint
layers.3 These alarming phenomena have initiated the chemical analyses of many paint
samples over the past decades. However, thorough understanding of the underlying chemical and physical mechanisms causing paint degradation started only recently.29,42,43,102,109
The chemical composition of a mature oil paint binder has proved to play an essential
role in several of these degradation phenomena. Understanding the driving forces behind
degradation processes will ultimately provide useful knowledge for the preservation and
conservation of oil paintings.
We have shown previously that in a mature oil paint binding medium, carboxylic
acid (COOH) groups often bind to metal ions (originating from pigments or driers) and
form an ionomeric polymer network.42,43 The ionomeric binding medium, like commercial ionomers,110 contains clusters of metal carboxylates (COOM), often identified by a
broad asymmetric νa COO− infrared (IR) absorption band.43,109 These ionomeric metal
carboxylate complexes were discovered to represent an intermediate stage in paint ageing
that can ultimately lead to the appearance of crystalline metal soaps (metal complexes of
long chain saturated fatty acids).29 Metal soaps play an important role in many types of
oil paint degradation.3
The concentration of COOH groups in polymerised oil is expected to be a crucial factor
affecting the extent of oil paint degradation. Being an integral part of the mature oil paint
binding medium, COOH groups are most likely the driving force for the release of metal
ions by inorganic pigments and the formation of (network-bound) COOM.43 Furthermore,
COOH groups indirectly determine the extent of metal soap formation, because before
metal soap crystallisation can occur, network-bound COOM need to exchange with free
SFAs.29 Although many13,14,111–117 have studied extractable acids, the concentration of
COOH groups linked to the polymer network has, to the best of our knowledge, never
been quantified.
C18:1
C18:3

O

O
O

O
O

O

C18:2

Figure 4.1 Structure of a triacylglyceride (TAG) unit in linseed oil (LO), C18:3 denotes linolenic acid,
C18:2 linoleic acid and C18:1 oleic acid.
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From a chemical point of view, oil paint is a mixture of mainly inorganic pigments,
a drying oil consisting of triacylglycerides (TAGs) and a variety of possible additives.
Linseed oil (LO) is widely used in oil paintings because it possesses excellent drying
properties. LO consists of a mixture of TAGs, mostly containing linolenic acid (C18:3),
linoleic acid (C18:2), and oleic acid (C18:1) side chains (see Figure 4.1). As the oil undergoes
autoxidation reactions,4–6 the paint mixture becomes a complex heterogeneous polymer
with solid pigment particles suspended in the densely cross-linked network. This polymer
network contains mainly ether- or peroxy-type cross-links formed through autoxidation
of double bonds on fatty acid side chains. Over time, higher oxidation products of
these oxygen cross-links result in the formation of aldehydes and COOH groups (see
Scheme 4.1). It is important to note that COOH groups are a product of the autoxidation
process (mechanism 2). Consequently, the ionomeric state is also found in relatively young
oil paints. Upon ageing, hydrolysis of ester bonds can introduce additional COOH groups
(mechanism 1). Since the two different mechanisms of COOH formation may dominate
at different stages during the lifetime of an oil paint, we aim to distinguish them in our
experiments.
The present chapter focuses on the crucial role COOH groups play in pigment degradation. Quantifying the amount of COOH groups attached to a heterogeneous polymer
network is a challenging task. Most spectroscopic, electrochemical or calorimetric methods
to determine the acid concentration in vegetable oils require a homogeneous solution of
the (non-polymerised) oil in a solvent and only work for free fatty acids (FFAs).118,119
Because we are interested in the COOH groups linked to the polymer network, the conventional methods of breaking up TAGs using pyrolysis GC/MS do not give the desired
information.120 Potentiometric titration of COOH groups121 proved to be time consuming
and inaccurate since polymerised LO is extremely insoluble and the diffusion of water is
very slow.122 Methods based on derivatisation with fluoride transfer reagents38,123 showed
the existence of acid groups but did not give a reproducible conversion when applied to
our polymeric materials. Swollen-state 13 C NMR spectroscopy also enabled the detection
of acid groups but was not used in a quantitative manner.124
Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy is a
powerful tool for the study of organic polymers and solid paint materials. However, ATRFTIR does not allow for a direct observation of the COOH concentration in polymerised
LO due to the overlapping IR absorption bands of the asymmetric carbonyl stretching
vibration of the ester (COOR, 1738 cm−1 ), aldehyde (COH, 1726 cm−1 ) and carboxylic
acid (COOH, 1710 cm−1 ) groups (see Figure A.1). Simple peak deconvolution is unreliable
because additional overlapping absorption contributions from FFAs, ketones and ν(C=C)
bonds are present in this spectral region.125 A practical solution is the complexation of
COOH groups with Zn2+ ions (released by ZnO), leading to the appearance of a broad, freelying IR absorption band for zinc carboxylates (COOZn) centered around 1585 cm−1 .42,109
We have recently unequivocally assigned the structure and coordination in these COOZn
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Scheme 4.1 Two mechanisms that lead to the formation of acid groups (in red) starting from the ester
of linoleic acid: (1) hydrolysis and (2) autoxidation of side chain C=C bonds. Note that autoxidation
leads to additional products, including aldehydes (in blue).

complexes: they adopt either a coordination chain- or an oxo-type cluster structure (see
C HAPTER 5).109 The COOZn IR absorption band can be used as a method to accurately
estimate the concentration of COOH in polymerised LO that is accessible for reaction with
zinc ions. This concentration is most relevant for oil paint degradation since amorphous
COOZn is the intermediate in crystalline metal soap formation. Throughout this text, the
COOZn band will be used as a measure for COOH concentration.
In our experiments, we monitor COOZn formation by varying the amounts of ZnO
or COOH in a controlled manner. In one series of experiments, the ZnO concentration is
increased at constant COOH concentration. In a second series of experiments, the acidity
is varied under excess ZnO. Because acid groups in polymerised LO can form according to
two mechanisms: (1) hydrolysis of ester bonds and (2) autoxidation of side chains double
bonds (see Scheme 4.1), we also investigate which mechanism of COOH group formation
dominates. Regular LO does not allow to discriminate between these two mechanisms of
acid formation. We employ a mixture of alcohols obtained by reducing LO with LiAlH4 ,
blocking the hydrolysis pathway and forming acid groups by autoxidation only. Because
the concentration of acid groups in our model systems is not universally valid for aged
paintings, we investigate how environmental conditions affect the COOH concentration.
More specifically, the influence of ZnO on ester hydrolysis is investigated by examining
samples at low and high relative humidity (RH) as a function of ZnO concentration.
In this chapter, we develop an analytical method to quantify the concentration of
COOH groups attached to a complex polymerised oil network. Knowing the quantity and
origins of COOH groups can lead to improved storage and conservation strategies and an
extended lifetime of invaluable works of art.
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4.2
4.2.1

Results and Discussion
COOH concentration in ZnO paints

1

25

a

integrated absorbance (cm-1)

normalised absorbance (a.u.)

Paints with increasing ZnO content To explore the effect of ZnO concentration on
COOZn formation, mixed pigment paint models containing various amounts of ZnO
and a BaSO4 filler were prepared (denoted LO-ZnO-BaSO4 ). The BaSO4 pigment is a
well-known inert filler126 for white paints with a comparable density to ZnO (ZnO and
BaSO4 : 5.6 and 4.5 g/cm3 , respectively). Within the series, the total PVC was kept constant.
The exact sample composition is given in Table A.1.
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Figure 4.2 a: Ester normalised ATR-FTIR spectra for LO-ZnO-BaSO4 from 0.14–1.8 mol/L of added
SA (0.0–20 wt%). Dashed lines indicate band integration limits. b: Integrated absorption values of
COOZn band, clearly showing the ’tipping point’ (dashed line) at 0.44 mol/L ZnO marking complete
COOH neutralisation. Further increase of ZnO does not increase the amount of COOZn. See Figure 4.7
for details on spectral processing.

Ester normalised FTIR spectra for samples containing 0.5–20 wt % of ZnO are depicted in Figure 4.2a, showing an increasing concentration of COOZn with increasing
ZnO content. Integrated absorption values for the νa COOZn IR absorption band at
1585 cm−1 are plotted as a function of ZnO concentration in Figure 4.2b. Two regimes
are visible in Figure 4.2b, separated by a clear ’tipping point’: a steep increase in COOZn
up to 0.44 mol/L ZnO in LO (≈ 4.5 wt% of ZnO) and a minimal increase in COOZn at
concentration above 0.44 mol/L. These results indicate that below 0.44 mol/L ZnO, part
of the acid groups are complexated with zinc ions but there is insufficient ZnO present
to neutralise all acid groups. The complete conversion of ZnO below 0.44 mol/L was
confirmed by XRD (see Figure A.5). Above 0.44 mol/L, an excess ZnO is present and
all accessible acid groups are complexated with zinc. Consequently, the tipping point
can be used to calculate the concentration of COOH group available for reaction with
ZnO: at this point the concentration of COOH is equivalent to twice the concentration of
COOZn (and thus ZnO). This approach leads to a calculated [COOH] of 0.88 mol/L and
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a molar [COOH]/[COOR] ratio of 0.35. This result means that for roughly every three
COOR functionalities, one COOH group is formed. In absence of ester hydrolysis, this
corresponds to about one COOH group per triacyglycerol (TAG) unit or LO molecule.
Standard addition of sorbic acid To test if additional acid groups in the linseed oil
binder would result in the formation of additional COOZn, paints with increasing acidity
were synthesised by cross-linking sorbic acid (SA, 2,4-hexadienoate) into ZnO based paint
model systems (LO-ZnO-SA). Using the standard addition method, these experiments
form a second method of COOH quantification. A constant PVC with a ZnO to LO ratio
of 1:1 (w/w) was used in this experiment, ensuring an large excess of ZnO.
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Figure 4.3 a: selection of FTIR spectra of LO-ZnO-SA with added SA from 0.0–1.5 mol/L of ZnO in
LO (0–60 wt%). Dashed lines in indicate band integration limits. b: Integrated absorption values of
COOZn band showing the linear relationship between added SA and COOZn absorption.

The effect of functionalising LO with additional acid groups on the COOZn IR absorption band at 1585 cm−1 is shown in Figure 4.3a. Integrated absorption values of the
COOZn band are plotted as a function of added SA in Figure 4.3b. Evidently, there is a
linear (R2 = 0.97) relationship between the concentration of acid groups and the COOZn
band, confirming the tendency of these systems to form COOZn as long as a source of zinc
(ZnO) is present. The concentration of acid groups in pure ZnO-LO (without SA) was calculated to be 0.86 mol/L, resulting in a [COOH]/[COOR] ratio of 0.32 (Figure 4.3b). This
result is in excellent agreement with our previous result obtained with mixed ZnO/BaSO4
paints.

4.2.2

The origin of COOH formation

Having established a method to determine the COOH concentration in our paint samples,
we proceed to investigate whether these acid groups originate from autoxidation of side
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Figure 4.4 Integrated absorbance of the COOZn band for LO-ZnO-TiO2 , rLO-ZnO-TiO2 and LOZnO-BaSO4 model systems. The dotted line indicates the previously found tipping point at 0.44 mol/L
ZnO. All IR spectra were normalised on the CH2 stretching vibration (2929 cm−1 ) before integration.

chain double bonds or from the hydrolysis of ester carbonyl functionalities. Effects of
increasing RH and ZnO concentration on COOZn formation are investigated.

Autoxidation The relative amount of autoxidation and the effect of ZnO concentration
on COOZn formation was studied. A mixture of alcohols obtained by reducing the esters
in linseed oil to alcohols (reduced LO, rLO) was used as a binding medium instead of LO.
This approach ensures that all COOZn formation results from autoxidation. Model paint
samples containing rLO with varying amounts of ZnO and TiO2 fillers (rLO-ZnO-TiO2 )
were made. Coated rutile TiO2 fillers were selected for the highly inert properties and low
photocatalytic activity.127 In order to compare the two mechanisms of COOH formation
(Scheme 4.1), reduced LO containing model paints were compared with samples made
with ordinary LO.
Comparing rLO-ZnO-TiO2 (triangles) with LO-ZnO-TiO2 (squares) in Figure 4.4,
it is clear that using rLO does not significantly affect COOZn formation at low ZnO
concentrations (0.1–2 mol/L). Hence, we conclude that the previously calculated COOH
concentration of 0.88 mol/L is the result of side chain autoxidation (Scheme 4.1, pathway
2). Figure 4.4 also shows that the integrated absorption values of the COOZn band in
LO-ZnO-BaSO4 (circles) and LO-ZnO-TiO2 (squares) are highly similar, verifying the
chemical inertness of the chosen TiO2 and BaSO4 fillers. To confirm that autoxidation is
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Figure 4.5 FTIR spectrum of tristearin and tristearin-ZnO, clearly showing that 1 week at 60◦ C and
12% RH did not lead to the formation of significant amounts of COOZn. A split ester carbonyl band
is observed for tristearin due to the presence of different polymorphs.128,129

the main pathway leading to the formation of COOH groups in rLO-ZnO-TiO2 samples,
we cured a mixture of fully saturated triglycerides (tristearin) and ZnO (1:1 by wt.) for
one week at 60 ◦ C and 12% RH. In this mixture, no COOZn was formed after one week
(see Figure 4.5).
Hydrolysis Having established that autoxidation is dominant at low RH, we investigated high RH conditions and increasing ZnO concentrations because these factors likely
promote ester hydrolysis. A number of recent publications have already demonstrated the
relationship between the presence of ZnO14 or high RH conditions and the formation of organic acids in paint extracts.116,117 We compared LO-ZnO-TiO2 and rLO-ZnO-TiO2 paint
models cured in dry (12% RH) and wet conditions (77% RH). A large ZnO concentration
range of 3–9 mol/L (30–90 wt% of ZnO in LO) was studied.
Integrated absorbance values of the COOZn band at 1585 cm−1 for LO-ZnO-TiO2 and
rLO-ZnO-TiO2 cured in dry and wet conditions are plotted as a function of ZnO concentration in Figure 4.6. The integrated COOZn absorbance for both systems cured in 77% RH
conditions is significantly higher than when cured at 12% RH (Figure 4.6). Interestingly,
both LO-ZnO-TiO2 and rLO-ZnO-TiO2 show this effect, indicating that autoxidation is
also the dominant pathway for COOH formation at high RH conditions and high ZnO
concentrations. Previous research has shown that the oxygen uptake and peroxide decomposition rate in methyl linoleate are, in the first 80 hours, lower at higher water activities,
resulting in a lower quantity of carbonyl compounds.130 Upon longer autoxidation times
of up to two weeks, the production rates of hydroperoxides and conjugated dienoic acids
were found to increase with increasing water activities.131 Water can thus stabilise and
destabilise intermediates during different stages of the autoxidation pathway, resulting in
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Figure 4.6 Integrated absorbance of the COOZn band for LO-ZnO-TiO2 and rLO-ZnO-TiO2 from
30%–90 wt% cured in 12% and 77% RH at 60 ◦ C for 7 days. All IR spectra were normalised on the
CH2 stretching vibration (2929 cm−1 ) before integration.

an increased formation of COOH groups for long oxidation times. This can explain the
increased COOZn formation at 77% RH conditions in our measurements.
Comparing both systems at 12% RH, a small but significant difference is visible:
the integrated absorbance for the COOZn band is consistently larger for LO-ZnO-TiO2
and seems to increase with increasing ZnO concentration. It is known that the low
concentrations of free FAs (0.5 wt%) can significantly increase the rate of autoxidation
in methyl linoleate.132 The presence of free FAs in the regular LO may thus explain
the formation of more COOZn in LO-ZnO-TiO2 . This effect is not visible at 77% RH,
suggesting that the effects of water on autoxidation are stronger than the effects of free
FAs at high humidity. We currently do not have a satisfying explanation for the increase
in COOZn with increasing ZnO at 12% RH for LO-ZnO-TiO2 . Since we have shown
that there is no hydrolysis of ester bonds in a mixture of ZnO and tristearine at 12% RH,
hydrolysis can not explain this effect.

4.3

Conclusions

The concentration of acid groups in analytically challenging polymerised oil paint models
was quantified using ATR-FTIR. Because the formation of COOH groups drives the release
of zinc ions from ZnO pigment to form COOZn, this mechanism can be used to determine
the concentration of COOH groups available for coordination with zinc ions. The COOH
concentration in ZnO paint models was calculated to be roughly one COOH group per
TAG unit. This result was confirmed using the standard addition of sorbic acid to linseed
oil in excess of ZnO.
At low ZnO concentrations and low RH, COOH groups were found to form by au77

C HAPTER 4. C ARBOXYLIC ACID GROUPS IN OIL PAINT

toxidation only. To investigate conditions that likely promote ester hydrolysis, the effects
of moisture on COOH formation were studied over a wide range of ZnO concentrations.
A strong increase in COOZn was observed at 77% RH compared to 12% RH due to an
accelerating effect of water on COOH formation. No hydrolysis was observed under
the conditions studied, indicating that oil paints are, in the initial stage of curing, quite
resistant to hydrolysis.
Our results demonstrate that smart design of models systems enable a better understanding of oil paint degradation, aiding the improvement of storage and conservation
strategies.

4.4

Experimental

ATR-FTIR spectroscopy ATR-FTIR spectra were measured on a Perkin-Elmer Frontier
FT-IR spectrometer fitted with a Pike GladiATR module equipped with a heated top plate
and a diamond ATR-crystal ( = 3 mm). Spectra were averaged over 4 scans. To integrate
overlapping absorption bands, automated data correction and integration algorithms were
written using Wolfram Mathematica software. For integration, IR spectra were averaged
over either 3 or 5 measurements and the baseline was set to zero at 1820 cm−1 . Spectra
were normalised on the ester carbonyl (1740 cm−1 ) or CH2 (2920 cm−1 ) band, after which
the ester CO band was subtracted and integration performed between 1500–1650 cm−1 .
An estimated non-linear baseline correction was used to remove TiO2 absorption. An
illustration of the background subtraction and band fitting procedures is given in Figure 4.7
and Figure 4.8. In all graphs, error bars due to spectral variation are smaller than the
symbols.
To integrate overlapping absorption bands accurately, data correction and integration
algorithms were written in the Wolfram Mathematica software, which are available from
the authors on request. Since the zinc carboxylate (COOZn) band present in ZnO-LO
samples at 1585 cm−1 overlaps with the ester carbonyl band (maximum at 1738 cm−1 ), a
band fitting algorithm was applied to subtract the ester band and integrate the COO-Zn
band accurately (see Figure 4.7a). After subtraction of the Pearson type IV band shape108
fitted to the ester carbonyl band, the area of the COOZn band was calculated (Figure 4.7b,
integration limits are indicated with a dashed line).
Sample preparation Model paint samples containing ZnO (Sigma Aldrich, ≥99%) and
coated rutile TiO2 (Sigma Aldrich, >99.9%) or ZnO and BaSO4 (Kremer pigmente 58700,
≥98%) were made by grinding the pigments with cold-pressed untreated linseed oil
(Kremer pigmente) in a 1:1 (w/w) ratio to a smooth paste with mortar and pestle. SEM
images of pigment particles are shown in Figure A.4. The successful reduction of the
esters in LO to alcohols was achieved using LiAlH4 in tetrahydrofuran (THF) (see next
paragraph and Figure A.2). Care was taken to keep the Pigment Volume Concentration
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Figure 4.7 Subtraction procedure for the asymmetric stretching vibration (νa CO) of the ester (COOR,
1738 cm−1 ) in polymerised LO. a: A Pearson type IV band shape108 was fitted to the experimental
data and b subtracted before integration.
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Figure 4.8 Automated background subtraction procedure using Mathematica software. The changing
concentration of TiO2 along the LO-ZnO-TiO2 samples requires a different background subtraction
for every sample. After TiO2 background estimation, the COOZn band area was calculated according
to Figure 4.7.

(PVC) at 17–19% in all series. The mixture was applied to 50 × 75 mm glass slides and
spread with a draw-down bar to achieve a wet thickness of 190 µm. The samples were
cured in the dark in air at 60 ◦ C for 7 days at different RH. RH was controlled using a
saturated NaCl solution (for 77% RH) in a closed container and was determined using a
Rotronic HL-1D temperature and humidity data logger. For all measurements, 5 × 5 mm
squares of the films were cut and lifted off the glass support for ATR-FTIR analysis. The
exact sample composition is given in Table A.1–Table A.6.
Reduction of linseed oil with LiAlH4 The reduction of linseed oil with lithium aluminium hydride LiAlH4 was done according to slightly modified literature133,134 proce79
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dures. LiAlH4 (5.2 g, 138 mmol) was dispersed in 225 ml cold THF (0 ◦ C) under nitrogen
atmosphere. Cold-pressed untreated linseed oil (LO, Kremer Pigmente, 15 g, 17 mmol)
was added while stirring the reaction in a ice bath. The reaction mixture was then stirred
continuously at allowed to reach room temperature. After 17 h, the mixture was cooled
again to 0 ◦ C and 40 ml of 2-propanol, ethanol and 20 ml of water was slowly added. The
mixture was stirred for 15 min and filtered using a Büchner funnel. The solvent was removed in vacuo and the filtrate dissolved in dichloromethane and filtered over MgSO4 . The
solvent was removed in vacuo to give the mixture of alcohols (14 g, 93% yield). 1 H NMR
(300 MHz, CDCl3 ) δ 5.50–5.21 (m, -CH=CH-), 3.64 (t, J = 6.6 Hz, −CH2 OH), 2.81 (t, J = 5.8
Hz, −CH−CHCH2 CH−CH−), 2.17–1.96 (m, CH−CHCH2 C – ), 1.56 (s, −CH2 CH2 OH),
1.37–1.28 (br, −CCH2 C−), 0.97 (t, J = 7.5 Hz, CH3 ).
X-ray diffraction X-ray diffraction (XRD) measurements on cured films were recorded
with a Rigaku MiniFlex II desktop X-ray diffractometer using Cu Kα radiation at 2.5◦ /min
on ca. 10 × 10 mm squares of paint film taped to a glass sample holder.
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Figure A.1 Overlapping IR absorption bands of the asymmetric stretching vibration (νa COO) of the
ester (COOR, 1738 cm−1 ), aldehyde (COH, 1726 cm−1 ) and carboxylic acid (COOH, 1710 cm−1 )
carbonyl function in polymerised LO (pLO).
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Figure A.2 FTIR spectrum of LO and reduced LO (rLO), clearly showing the reduction of all esters
(1736 cm−1 ) for rLO and the presence of the OH stretch (3400 cm−1 , broad) in the mixture of alcohols.
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Figure A.3 FTIR spectrum of polymerised LO (pLO) and polymerised reduced LO (p-rLO).

Table A.1 Composition of LO-ZnO-BaSO4 series 0.5–20% with a constant (1:1) pigment to oil ratio
by weight and a PVC of 17–18%.
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Sample

LO (mg)

ZnO (mg)

BaSO4 (mg)

[ZnO] mol/L

LO-ZnO-BaSo4 -0.5
LO-ZnO-BaSo4 -1
LO-ZnO-BaSo4 -1.5
LO-ZnO-BaSo4 -2.5
LO-ZnO-BaSo4 -3
LO-ZnO-BaSo4 -3.5
LO-ZnO-BaSo4 -4
LO-ZnO-BaSo4 -4.5
LO-ZnO-BaSo4 -5
LO-ZnO-BaSo4 -7.5
LO-ZnO-BaSo4 -10
LO-ZnO-BaSo4 -12.5
LO-ZnO-BaSo4 -15
LO-ZnO-BaSo4 -17.5
LO-ZnO-BaSo4 -20

1000.2
1000.1
1000.6
1000.3
1000.3
999.70
1000.4
999.50
999.30
999.80
1000.5
999.70
1000.2
999.80
1000.2

4.80
10.2
15.2
25.0
30.1
34.9
40.2
44.9
49.8
75.1
100.3
124.8
149.9
175.2
200.0

995.0
989.7
985.2
975.2
970.0
965.1
960.1
955.0
950.0
924.9
900.4
874.8
850.4
824.9
799.7

0.045
0.097
0.14
0.24
0.28
0.33
0.38
0.43
0.47
0.71
0.95
1.2
1.4
1.7
1.9
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Table A.2 Composition of LO-ZnO-TiO2 series 0.5–20% with a with a constant (1:1) pigment to oil
ratio by weight and a PVC of of 17–18%.
Sample

LO (g)

ZnO (g)

TiO2 (g)

[ZnO] mol/L

LO-ZnO-TiO2 -0.5
LO-ZnO-TiO2 -1
LO-ZnO-TiO2 -1.5
LO-ZnO-TiO2 -2.5
LO-ZnO-TiO2 -3.5
LO-ZnO-TiO2 -4.5
LO-ZnO-TiO2 -5
LO-ZnO-TiO2 -7.5
LO-ZnO-TiO2 -10
LO-ZnO-TiO2 -12.5
LO-ZnO-TiO2 -15
LO-ZnO-TiO2 -17.5
LO-ZnO-TiO2 -20

999.8
1000.3
1000.3
1033.2
1033.2
1033.2
999.6
999.4
1000.3
1000.2
999.9
1000.6
1000.1

5.2
9.9
15.1
25.0
35.3
44.2
49.8
75.0
100.3
124.8
149.9
174.9
200.3

994.7
990.1
985.0
975.1
965.0
955.0
950.3
925.2
900.0
874.9
850.0
825.1
800.1

0.049
0.092
0.14
0.23
0.33
0.41
0.47
0.70
0.94
1.2
1.4
1.6
1.9

Table A.3 Composition of rLO-ZnO-TiO2 series 0.5–20% with a PVC of of 17–19%
Sample

LO (mg)

ZnO (mg)

TiO2 (mg)

[ZnO] mol/L

rLO-ZnO-TiO2 -0.5
rLO-ZnO-TiO2 -1
rLO-ZnO-TiO2 -1.5
rLO-ZnO-TiO2 -2.5
rLO-ZnO-TiO2 -3.5
rLO-ZnO-TiO2 -4.5
rLO-ZnO-TiO2 -5
rLO-ZnO-TiO2 -7.5
rLO-ZnO-TiO2 -10
rLO-ZnO-TiO2 -12.5
rLO-ZnO-TiO2 -15
rLO-ZnO-TiO2 -17.5
rLO-ZnO-TiO2 -20

199.5
200.4
666.4
500.2
500.1
333.4
332.8
333.3
251.4
250.2
200.7
200.1
200.7

1.3
2.1
10.0
12.4
17.5
14.8
16.6
24.8
25.4
31.3
30.1
35.0
40.1

198.4
197.8
646.3
483.8
481.7
321.7
321.5
319.6
239.8
238.4
191.0
190.2
189.4

0.059
0.10
0.14
0.23
0.33
0.41
0.47
0.69
0.94
1.2
1.4
1.6
1.8

Table A.4 Composition of sorbic acid (LO-ZnO-SA) series 0–60% with a constant (1:1) pigment to oil
ratio by weight.
Sample

LO (mg)

ZnO (mg)

SA (mg)

[SA] mol/L

LO-ZnO-SA-0
LO-ZnO-SA-10
LO-ZnO-SA-20
LO-ZnO-SA-30
LO-ZnO-SA-40
LO-ZnO-SA-50
LO-ZnO-SA-60

1033.2
1004.1
1000.7
999.4
1000.5
1000.6
999.7

1006.1
998.3
999.4
1000.0
1000.2
1000.7
1000.5

0
38.3
77.1
115.2
153.8
192.1
230.9

0
0.26
0.52
0.76
0.99
1.2
1.4
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Table A.5 Composition of LO-ZnO-TiO2 series 30–90% with a constant PVC of 18%.
Sample

LO (mg)

ZnO (mg)

TiO2 (mg)

[ZnO] mol/L

LO-ZnO-TiO2 -30
LO-ZnO-TiO2 -40
LO-ZnO-TiO2 -50
LO-ZnO-TiO2 -60
LO-ZnO-TiO2 -70
LO-ZnO-TiO2 -80
LO-ZnO-TiO2 -90

1000.4
1000.2
1002.2
998.90
1000.6
1005.1
1001.1

302.1
401.3
501.1
601.1
703.1
800.1
902.2

753.7
682.0
605.0
530.9
457.9
381.0
308.0

2.83
3.76
4.69
5.64
6.59
7.47
8.45

Table A.6 Composition of rLO-ZnO-TiO2 series 30–90%. Pigment volume concentration 14–18%.
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Sample

LO (mg)

ZnO (mg)

TiO2 (mg)

[ZnO] mol/L

rLO-ZnO-TiO2 -30
rLO-ZnO-TiO2 -40
rLO-ZnO-TiO2 -50
rLO-ZnO-TiO2 -60
rLO-ZnO-TiO2 -70
rLO-ZnO-TiO2 -80
rLO-ZnO-TiO2 -90

201.3
201.2
201.4
201.0
201.5
199.7
201.5

59.9
78.7
100.3
120.1
139.7
159.0
180.5

139.9
120.2
101.5
81.0
59.5
40.3
21.1

0.14
0.23
0.33
0.41
0.47
0.70
0.94

4.A. A PPENDIX

BaSO4

TiO2

ZnO

Figure A.4 SEM images of BaSO4 , TiO2 and ZnO pigments. BaSO4 shows a more heterogeneous size
distribution compared to TiO2 but in the same 1–5 µm range, ZnO is smaller (≈ 0.5 µm).
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Figure A.5 BaSO4 normalised XRD spectra for ZnO/BaSO4 paints containing 0.5–20 wt % of ZnO.
Inset shows that ZnO is completely consumed below ≈ 4.5 wt%. BaSO4 peaks are marked with •.
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Figure A.6 TiO2 normalised XRD spectra for ZnO/TiO2 paints containing 0.5–20 wt % of ZnO. Inset
shows that ZnO is fully consumed below ≈ 4.5 wt%. TiO2 peaks are marked with •.
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CHAPTER

FIVE
THE STRUCTURE OF ZINC CARBOXYLATES IN OIL
PAINT IONOMERS

Parts of this chapter are published in:
J. J. Hermans, L. Baij, M. Koenis, K. Keune, P. D. Iedema and S. Woutersen, 2D-IR spectroscopy
for oil paint conservation: Elucidating the water-sensitive structure of zinc carboxylate clusters in
ionomers, Science Advances, 2019, 5, eaaw3592.

C HAPTER 5. T HE STRUCTURE OF ZINC CARBOXYLATES

5.1

Introduction

Zinc oxide (ZnO) was the white pigment of choice for painters and paint manufacturers
from the late 19th century to the middle of the 20th century. ZnO is associated with various
types oil paint degradation, sometimes with severe consequences for visual appearance or
structural integrity of the paintings. As the triglyceride oil binder polymerises during paint
drying, ZnO tends to release zinc ions, which subsequently bind to pendant carboxylate
groups in the heavily cross-linked polymer network.43 This transition of the oil paint
binding medium into an ionomer state is usually identified by infrared (IR) spectroscopy;
the observation of a broad band centered around 1590 cm−1 assigned to the asymmetric
stretch vibration of the carboxylate groups marks the formation of a zinc ionomer. This
spectral feature has been observed in numerous artworks, for instance in paintings by
Jackson Pollock102 , Vincent van Gogh42 and Salvador Dalì.135 Thus, the phenomenon
of ionomer formation is of great importance for paintings conservation. It was shown
previously that ionomeric zinc carboxylate complexes can represent an intermediate stage
in zinc white paint ageing that ultimately leads to the appearance of crystalline zinc
soaps.29 These complexes of zinc ions and long-chain fatty acids have been linked to
cases of brittleness, loss of opacity, the formation of protrusions and delamination of
paint layers.3 Moreover, it was found that the exchange reaction between ionomeric zinc
carboxylates (COOZn) and fatty acids that yields zinc soaps is strongly influenced by
the amount of water present in the system.29 This result gave rise to the speculation that
water may change the coordination environment around zinc ions in the polymerised
oil network to make these ions more reactive towards fatty acids. Despite being directly
related to the rate of oil paint degradation, the structure of ionomeric zinc carboxylates in
oil paint and its sensitivity to water has so far remained elusive.
There are interesting parallels between these questions regarding molecular structure
in aged oil paint and research into other metal-containing polymers. Traditionally, the
local structure in ionomers has often been described simply in terms of ’cluster’ and
’multiplet’ regions with high ion concentration.76,136 Interestingly, it has been noted that
variations in water content give rise to significant changes in the carboxylate region of IR
spectra recorded on various ionomers.110 Some researchers have used X-ray absorption
spectroscopy (EXAFS) in an attempt to resolve this water-dependent metal ion coordination environment in commercial zinc-neutralized poly(ethylene-co-methacrylic acid)
ionomers (also known as Surlyn®, manufactured by DuPont™)137–139 and in isoprene
rubber blended with ZnO and stearic acid.140 However, these efforts did not yield a clear
assignment of molecular structures, because the Zn-O bond lengths and the zinc coordination numbers did not change in tandem with the observed vibrational features of the
carboxylate group. As such, the structure of ionomeric zinc carboxylates is still a highly
relevant question for a broad range of polymer systems.
In this chapter, we use a combination of attenuated total reflection Fourier transform
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IR (ATR-FTIR) spectroscopy and two-dimensional IR spectroscopy (2D-IR) spectroscopy,
which enabled resolving the zinc carboxylate structures found in zinc white oil paint
and commercial ionomer systems. For these studies, we employ a model system that
is a co-polymer of linseed oil and zinc sorbate (the zinc salt of 2,4-hexadienoic acid).43
This model system is known to be representative of the binding medium in a typical
zinc white oil paint used in many 19th- and 20th-century paintings.42,43 Knowing the
chemical structure of zinc carboxylate structures in zinc white oil paint, we proceed to
study the ’cluster’ regions containing high ion concentrations76,136 with small angle X-ray
scattering (SAXS). SAXS enables studying the ordering on length-scales of 1–100 nm,
which allows to investigate the effect of water on ion-cluster formation. Using SAXS, we
thus investigate if the sensitivity to water on a molecular scale translates to larger scale
ion-cluster transformation. Our results give crucial insight into the mechanisms behind
the effect of water on oil paint degradation, and provide a foundation for fundamental
research on potential strategies to tailor environmental conditions and restoration practice
to optimise the conservation of paintings.

5.2
5.2.1

Results and Discussion
The effect of water on ATR-FTIR spectra of paint binding media

IR spectra collected on a small sample from a white area of the painting De houthakkers
(’The woodcutters’) by Bart van der Leck (Figure 5.1a) show a broad asymmetric carboxylate stretch vibration band typical for a zinc white paint (Figure 5.1b). It was shown
previously that this broad band is caused by Zn2+ -coordinated carboxylate groups of the
oil polymer network, and that, like ionomers, these zinc carboxylates tend to form ionic
clusters in the polymer.43 While the asymmetry in the broad carboxylate band clearly
indicates that it is composed of several overlapping bands (Figure 5.1b), it is not straightforward to isolate its components using conventional IR spectroscopy. The carboxylate
band has a maximum around 1560 cm−1 in this paint sample. However, maxima at
frequencies closer to 1600 cm−1 are also commonly reported, for instance in samples
from commercial zinc white paints141 and a painting by Salvador Dalì.135 These different
carboxylate band positions and shapes suggest that there is significant variation in zinc
carboxylate coordination in zinc white paint binding media.
We observed a significant change in the carboxylate region upon reducing the water
content in the polymer binding medium. When a linseed oil/zinc sorbate polymer sample
(Znpol) was heated above 110 ◦ C, the components of the broad band envelope changed in
relative intensity, revealing at least three separate maxima at 1555, 1595 and 1625 cm−1
(labelled A, B, and C). To confirm that this entirely reversible change was caused by
evaporation of water rather than a transition in polymer structure induced by temperature,
we measured IR spectra on a Znpol sample that was cycled through a heating and
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Figure 5.1 ATR-FTIR spectra of linseed oil ionomer and liquid zinc palmitate. a: De houthakkers
(’The Woodcutters’) by Bart van der Leck, (1928, oil paint on canvas, Gemeentemuseum Den Haag
(Wibbina-Stichting)). b: The carboxylate and carbonyl regions of an IR spectrum collected on a
cross-section sample from the painting. c: The carboxylate region in IR spectra of a zinc white binding
medium model ionomer. The broad band at ambient conditions shows three maxima upon drying
at 130 ◦ C in a dry N2 atmosphere, which persisted as the polymer was cooled back down to room
temperature. Only when moisture was reintroduced, the broad band returned to its original band shape.
The sample was equilibrated at each environmental condition for 30 minutes, after which no spectral
changes were observed. d: Asymmetric carboxylate stretch vibration bands of liquid zinc palmitate.
Pure dry zinc palmitate forms a chain complex upon melting, while an oxo complex is formed in the
presence of water or oxygen-containing impurities (see text).

humidity program. Figure 5.1c shows sequential spectra recorded after equilibration at
ambient conditions, followed by 130 ◦ C under a flow of dry N2 , 25 ◦ C in dry N2 and
finally 25 ◦ C under a flow of N2 saturated with water. As long as the atmosphere above
the polymer remains dry, the carboxylate band envelope maintains its shape with three
distinct maxima. These ’dry’ spectra could also be reproduced by conditioning Znpol in
vacuum (10−2 mbar) for three weeks at room temperature. Interestingly, for paint films
composed of ZnO and linseed oil, the IR spectrum showed only minor differences upon
drying (Figure A.1).
Similar changes in the carboxylate region of IR spectra upon water absorption were observed in zinc-neutralised poly(ethylene-co-methacrylic acid) ionomers (pEMAA-Zn).137–139
In these reports, the spectra showed only band B at ambient humidity, and a combination
of band A and C under completely dry conditions, suggesting that two types of zinc
carboxylate structure exist in ionomers. With this hypothesis in mind, we fitted a combination of three Gaussian band shapes to the carboxylate band envelope of dry Znpol , and
investigated whether a simple change in relative concentration of species could explain
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Figure 5.2 Quantification of the change in the carboxylate band envelope upon drying. Three Gaussian
band shapes (labeled A, B and C) were fitted to the carboxylate band envelope in spectrum of a dried
Znpol , after linear baseline subtraction. To investigate the differences between the ’wet’ and ’dry’
polymer, the center position of each Gaussian band was fixed and the band intensities were coupled
so any increase in the height of band B causes a reduction of bands A and C while maintaining the
intensity ratio of A and C. This procedure with only a conversion factor and band width multiplication
factor as adjustable parameters allowed the reproduction of the ’wet’ spectrum, with a conversion of
species of approximately 50% and an increase in band width of 30%.
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Figure 5.3 a: Schematic molecular structure of zinc carboxylates of the oxo type (central O2 – ion is
indicated with an arrow) and b the linear coordination chain type. Side-chains behind the carboxylate
group have been omitted for clarity.

the spectral change upon water re-absorption (Figure 5.2).
Indeed, we found that an approximately 50% conversion of band A+C to band B in
combination with a 30% increase in band width could explain the observed spectra. The
positions of the components of the carboxylate band envelope of Znpol are strikingly
similar to the band positions of two types of zinc carboxylate coordination structure
(Figure 5.1d). In a series of insightful studies by Berkesi, Dreveni and Andor,142–144 it was
demonstrated that a tetranuclear zinc complex with a central O2 – ion (hereafter referred
to as ’oxo complex’, shown schematically in Figure 5.3a) can form in the presence of water
when the side-chains of the carboxylate ligands are either bulky or disordered. Examples
include the crystal structure of zinc 2,2-dimethylpropanoate145 or the structure of zinc
butanoate dissolved in water-containing CCl4 .146 However, under water-free conditions,
these zinc salts exist in a linear coordination polymer structure (referred to as ’chain
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complex’, shown in Figure 5.3b).142 We were able to reproduce the spectral features of the
chain and oxo complex in liquid zinc palmitate (zinc hexadecanoate, ZnPa). Figure 5.1d
shows the carboxylate region of the IR spectra of pure liquid ZnPa (chain complex) and
of ZnPa that contained Zn5 (OH)8 (Pa)2 as an impurity (oxo complex). The oxo complex
features could also be obtained by adding other oxygen-containing impurities like ZnO or
H2 O to liquid ZnPa. Since the carboxylate groups in pEMAA-Zn and Znpol ionomers are
attached to the polymer chains/network, the polymer backbone to which the carboxylate
group is attached will be in a disordered state. Therefore, the conclusions of Andor and
colleagues,142 strongly suggest that zinc carboxylates adopt an oxo or chain structure in
ageing ZnO oil paint ionomers. Using 2D-IR spectroscopy to obtain a ’fingerprint’ of
zinc carboxylates in the chain structure of liquid ZnPa,109 we confirmed this hypothesis
and were able to assign zinc carboxylates bands A+C (Figure 5.1c) in Znpol to the chain
complex. For more detail on the 2D-IR spectroscopy experiments, the reader is referred to
the original publication.109

5.2.2

The identification of the oxo complex in linseed oil ionomers

To study the nature of band B in IR spectra of Znpol, we consider first the central oxygen ion in the oxo complex. Isotope studies have shown that the O2 – ion can be easily
derived from water molecules,147 making it plausible that water exposure can induce a
(partial) structural transition from chain to oxo complex in ionomers. The tetrahedrally
coordinated oxygen has a specific asymmetric Zn4 O vibration at 530 cm−1 . The IR spectra
of pEMAA-Zn under wet conditions reported by Ishioka et al. also contain this Zn4 O
band, although a band assignment was not made.137 In fact, a linear correlation was
found between the intensities of the band at 530 cm−1 and the carboxylate vibration
at 1585 cm−1 . Additionally, the conversion from carboxylate band B to A+C was only
observed in partially neutralised ionomers, i.e. ionomers that still contained protonated
COOH groups. This important observation is in complete agreement with a decrease of
the Zn/COO ratio (from 2:3 to 1:2) during the reversible transition from an oxo to a chain
complex, according to the following reaction:
−H O

2
−−−
*
Zn4 O(RCOO)6 (oxo) + 2 RCOOH −
)
−−−
− 2Zn2 (RCOO)3 RCOO(chain) + H2 O

+ H2 O

Therefore, it can be concluded that ionomeric zinc carboxylates have an oxo structure
in pEMAA-Zn in the presence of water. We found that liquid ZnPa exists in the oxo
form when an oxygen source was present in the liquid (e.g. water or ZnO impurities)
(Figure 5.1d). The IR spectrum of ZnPa under these conditions also showed the Zn4 O
band at 530 cm−1 , though it was significantly broader and weaker than reported for oxo
complexes of short-chain zinc carboxylates, both pure and in solution.142,145 Surprisingly,
in polymerised Znpol films in either wet or dry conditions, the Zn4 O band could not be
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Figure 5.4 ATR-FTIR spectra supporting the assignment of band B to an oxo structure. a: Time
profiles of integrated IR bands during curing of LO-Zn at 190 ◦ C on the ATR crystal. The disappearance
of the C=CH stretch vibration band at 3009 cm−1 is a measure for the extent of polymerisation, while
the reduction of the band at 530 cm−1 is attributed to a loss of symmetry in the central Zn4 O unit.
b: Time profiles of absorbance at the frequencies corresponding to the components A, B and C of
the broad carboxylate band envelope during curing. c: The evolution of the Zn4 O band at 530 cm−1
during curing of Znpol . Time series of ATR-FTIR spectra recorded during heating of a <5 µm thick
layer of Znpol at 190 ◦ C in air on top of the ATR crystal, showing gradual weakening of the band at
530 cm−1 .

detected, despite the presence of a strong carboxylate band B. However, when we followed
the entire curing process of Znpol with ATR-FTIR spectroscopy by heating a <5 µm thick
layer on the ATR crystal, it was found that a weak band at 530 cm−1 does exist in the early
stages of curing (Figure 5.4c).
While the band increased in parallel with band B at 1590 cm−1 on short timescales
(Figure 5.4a,b), after approximately 150–200 minutes, the Zn4 O band became obscured by
background noise. This reduction in band intensity correlated with the disappearance of
the C=CH stretch vibration at 3009 cm−1 , which is a measure for the degree of oxidation
and polymerisation in the system (Figure 5.4a). In contrast, band B at 1590 cm−1 remained
approximately constant after 200 min. A similar broadening and weakening of the Zn4 O
band in cast films of oxo complexes observed by Berkesi et al. was attributed to a gradual
lowering of the symmetry of the tetrahedral Zn4 O core of the oxo complex.144 We also used
X-ray absorption near-edge structure (XANES) spectroscopy in an attempt to characterise
the coordination environment around Zn2+ in Znpol films equilibrated in liquid water
or under vacuum (Figure 5.5). While the differences between the wet and dry XANES
spectra were minor, comparison with calculated spectra showed that the changes were
consistent with a partial transition from an oxo complex to a chain structure upon drying.
Finally, we observed a significant stoichiometric effect of the COOH concentration on
the degree of conversion between the two zinc carboxylate species in zinc ionomers. A
series of samples with decreasing COOH neutralisation (Znpol-So, prepared by partially
replacing zinc sorbate by sorbic acid before polymerisation) showed an increasing conversion of band B to A+C upon drying (heating to 150 ◦ C, see Figure 5.6c and d). This
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Figure 5.5 Calculated and experimental XANES spectra of Znpol. a: Calculated XANES spectra
of pure oxo and chain complexes. b: Experimental XANES spectra showing the difference between
water-saturated LO-Zn and dried LO-Zn. Though the differences are small, the observed reduction in
edge peak intensity, increase in post-edge peak intensity and the shift in the third peak upon drying
are all consistent with an increased relative concentration of chain complex in the polymer sample.

effect demonstrates that the zinc carboxylate species corresponding to band B must have
a higher Zn/COO ratio than the chain complex that is responsible for band A+C. It is
important to note that even Znpol with no added sorbic acid contains a significant concentration of non-neutralised COOH groups, because carboxylic acid groups are formed
during the autoxidative curing of linseed oil.123,148 However, because of the high degree
of crosslinking in linseed oil polymer networks, it is likely that not all COOH groups are
available for reaction during changes in water concentration in the polymer, causing an
incomplete conversion between species. This incomplete conversion is more pronounced
at 100% neutralisation (Figure 5.6a and b). Based on this variety of spectroscopic evidence,
we conclude that linseed oil-based ionomers such as Znpol contain a significant fraction
of zinc carboxylates with the structure of an oxo complex. The rigid polymer network
backbone is prone to induce some disorder, which causes the characteristic Zn4 O band to
be either weak or absent in fully cured samples.
In summary, the great similarities in material composition and IR spectral features
between our Znpol model system and ZnO-containing paint support the conclusion that
the polymerised binding medium in historical zinc white oil paint also contains both chain
and oxo type ionomeric zinc carboxylates. Our investigations should have important
implications for the conservation of oil paintings. We now know the exact coordination
environment around zinc ions in oil paint binding media. The relative concentration
of chain and oxo structures will depend on the local concentration of carboxylic acid
groups, as well as the humidity in the environment of a painting. The differences in
the shape of the broad zinc carboxylate band envelope in IR spectra of samples from
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Figure 5.6 IR spectra of two series of zinc ionomers with full neutralisation and increasing neutralisation.
a: transmission IR spectra for Znpol (100 % neutralisation) at RT, b ATR-FTIR spectra for Znpol at
150 ◦ C, c transmission IR spectra for Znpol-So (0–100 % neutralisation) and d ATR-FTIR spectra for
Znpol-So at 150 ◦ C. The significant stoichiometric effect of the COOH concentration on the degree of
band B to A+C upon drying is clearly visible in d.

paintings directly reflect the differences in the relative concentrations of the oxo and chain
structures. With the newly acquired structural knowledge and the capability to prepare
both the chain and oxo complexes in isolation, it has become possible to investigate the
differences in reactivity of the two zinc carboxylate complexes towards the formation of
zinc soaps.29 Additionally, ionomers are known to be electrically conductive through an
ion hopping mechanism,149 a process which is probably responsible for the migration of
metal ions from pigment particles into the polymerised oil network. To forecast changes
in the mechanical properties of oil paint films or the rate of zinc soap formation, it will
be interesting to link the structure of ionomeric zinc carboxylates to metal ion diffusion.
Lastly, because tetranuclear zinc acetate oxo complexes have been reported to catalyse
transesterification reactions,150 it should be investigated whether the zinc carboyxlate
complexes in ionomers play a catalytic role in the degradation of the polymerised binding
medium itself.
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5.2.3

Ion cluster morphology in linseed oil ionomers

Taking into account the evident effect of water on the coordination environment of zinc
carboxylates in oil paint described above, we investigated if the coordination changes
detected with IR affect the size and concentration of ionic aggregates (clusters with high
ion-content). The ionic aggregates are investigated with Small Angle X-ray Scattering
(SAXS).43 Although it has been shown that these clusters can exist in our model systems,43
the newly found oxo or chain coordination geometries around zinc ions give rise to
the question if, and to what extent, these complexes are involved in clustering. We
also consider the option that part of the zinc complexes in the tested polymers do not
participate in cluster formation and are homogeneously distributed in the polymer matrix.
This form is referred to as ’background zinc’ and can not be observed with SAXS. Both
oxo and chain complexes may be present in ion clusters and as background zinc.
The effects of increasing metal concentration (Znpol) and neutralisation (Znpol-So,
constant sorbic acid concentration and increasing metal concentration) were studied in
zinc ionomers. Knowing that Znpol shows oxo–chain conversion by a reversible reaction
with one molecule of water, the effects of drying (by heating to 150 ◦ C) were studied.
The hard-spheres scattering model developed by Yarusso and Cooper (YC) was used
to fit the obtained ionomer peak in the SAXS data.151–153 This model assumes that ionic
clusters can be approximated as spherical particles containing a high concentration of
ionic groups. These spherical particles are assumed to be distributed with liquid-like
order and surrounded by a layer of immobile polymer matrix that limits the distance of
closest approach between two particles (clusters).151 The resulting model is formulated as
follows:
I (q) = Ie (q)V

V12 ρ21 {Φ(qR1 )}2
Vp + 8VCA eΦ(2qRCA )

(5.1)

in which
Φ( x ) =
V1 =

4πR31
3

3(sin x − x cos x )
x3
4πR3CA
and
VCA =
.
3

(5.2)
(5.3)

Here, I (q) is the intensity of the signal as function of the scattering vector q, R1 is
the radius of an ionic cluster, RCA is the radius of an ionic cluster including immobile
polymer shell, and Vp is average sample volume per scattering particle (ionic cluster). Ie is
the intensity scattered by a single electron under the experimental conditions, ρ1 is the
electron density difference between the spheres and the matrix, V the sample volume
illuminated by the X-ray beam and e is a constant very close to one.151 We have estimated
the combined contribution of terms Ie , ρ1 , V and e by grouping these terms together under
a single parameter A as in:
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Figure 5.7 Scattering profiles of linseed oil ionomers with varying zinc content and neutralisation with
fits (thin black lines) of the YC model of Equation 5.1 to the data. Before fitting, the background
signal of a film of pure polymerised linseed oil (Znpol-0) was subtracted and the value at highest
q was set to zero. a: Znpol-2–6 (100% neutralisation, increasing zinc content from Znpol-2–6) at
RT, b Znpol-2–6 at 150 ◦ C, c Znpol-So2–6 (33–100% neutralisation, increasing zinc content from
ZnpolSo-2–6) and d Znpol-So2–6 at 150 ◦ C. Only the samples which showed a clear ionomer peak in
SAXS are shown.

I (q) = A

V12 {Φ(qR1 )}2
Vp + 8VCA Φ(2qRCA )

(5.4)

The resulting fitted value for A (i.e. combining Ie , ρ1 and V) was subsequently assumed to be constant for our samples, which is the generally accepted procedure in the
literature.151 Subsequently, the parameters R1 , RCA , Vp were obtained from fits of Equation 5.4. It is important to note that it is generally assumed151 that all metal ions reside
in clusters and do not exist as background zinc. However, if not all zinc ions participate
in cluster formation, it may be possible that the electron density difference between the
spheres and the matrix (ρ1 ) is not identical for all samples. Such a scenario would especially influences the fitted values of Vp when ρ1 is assumed constant. Because we have
no way of estimating ρ1 , we investigated the effects of using ρ1 as a fitting parameter but
found that this approach did not significantly improve the fits or change the trends in
the other parameters. Moreover, it was found that neither ρ1 , nor Ie , V and e combined
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Figure 5.8 Fitted parameters of the YC model of Equation 5.4 to the scattering profiles of linseed
oil ionomers with increasing zinc content and neutralisation. a: Znpol at RT, b Znpol at 150 ◦ C, c
Znpol-So and d Znpol-So at 150 ◦ C. It was not possible to obtain a good fit of the YC model for
Znpol-So3 at 150 ◦ C.

changed in a physically meaningful way across samples or conditions because these parameters are highly correlated. As a result, we assume ρ1 to be constant across all samples
and conditions and explain the implications of this assumptions in the discussion of the
results below. In this scenario, the absolute Vp values are no longer meaningful and we
only discuss trends in Vp . Because Vp values change less than one order of magnitude
upon using different ρ1 values, we can still use Vp values to make a rough estimate of how
much zinc is incorporated in clusters.
Figure 5.7 shows that in all cases where an ionomer peak was observed (for roughly
>150 mM zinc, lower zinc concentrations did not show a clear ionomer peak), the YC
model yielded good fits. The parameters R1 , RCA and Vp that were extracted by the
fitting procedure are displayed in Figure 5.8 for Znpol and Znpol-So at room temperature
(RT, 20 ◦ C) and at 150 ◦ C. Because the upturn at small angles is not incorporated in the
YC model, a selected region only covering the ionomer peak was chosen for fitting.151
The origin of the upturn is generally attributed to large-scale density fluctuations of
the scatterers.154 At large angles, multiple contributions due to sample polydispersity
can hide the possible appearance of a second peak as theoretically predicted by the YC
98

5.2. R ESULTS AND D ISCUSSION

model. Therefore, the region between q ≈ 0.3–1.9 nm−1 was used for the fitting procedure
(Figure 5.7).
For Znpol at RT (Figure 5.8a) the scattering volume Vp increases slightly with increasing zinc content at 100% neutralisation from 697 to 755 nm3 . The concentration of ion
clusters thus decreases with increasing zinc content in absence of (available) free COOH
groups. At the same time, R1 increases with increasing zinc concentration from 1.16
to 1.39 nm and RCA is relatively constant (within the 95% confidence interval) with an
average of ≈2.6 nm. It is quite unexpected that increasing the zinc concentration at 100%
neutralisation does not lead to an increase of zinc ions located in clusters (decrease in Vp ).
Upon heating Znpol to 150 ◦ C ( Figure 5.8b), a more significant increase in Vp is observed
compared to RT, indicating that the cluster concentration decreases rapidly at 150 ◦ C and
full neutralisation. The signal intensities in the raw data collected at 150 ◦ C were also
consistently lower compared to RT (Figure 5.7), showing that the scattering was much
weaker. Such an effect is also described in the literature on commercial ionomers, where
the complete disappearance of the ionic peak at elevated temperatures is observed155,156
and is explained by the ionic aggregates dissolving into the matrix.155 At 150 ◦ C, RCA is
also consistently larger compared to RT, probably due to expansion of the polymer matrix,
while R1 remains similar in size.
For Znpol-So (Figure 5.8c and d), the inverse trend in Vp with increasing zinc content
is found: the cluster concentration increases with increasing zinc concentration at both RT
and 150 ◦ C. Furthermore, the cluster concentration is consistent lower in partly neutralised
ionomers (Figure 5.8c and d) than in fully neutralised samples (Figure 5.8a and b). Apparently, zinc ions do not cluster to the same extent when free COOH groups are available,
but are spread out more homogeneously in the polymer matrix. When neutralisation is
increased within the series (free COOH decreases), the cluster concentration increases.
The radius of the clusters is slightly larger (average 1.40 nm3 ) than for Znpol and does not
change significantly with degree of neutralisation.
While it is tempting to explain the differences in cluster concentration between partly
and fully neutralised samples in term of a (partial) conversion from oxo to chain complex
(Figure 5.6), we currently have no reason to assume this conversion is visible in SAXS.
Taking into account that the absolute concentrations (i.e. Vp values) may change if significant amount of zinc do not participate in cluster formation due to changes in ρ1 , it
is currently not possible to assign these concentrations to the oxo or chain coordination
environment inside clusters. However, an attempt was made to estimate how much zinc
is ’lost’ as background zinc using some assumptions. To do that, the volume that one
zinc ion would theoretically occupy in the uncured polymer matrix was calculated and
compared with the typical volume of a zinc ion inside the clusters according to SAXS.
We assumed that clusters occupy a sphere with a radius R1 of 1.0–1.5 nm (see Eqn. 5.1:
4πR3

V1 = 3 1 = 4.2–14 nm3 , R1 obtained from fits of Eqn. 5.4). Subsequently, the typical
number of a zinc ions inside such a sphere with volume V1 was calculated assuming either
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oxo or chain coordination and the values of Vp were used to calculate the final volume
per zinc ion in a cluster (assuming oxo unit cell coordination, roughly 20–30 nm3 at RT
and 100–180 nm3 at 150 ◦ C). This analysis showed that roughly 60–85% of zinc ions is not
observed with SAXS at RT, whereas >90% does not cluster at 150 ◦ C. These values do not
change significantly if either pure oxo or pure chain coordination is assumed in clusters.
The fact that such a large part of the zinc ions does not cluster is quite different than is
generally assumed for commercial ionomers157 and raises the question if SAXS analysis
could provide additional insights in future oil paint research. Nevertheless, SAXS analysis
showed that ionic clusters with a relatively constant radius exist in linseed oil based zinc
ionomers and these clusters decrease in concentration at high temperatures. Although it
was not possible to make a direct link between the molecular coordination environment
and the SAXS response, we found that the major part of the zinc ions does not cluster.
Due to the great similarities between the molecular structure of the aged binding
medium in pigmented zinc paints and zinc ionomers (see e.g. Figure 5.1, Figure 5.6 and
Figure A.1), one would expect that clusters with high ion content also exist in pigmented
paint samples. To investigate if the ionomer peak can be observed in the presence of
pigments, we recorded SAXS data on pigmented LO-ZnO-TiO2 and LO-ZnO-BaSO4
model systems with increasing ZnO concentrations (2.5–100 wt% ZnO, as described in
C HAPTER 4). However, the intense scattering at low angles in these pigmented samples
did not allow for the detection of an ionomer peak (Figure A.2). It remains to be investigated if SAXS analysis of pigmented zinc-containing samples is possible using different
experimental procedures.

5.3

Conclusions

We have shown that the polymerised binding medium in historical zinc white oil paint
contains both chain and oxo type ionomeric zinc carboxylates. Our investigations have
important implications for the conservation of oil paintings. We now know the exact
coordination environment around zinc ions in oil paint binding media. The relative
concentration of chain and oxo structures will depend on the local concentration of
carboxylic acid groups, as well as the humidity in the environment of a painting. The
differences in the shape of the broad zinc carboxylate band envelope in IR spectra of
samples from paintings directly reflect the differences in the relative concentrations of the
oxo and chain structures.
SAXS analysis showed that ionic clusters with a relatively constant radius exist in
linseed oil based zinc ionomers and these clusters decrease in concentration at high
temperatures. Although it was not possible to make a direct link between the molecular
coordination environment and the SAXS response, we found that the major part of the
zinc ions does not reside in clusters. In the field of oil paintings conservation, this research
brings us to a point where we can start to draw direct molecular links between the chemical
100

5.4. E XPERIMENTAL

composition and environment of a painting and the rate of paint degradation.

5.4

Experimental

Sample preparation The zinc-containing binding medium model systems Znpol0–6
were prepared by grinding increasing amounts of zinc sorbate (ZnSo) together with coldpressed untreated linseed oil (LO, Kremer Pigmente) with mortar and pestle. ZnSo was
synthesised as described previously.122 A portion of the resulting paste was spread onto
glass slides with a draw-down bar to a wet thickness of 90 µm (or 15 µm for transmission
measurements), and cured overnight in an air-circulated oven at 150 ◦ C. A series of zinc
ionomers with varying neutralisation (Znpol-So0–6) was prepared in a similar fashion
by using mixtures of zinc sorbate and sorbic acid in linseed oil to achieve neutralisation
levels of 0-17-33-50-67-83-100% (excluding the COOH groups formed as a result of linseed
oil oxidation) while the total sorbate/sorbic acid concentration was kept constant. The
sample composition is given in Table 5.1. Zinc palmitate (ZnPa) was synthesised by
adding a solution of either 180 mg or 300 mg Zn(NO3 )2 · 6 H2 O in 2 mL demineralised
water to a solution of 300 mg palmitic acid (HPa) and 0.25 mL triethylamine in 10 mL
demineralised water at 85 ◦ C, corresponding to a Zn:HPa ratio in the mixture of 1:1.93
and 1:1.16, respectively. After stirring for 10 min, the precipitated white product was
washed with a sequence of demineralised water, ethanol and acetone on a Büchner
funnel. While no impurities were detected with ATR-FTIR spectroscopy and powder
X-ray diffracton in ZnPa prepared with 180 mg zinc nitrate, the excess of Zn2+ ions in the
alkaline reaction mixture with 300 mg zinc nitrate resulted in the co-precipitation of an
additional crystalline phase identified as Zn5 (OH)8 (Pa)2 with powder X-ray diffraction
(diffractogram not shown).158

ATR-FTIR spectroscopy ATR-FTIR spectra were measured on a PerkinElmer Frontier
FT-IR spectrometer fitted with a Pike diamond GladiATR module equipped with a topplate heatable to 200 ◦ C. Spectra of polymer samples under different environmental
conditions were collected by placing a metal cylinder around the sample between the
top-plate and the pressure clamp of the ATR module (this setup is described in more
detail in Chapter 2). The resulting compartment could be flushed with either dry N2 , or
with water-saturated gas by bubbling N2 through a water reservoir. The curing process of
Znpol was followed by spreading a very thin layer (<5 µm) of a paste of LO and ZnSo
with a draw-down bar on the ATR diamond, and collecting spectra every 1 min while
heating at 190 ◦ C in air. These spectra were baseline-corrected and normalised to the
CH2 stretching vibration at 2920 cm−1 . The bands at 530 and 3009 cm−1 were sufficiently
isolated to be integrated by summation over the width of the bands. Due to extensive
band overlap, the time profiles of bands A, B and C contributing to the broad asymmetric
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Table 5.1 Overview of the composition of samples for SAXS measurements. LO is linseed oil, So is
sorbic acid, MSo is zinc sorbate and COOM/COOH refers to the proportion of total sorbate molecules
that is bound to zinc.

Sample

LO (mg)

So (mg)

MSo (mg)

COOM/COOH

Znpol-0
Znpol-1
Znpol-2
Znpol-3
Znpol-4
Znpol-5
Znpol-6

1000
1002
998.8
1001
1000
999.4
999.5

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.00
26.0
51.7
77.1
103
128
154

1.0
1.0
1.0
1.0
1.0
1.0
1.0

Znpol-So0
Znpol-So1
Znpol-So2
Znpol-So3
Znpol-So4
Znpol-So5
Znpol-So6

998.7
1001
1002
998.3
998.8
998.2
999.8

122
100
79.8
60.4
40.5
20.7
0.00

0.00
26.2
52.9
78.0
102
129
154

0.0
0.17
0.33
0.50
0.67
0.83
1.0

COO stretch vibration band envelope were approximated by taking the absorbance values
at 1555, 1595 and 1625 cm−1 , respectively.

X-ray absorption near-edge structure (XANES) XANES spectra were collected at the
DiffAbs beamline of synchrotron Soleil (Gif-sur-Yvette, France) using a micro-beam spot
size of about 10×10 µm2 . The spectra were collected in transmission mode using an ion
chamber detector. Zn foil was used to calibrate the XANES spectra. The spectra were
normalised and baseline corrected. Samples were prepared by wrapping a stack of five
pieces of thick Znpol film tightly in kapton tape (total thickness ≈ 0.75 mm) that were
either soaked in water or stored under high vacuum (10−2 mbar) for two weeks prior
to the measurement. For XANES calculations, the same optimised structures of the oxo
complex and terminated chain complex were used as for the calculation of IR frequencies.
The XANES calculations were performed using the FEFF9 code159 on the basis of selfconsistent-field (SCF) real-space multiple-scattering (RSMS) theory. For the Zn K-edge
calculation, a cluster of radius 5.0 Å around the central Zn atom was used to calculate the
SCF muffin-tin atomic potentials within the Hedin-Lundqvist exchange potential, and a
radius of 5.1 Å was used for the full multiple scattering (FMS) calculation.

X-ray diffraction X-ray diffraction (XRD) measurements on cured films were recorded
with a Rigaku MiniFlex II desktop X-ray diffractometer using Cu Kα radiation at 2.5◦ /min
on ca. 10 × 10 mm squares of paint film taped to a glass sample holder.
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Small-angle X-ray scattering Small-angle X-ray scattering (SAXS) measurements were
carried out at the Dutch-Belgian Beamline (DUBBLE) station BM26B of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.160 The sample-to-detector
distance (Dectris Pilatus 1M) of the setup was ca. 2.1 m. The scattering vector q is defined
as q = 4π/λSinθ with 2θ being the scattering angle and λ the wavelength of the X-rays
(1.04 Å). The acquisition time at room temperature was 3 to 5 min per sample.
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5.A

Appendix
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Figure A.1 Comparison of the asymmetric carboxylate stretch vibration band envelope under ambient
and dry conditions in a pigmented paint film (1:1 w/w ZnO in linseed oil, spread on a glass slide to
40 µm thickness, dried and aged for 16 months at 25 ◦ C and 50% RH). While the difference is notably
smaller than in Figure 5.1c, it is clear that, upon drying, the relative intensity of bands A+C increases
at the expense of band B, causing the overall band maximum to shift to lower wavenumbers.
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Figure A.2 Raw data of scattering profiles obtained using SAXS on pigmented LO-ZnO-TiO2 model
systems with increasing ZnO concentrations (2.5–100 wt% ZnO, as described in Chapter 4). No
ionomer peak was detected in these scattering profiles.
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SIX
SOLVENT-MEDIATED EXTRACTION OF FATTY ACIDS IN
BILAYER OIL PAINT MODELS: A COMPARATIVE
ANALYSIS OF SOLVENT APPLICATION METHODS
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C HAPTER 6. S OLVENT- MEDIATED EXTRACTION OF FA S IN BILAYER OIL PAINT MODELS

6.1

Introduction

Scientific research focusing on the cleaning of oil paintings has evolved greatly since the
early investigations in the 1950s.82,93 As stated by Phenix & Sutherland28 , the role of these
scientific investigations is ’to inform, guide and improve the art and craft of cleaning
practice.’ However, scientific cleaning studies face many challenges28,83,161,162 such as
making a fair compromise between the reproducibility of the cleaning experiment and the
practical applicability of the simulated treatment procedure.
We have previously shown that linseed-oil based model systems can provide important
insights about solvent action on oil paints. For example, we studied the reaction of
amorphous metal carboxylates with externally provided saturated fatty acids (SFAs) to
form metal soaps (crystalline complexes of metal ions and long chain saturated fatty
acids1 ) in both pigmented and unpigmented (ionomer) model paints.29 In that study, a
reservoir containing SFAs dissolved in acetone was used to deliver the SFAs to the model
paints. It was concluded that the exposure of amorphous metal carboxylates to SFAs in
solution is a sufficient condition for metal soap formation. In addition, the transport rate
of SFAs was found to be strongly enhanced by solvent-swelling and traces of water.29
The diffusion of neat solvents122 or solvents confined in rigid gels32 into linseed-oil based
ionomers was also studied. It was shown that the rate of solvent diffusion is correlated to
the swelling capacity and varies considerably between different solvents. The diffusion
of organic solvents and water into linseed oil based ionomers was found to be of similar
magnitude for both free solvents and solvents released by gels, indicating that the solvent
uptake by non-porous linseed oil based ionomers is relatively slow compared to the rate
of solvent release by the gels.32
The amount of solvent delivered to the paint surface is strongly determined by the
cleaning method applied. In this study, three different cleaning methods are systematically
compared to measure the impact of solvent cleaning methods on the internal chemistry of
a multi-layer paint system. The three different cleaning methods are:
• the cotton swab, traditionally widely used for varnish removal
• Evolonr CR tissue, an alternative used for varnish removal and composed of a
Nylon/polyethylene terephthalate fabric163
• Nanorestorer Max Dry rigid gel, can be used for varnish or surface dirt removal
and composed of semi-interpenetrating polyhydroxyethylmethacrylate (pHEMA)
and polyvinylpyrrolidone (PVP) networks.164
Two criteria of cleaning impact are used: (1) the amount of extracted free SFAs and (2)
to what extent zinc soap formation is triggered by the simulated cleaning action. Ethanol
was chosen for the comparison of solvent application methods because it is commonly
1 this
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Znpol (≈ 40 μm)
pLOC 17
(≈ 140 μm)

EtOH + C17

EtOH

gel/evolon/swab
+
EtOH

Figure 6.1 Overview of pLOC17 −Znpol bilayer model systems. Solvent is applied from the top and
swells the system briefly. C17 is extracted from bottom to top upon solvent-swelling. After solvent
exposure the C17 :C16 ratio in the gel/evolon/swab sample is determined using MS.

used for the removal of aged varnishes. Zinc soap crystallisation was chosen because it is a
widespread oil paint degradation phenomenon that can be enhanced by solvent-swelling.
For the systematic study of SFA extraction and zinc soap formation, we designed a
bilayer model system that allows for both tracking a specific free SFA marker between
different layers, as well as following the crystallisation of zinc soaps. The bottom layer
consists of polymerised linseed oil with an added margaric acid (C17 ) marker (pLOC17 )
and serves as a source of SFAs with a realistic (5 wt.%) free SFAs concentration. The top
layer consists of a reactive zinc ionomer layer (Znpol), which contains amorphous zinc
carboxylates that can react with SFAs from the bottom layer and form zinc soaps.29,43 These
bilayer model systems (denoted pLOC17 −Znpol, see Figure 6.1) contain both SFAs and
zinc carboxylates in different layers, but only form zinc soaps upon solvent exposure. The
pLOC17 −Znpol model mimics the molecular structure and reactivity of an aged binding
medium in a bilayer paint system. In fact, the model represents any multilayer system
where a difference in free SFA concentration between paint layers exists and migration
across layers can induce metal soap formation.
To perform relative quantification of the extraction of C17 , palmitic acid (C16 ), naturally
present in linseed oil, is used as an internal standard. C17 is a SFA containing 17 carbon
atoms that does not naturally occur in linseed oil and can therefore be used as a marker.
Because the pLOC17 −Znpol model systems are consistently made with the same linseed
oil (LO) and subsequently aged and stored under identical conditions, all model paint
samples are assumed to contain identical C16 concentrations. The diffusion rate of C17
and C16 across the layers is assumed to be of similar magnitude due to their comparable
aliphatic chain length. Consequently, the C17 :C16 ratio (determined in the extract) can be
used for relative quantification of the C17 extraction from the lower layer, in relation to
that from the paint system overall. In this paper, the C17 :C16 ratio is used as a measure of
the C17 transport between the layers. Using the C17 :C16 ratio also corrects for deviations
in the surface area that was cleaned or variations in the size of Evolon/gel/swab tissue.
Surface Acoustic Wave Nebulization Mass Spectrometry (SAWN-MS)165 and Thermally107
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assisted Hydrolysis and Methylation Pyrolysis Gas Chromatography Mass Spectrometry
(THM-Py-GC/MS)120 are used for relative quantification of the extracted free SFAs. SAWNMS allows rapid analysis without derivatisation and is a soft ionisation technique.165
THM-Py-GC/MS is a common method for the analysis of paint extracts and is included
for comparison. To visualise the migration of SFAs after solvent application, static Timeof-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is measured on cross-sections.
Possible formation of crystalline zinc soaps is investigated using imaging ATR-FTIR on
cross-sections.
This work combines model systems of known composition with practically relevant
solvent application methods. By comparing different cleaning methods, these experiments
can contribute to a better understanding of the impact of solvent action on oil paints and
support the development of improved conservation and restoration strategies.

6.2
6.2.1

Results and Discussion
Mass spectrometric analysis of extracts

SAWN-MS and THM-Py-GC/MS in negative ionisation mode were used to determine the
C17 :C16 ratio in ethanolic extracts from the cotton swab, the Evolon tissue (with different
loading) and the rigid gel. The C17 :C16 ratio can be taken as a measure of the extraction
capacity of the cleaning method used. The results obtained after 5 min of ethanol exposure
are summarised in Table 6.1. An ethanol exposure time of 5 minutes was chosen because
this is within the range of typical exposure times used in paintings restoration practice.
An example of a typical SAWN-MS spectrum (for Evolon-sq) is shown in Figure 6.2.
It is clear from Table 6.1 that the amount of C17 extraction varies considerably between
different methods of solvent application and between different ethanol loading for Evolon.
The C17 extraction was greatest using the cotton swab (4.6 ± 1.5), followed by Evolon
without controlled solvent loading (Evolon-sq., 3.2 ± 0.6). Even though simulated treatments were executed by one person, the standard deviation for the cotton swab was also
largest, showing this method is poorly reproducible. The C17 extraction for the Max Dry
gel (1.7 ± 0.3) was much lower than for the swab and for Evolon-sq and can not be altered
using a different amount of solvent. In contrast, controlled solvent loading of Evolon has a
strong effect on the amount of C17 extraction and brings the performance of Evolon on par
with Max Dry gels. It is thus important to control the amount of solvent that is contained
in Evolon. It was not possible to distinguish between Evolon-34% and Evolon-51% within
the calculated error of the C17 :C16 ratio. Since the SAWN-MS response within repeats of
the same extract was small (relative standard deviation <10%, determined from triplicates),
this was probably due to variations in the model systems and extraction methods.
The possible influence of different solvent exposure times is a concern in paintings
restoration. Figure 6.3 shows an overview of the C17 :C16 peak integral ratios after different
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Figure 6.2 A typical SAWN-MS spectrum for the extract taken from Evolon-sq showing the range
250–275 m/z.
Table 6.1 Overview of the monoisotopic C17 :C16 (269.25 : 255.23 m/z) peak integral ratios obtained
for SAWN-MS measurements on ethanol extracts taken from the Evolon tissue with different ethanol
loading, the gel and the cotton swab after 5 min exposure. Values are an average of triplicate
measurements, standard deviations are indicated with ±.

Sample
Evolon-sq. (5 min)
Evolon-34% (5 min)
Evolon-51% (5 min)
Max Dry gel (5 min)
Cotton swab (5 min)

ratio C17 :C16 (×10−2 )
3.2±0.6
1.8±0.4
1.5±0.2
1.7±0.3
4.6±1.5

ethanol exposure times obtained using THM-Py-GC-MS.120 Increasing the ethanol exposure time leads to an increase in the amount of C17 extracted for all methods of solvent
application. In this set, Evolon without controlled solvent loading was used. We have
excluded 10 and 30 min exposure for the cotton swab since this would involve an unrealistic amount of swabbing and the 40 µm thin Znpol model systems were not resistant to
prolonged mechanical action.
Although the absolute C17 :C16 ratios obtained with THM-Py-GC/MS cannot be compared directly to SAWN-MS measurements due to the difference in ionisation methods,
the THM-Py-GC/MS results confirm the trends in C17 extraction obtained with SAWN-MS
after 5 min of ethanol exposure. It is noted that there is an order of magnitude difference between the C17 :C16 ratios obtained by SAWN-MS and THM-Py-GC/MS. In order to explain
this difference between SAWN-MS and THM-Py-GC/MS data, a detailed investigation is
needed which lies outside the scope of this research.
We conclude that SAWN-MS provides significant advantages over THM-Py-GC/MS
due to the reduced acquisition and sample preparation time, the lower fragmentation during ionisation and the ease of operation. The total time necessary for sample preparation
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Figure 6.3 Overview of the C17 :C16 (284.27 : 270.26 m/z) peak area ratios obtained from the total
ion current (TIC) chromatogram of THM-Py-GC/MS measurements on extracts taken from the Evolon
tissue, the swab, and the gel with increasing exposure time.

and analysis was about 5 minutes per sample.

6.2.2

ToF-SIMS images of C17 redistribution after cleaning

ToF-SIMS mapping166 was performed on cross-sections of pLOC17 −Znpol model systems
in order to visualise the C17 redistribution after ethanol exposure. Figure 6.4a shows the
distribution of C17 (269.25 m/z) for the blank, Evolon 34%, swab and gel samples after 5
minutes of ethanol exposure (no ethanol exposure in the blank). The total signal intensities
can vary between different samples and within layers due to surface topology variations
inherent in cross-section preparation and analysis. As a result of these preparation and
instrumental conditions during analysis, not all the ToF-SIMS images are displayed at the
same scale. This set of ToF-SIMS images will be used for qualitative information on the
distribution of C17 inside the Znpol layer only.
Based on the clear visibility of the C17 signal in the Znpol layer, Figure 6.4a shows
that significant C17 migration into the Znpol layer took place in all cases where solvent
was applied. These results are in good agreement with MS analysis of the extracts. The
images also suggests that swab rolling and gel cleaning cause a more homogeneous
C17 redistribution across the Znpol layer compared to Evolon tissue, where C17 is more
concentrated close to the pLOC17 layer.

6.2.3

Imaging ATR-FTIR on cross sections after cleaning

The same set of cross-sections used for ToF-SIMS was analysed with imaging ATR-FTIR
spectroscopy167 in order to check if 5 min of ethanol exposure and the effective C17 migration triggered the formation of zinc soaps. We previously showed that solvent-swelling
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Figure 6.4 a ToF-SIMS intensity map on cross-sections displaying the distribution of C17 (269.25
m/z) which migrated out of the pLOC17 into the layer of Znpol during ethanol exposure. The images
were rescaled to show good contrast. b a selection of ester band normalised ATR-FTIR spectra of
Znpol layer after 5 min of ethanol exposure. Red corresponds to a region close to pLOC17 and green
corresponds to the top of Znpol where ethanol was introduced. Three spectra (averages of three slabs
located at the top, middle and bottom of the cross-section) are shown and shifted for clarity. A small
band around 1600 cm−1 is caused by the Technovit embedding resin.

can enhance both the transport rate of SFAs and subsequent metal soap crystallisation.29
Figure 6.4b shows a selection of imaging ATR-FTIR spectra for all samples, normalised
on the ester carbonyl (COOR) band at 1740 cm−1 . The complete surface of pLOC17 −Znpol
system was imaged and the area of Znpol divided in 50 slabs (slices). A selection of three
spectra (averages of slabs located at the top, middle and bottom of the cross-section) are
shown and shifted for clarity. Each spectrum is an average of the FTIR spectra that make
up one slab and is colour coded according to position: red is close to the pLOC17 layer,
green is on the side where ethanol was introduced. The complete absence of a sharp IR
absorption band at 1540 cm−1 (associated with crystalline zinc soaps) proves that 5 min
of ethanol exposure does not lead to the formation of detectable amounts of zinc soaps
in these samples. After 7 months, all samples (including the blank) showed zinc soap
formation (see Figure A.1 for FTIR images recorded 7 months after cleaning).
Figure 6.3 showed that longer ethanol exposure results in increasing extraction of
C17 . It is therefore possible that longer solvent exposure times are required to trigger
zinc soap formation in these model systems. Imaging ATR-FTIR spectra were taken from
a cross-section of our model system exposed to ethanol for 30 min using Evolon-sq to
investigate if an increased solvent exposure time would lead to the formation of zinc soaps.
Figure 6.5a displays an ATR-FTIR map of the crystalline zinc soap (1540 cm−1 ) distribution
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Figure 6.5 a Imaging ATR-FTIR map showing the distribution of crystalline zinc soaps (1540 cm−1 )
in pLOC17 −Znpol bilayer model systems after 30 min ethanol exposure using Evolon-sq and b
corresponding color-coded FTIR spectra. The layer was divided in 50 slabs and spectra were averaged
over each slab, red corresponds to a region close to pLOC17 , green corresponds to the top of Znpol
where ethanol was introduced.

in pLOC17 −Znpol bilayer model systems after 30 min ethanol exposure. The lower part
of the Znpol layer clearly shows the formation of crystalline zinc soaps, evidenced by
a sharp peak at 1540 cm−1 in Figure 6.5b. The fact that the zinc soaps are located near
the interface (see also Figure A.2) with the pLOC17 layer, demonstrates that zinc soap
formation is triggered by C17 SFAs sourced from that layer. Using imaging ATR-FTIR, we
can conclude that zinc soap formation is clearly enhanced by prolonged solvent exposure.

6.3

Conclusions

Our results stress that the method of solvent application and the duration of solvent
exposure can directly influence SFA migration and zinc soap formation in oil paint. Using
smart model systems, we studied the impact of solvent cleaning using the relative amount
of C17 extraction and zinc soap formation as indicators. SAWN-MS provided significant
advantages over THM-Py-GC/MS, featuring a reduced time for acquisition, analysis and
sample preparation. Our results have practical implications for paintings restoration and
showed that the amount of SFA extraction is significantly different between different
methods of solvent application. Firstly, traditional cotton swab rolling extracts more
SFAs compared to a rigid gel and an Evolon tissue (with controlled loading) and is
less reproducible. Secondly, controlling the solvent loading of Evolon tissue reduces
the amount of SFA extraction from underlying paint layers. Thirdly, reducing solvent
application time as much as possible is crucial for limiting unwanted extraction of noncrosslinked components. Although ToF-SIMS mapping showed that C17 redistribution
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took place in all simulated cleaning tests after 5 min, the migration of SFAs inside the zinc
ionomer did not immediately lead to zinc soap formation. However, prolonged (30 min)
solvent exposure using Evolon tissue without controlled loading did lead to the immediate
formation of zinc soaps.

6.4

Experimental

Sample preparation Zinc sorbate complexes were synthesised according to previously
published procedures.122 Binding medium model systems Znpol were made by grinding
100 mg zinc sorbate with 900 mg cold-pressed untreated linseed oil (LO, Kremer Pigmente)
to a smooth paste with mortar and pestle. The concentration of metal ions in the uncured
sample mixture was equivalent to a molar metal carboxylate bond to triacylglyceride
(TAG) ester ratio (COOM/COOR) of 0.23. This concentration corresponds to roughly
333 mM zinc in the polymer. The mixture was applied to 50 × 75 mm glass slides and
spread with a draw-down bar to achieve a wet thickness of 90 µm. The layers were cured
for 17 h in an air-circulated oven at 150 ◦ C, resulting in transparent homogeneous yellow
films with a thickness of around 40 µm. Films of polymerised linseed oil with margaric
acid marker pLOC17 were prepared in a similar fashion using 5 wt.% of margaric acid in
linseed oil, a wet thickness of 190 µm and cured for 5 h at 150 ◦ C. The thickness of each
sample was measured with a digital micrometer accurate to 1 µm.
Simulated cleaning test procedure Nanorestorer Max Dry was used as received from
CSGI (www.csgi.unifi.it). Gels were kept in a sealed container loaded with ethanol for
at least 12 hour before use and dried with paper tissue before application. Evolonr CR
tissue (www.deffner-johann.de/evolonr-cr.html) was cut into 1 × 1 cm squares, washed
with acetone and ethanol using a Büchner funnel, dried and subsequently soaked with
ethanol. Before use the samples were squeezed using nitrile gloves and left to evaporate
for 1 min (samples denoted Evolon-sq.). The Evolon samples with controlled loading
were kept overnight in a sealed container loaded with ethanol. Strips of 2 × 5 cm were
loaded with 34% ethanol (87.4 mg Evolon / 102.7 mg ethanol) or 51% (92.3 mg Evolon /
149.1 mg ethanol) before use. During solvent application, Evolon and gel samples were
covered with a Melinex film to avoid solvent evaporation from the top. A thin glass slide
was placed on top of the Melinex film to maintain a constant pressure across all samples.
Hand-rolled cotton swabs were used and swabbing was carried out continuously (without
re-wetting the swab) for 5 minutes with very gentle pressure. Swab cleaning was always
carried out by the same person. All simulated cleaning tests were executed in triplicate.
Cross-section preparation Cross-sections of bilayer model systems were embedded in
Technovitr 2000 LC resin and cured in a Technovitr 2000 LC Technotray POWER - Light
Polymerisation Unit for for 30 min. The cross-section was sanded down using a MOPAS
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XS Polisher and wet and dry (Micromesh) polishing techniques. For ToF-SIMS mapping,
cross-sections were used without gold coating.

THM-Py-GC/MS analysis Samples were analysed by THM-Py-GC/MS.120 Tetramethylammonium hydroxide (TMAH) was added to the samples prior to analysis to convert
labile compounds to more volatile products. For background subtraction, GC-MS runs
with a blank sample (5% methanolic solution of TMAH with internal tridecanoic acid (C13 )
standard) were performed before analysis and subtracted for each sample.
A Frontier Lab PY-2020D double-shot pyrolyser system was used, with the interface
maintained at 320 ◦ C. The pyrolyser was attached to an Agilent Technologies 5975C
inert MSD/7890A gas chromatography/mass spectrometer. The split injector was set to
290 ◦ C with a split ratio of 20:1 and no solvent delay. An Agilent J&W Ultra-inert DB-5MS
capillary column was used for the separation (20 m × 0.18 mm × 0.18 µm). Helium carrier
gas was set to 0.9 ml/min. The GC oven temperature program was: 35 ◦ C for 1.5 min;
60 ◦ C/min to 100 ◦ C; 14 ◦ C/min to 250 ◦ C; 6 ◦ C/min to 315 ◦ C; 1.5-minute isothermal.
The MS transfer line was at 250 ◦ C, the source at 220 ◦ C and the MS quad at 150 ◦ C. The
mass spectrometer was scanned from 30 to 600 m/z.
Evolon samples were cut into 4 × 3 mm squares and placed in a glass vial, 30 µl of a
25% methanolic solution of TMAH was added for derivatization. Gel and Swab samples
were first immersed overnight in 0.5 ml ethanol, subsequently the ethanol was evaporated
using a N2 flow before 30 µl of TMAH solution was added. Samples were pyrolysed using
a Frontier Direct EGA method: 360 ◦ C initial furnace temperature; 500 ◦ C/min to 700 ◦ C;
0.3 min isothermal.

SAWN-MS analysis Experiments were conducted with a TripleToF 5600+ mass spectrometer (AB SCIEX, Concord, ON, Canada) and a SAWN device from Deurion (Seattle,
WA, USA). The setup is described in more detail elsewhere.165 For each MS analysis,
SAWN was regulated by application of power to the electrodes (approximately 5 W) in
continuous mode. Approximately 10 × 1 µl of sample in EtOH was loaded on the chip
while the data was accumulated in a single data file. Data was acquired with an interface
heater temperature of 150 ◦ C, the inlet and outlet gas pressures were set at 0 psi, and
the curtain gas pressure was set to the minimum valued allowed, 10 psi. The mass spectra were acquired (50–500 m/z) in negative ionisation mode for 60 s using multichannel
acquisition with an accumulation time of 3 s.
Evolon gel and swab samples were transferred to an Eppendorf tube and 200 µl of
ethanol was added. A small piece of cotton swab samples was cut and transferred to a
different tube where and additional 50 µl ethanol was added. All samples were vortexed
for 2 min before analysis.
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ToF-SIMS imaging The ToF-SIMS analyses were carried out in negative mode using a
ToF-SIMS 5 (ION-ToF GmbH Germany) instrument equipped with a Bi+ liquid metal ion
gun (LMIG). The samples were bombarded with a pulsed Bi3+ primary ion beam (25 KeV,
0.25 pA) rastered over a 250 × 250 µm2 surface area. With 100 scans and 256 × 256 pixels,
the total primary ion dose did not exceed 1012 ions/cm2 ensuring static conditions. Charge
effects due to primary ion beam were compensated by means of a 20 eV pulsed electron
flood gun. Cycle time was fixed at 100 µs so that it was possible to detect secondary
molecular ions up to 800 m/z. Etching of 5 minutes with Cs+ 2 kV (100 nA) rastered over
an area of 800 × 800 µm2 were performed before spectra acquisition in order to remove
any surface contamination.
ATR-FTIR and imaging ATR-FTIR Cross-sections were analysed with imaging-ATRFTIR using a Perkin Elmer Spotlight 400 FTIR microscope equipped with a 16 × 1 pixel
linear MCT array detector at 8 cm−1 resolution and a Perkin Elmer ATR Ge crystal
accessory. Spectra were collected in the 750–4000 cm−1 range using an pixel size of
1.56 µm (diffraction limited spatial resolution), an interferometer speed of 2.2 cm/s and
averaging over 2 scans. Raw imaging ATR-FTIR data was processed using a custom
Matlab script.
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Figure A.1 Ester band (1740 cm−1 ) normalised imaging ATR-FTIR spectra of the Znpol layer in cross
sections of swab and Evolon 34% samples after 5 min of ethanol exposure and a subsequent waiting
time of 7 months. The blank was never exposed to ethanol. The layer was divided in 50 slabs and
spectra were averaged over each slab, red corresponds to a region close to pLOC17 , green corresponds
to the top of Znpol where ethanol was introduced. After 7 months, all samples show the formation of
crystalline zinc soaps (1540 cm−1 ).
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Figure A.2 Integrated absorption values for ester band normalised imaging ATR-FTIR spectra inside
the Znpol layer after 30 min of ethanol exposure using Evolon-sq. The layer was divided in 50 slabs
(slices), spectra were averaged over each slab and plotted as a function of depth (position inside the
Znpol layer). The region close to pLOC17 shows much more crystalline zinc soap formation compared
to the top of Znpol (where ethanol was introduced), showing that crystalline zinc soaps were formed
with C17 from the pLOC17 layer. It is clear from the anti-correlation that amorphous zinc carboxylates
(1585 cm−1 ) are converted into crystalline zinc soaps (1540 cm−1 ). Due to the presence of a small
band around 1600 cm−1 caused by the Technovit embedding resin, the absolute amount of amorphous
zinc carboxylates may be slightly overestimated.
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7.1

Introduction

Cleaning is considered to be an important step in the conservation of oil paintings.16,168
However, it is known that the exposure of oil paints to organic solvents for varnish removal,
or to water for the removal of surface dirt, can affect the physicochemical properties of
the paint in an undesired way.28,31,169 For example, exposure to organic solvents can lead
to embrittlement of paint68,170 and to the extraction83,112–114,171–173 and redistribution148
of soluble paint components. An increased rate of formation of degradation products,
such as crystalline metal soaps (complexes of metal ions and long-chain saturated fatty
acids), has also been reported.29,148 Although a considerable amount of progress has been
made,28,31,174–176 the knowledge of the influence of solvent-based cleaning on fundamental
chemical processes in oil paint does not currently allow for a reliable assessment of the
risks involved in cleaning. Besides effects induced by solvent exposure, it is known that
factors such as relative humidity (RH),99,100 fluctuations in temperature177 and exposure
to light178 can enhance the alteration and degradation of oil paints. However, it remains
difficult to assess the importance of factors such as RH in terms of their influence on paint
chemistry.
What exactly defines the impact of solvent action on paint is a complex interplay
between many different chemical and physical phenomena. After the application of solvent, solvent swelling54,93,179 , –diffusion122 , –evaporation180,181 , –leaching83,112–114,172,173
(extraction) and chemical reactions29,148 occur simultaneously. It is not possible to quantitatively measure the total physicochemical influence of these combined processes during
cleaning practice, and conservators often assume that minimal exposure to water or solvents limits the risks associated with cleaning. However, minimising solvent exposure
starts with identifying which processes, methods and solvents are least invasive and
measuring these processes under realistic treatment conditions. This crucial question has
remained largely unanswered because of the lack of analytical techniques that enable
quantitative comparison of parameters that define the impact of solvent exposure on
paint. Effectively, the task of minimising solvent exposure during solvent-based cleaning
requires a method that can quantitatively monitor the retention time and concentration
of solvents reside inside oil paint. Ideally, such a technique should enable a quantitative
comparison of cleaning methods or solvents on real paintings, should be portable and
able to deal with heterogeneous paint surfaces. In addition, the instrumentation should
feature an intuitive interface and should be easy to operate. Lastly but very importantly,
data processing and interpretation should be fast (preferably on-the-fly) and should be
easy to use for conservators. With such an analytical technique in hand, a conservator
could then monitor how long a paint layer is exposed to a certain concentration of solvent
and combine this with information on when the varnish removal is complete, thereby
limiting the risks associated with solvent exposure to the paint layers
In an attempt to classify solvents according to their diffusion coefficients, the authors
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have previously studied the diffusion of a range of solvents and water in linseed oil
based ionomers and pigmented ZnO based paints using time-dependent attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectroscopy (see C HAPTER 2).122
Important findings were that strongly swelling solvents generally diffuse faster than
weakly swelling solvents and that all studied model systems showed similar diffusion
behaviour, regardless of the presence of pigments.122 While being good models for intact
oil paint, these systems contain relatively pristine binding medium without (micro) cracks.
Moreover, time-dependent ATR-FTIR spectroscopy does not allow the measurement of
porous or brittle paints because it relies on constant and reproducible contact between the
sample and the ATR crystal throughout the measurement. Another quantitative technique
used to study solvent presence in paint is the NMR MOUSE (Mobile Universal Surface
Explorer).182 Fife et al. compared the stiffness of two paintings from the same artist and
time, one of which was never cleaned and one that had been repeatedly exposed to organic
solvents.170 It was shown that the painting that had undergone numerous solvent-based
varnish removals was significantly stiffer throughout the depth of the painting. Angelova
et al. employed the NMR MOUSE to study water ingress in acrylic emulsion paints.183
However, due to the limited time-resolution of the NMR MOUSE, the uptake of rapidly
diffusing solvents can not be monitored.181 Moreover, the NMR-MOUSE does not provide
spatially-resolved information which can assess the homogeneity of the result after the
cleaning treatment.
In this study, we aim to develop a real-time, quantitative and non-invasive tool to probe
the destabilising effects of solvents on paint surfaces. To do so, we use Fourier transform
laser speckle imaging (FT-LSI) to probe the motion of pigment particles in the paint film.
Enhanced motion of these pigments, due to plasticisation or swelling of their matrix, is a
proxy for the presence, and effects, of solvents. This enables us to obtain spatially-resolved
information on solvent penetration in oil paint. LSI is a light-scattering technique that was
developed in the 1980s as a medical imaging tool to visualise subcutaneous blood flow.184
A great advantage of LSI is that it does not require specific sample preparation and can be
used non-invasively on any opaque surface. LSI has recently been applied to study the
evolution of dynamics in drying paint185,186 and to capture the slow dynamics of drying
artist oil paints and varnishes.187 In the study by Pérez,187 slow drying processes were
monitored using discontinuous data collection at 10 fps every minute and data processing
was performed after the raw speckle image collection. In this study, we use recently
developed quantitative methods for on-the-fly data processing on a portable LSI setup188
and collect up to 60 fps of raw speckle images continuously, allowing for the measurement
of fast dynamics of solvent penetration during cleaning at a high frame-rate. Because
organic solvents are transparent and do not scatter light, the measured LSI dynamics in
oil paint observed after solvent exposure are the result of nanoscale motions of scattering
pigment particles induced by solvent transport inside the paint. In our measurements, the
nanoscale motions of scattering pigments are composed of two components: (1) thermal
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motion that probe the local mechanical (microrheological) properties of the paint and
(2) convective motion induced by solvent molecules due to swelling or de-swelling of
the paint matrix during solvent sorption or desorption. We investigate how transport
phenomena, such as solvent diffusion and flow, are related to the measured LSI signal and
to what extent either of these transport phenomena occur in our paint samples.
ZnO and linseed oil (ZnO-LO) based model systems are used to investigate solvent
transport in oil paint models and to study how the rate of the investigated transport
processes depends on paint degradation or environmental conditions. ZnO is widely
used in oil paintings189 and associated to many types of degradation phenomena, most
importantly the breakdown of ZnO itself8 and the formation of crystalline zinc soaps.29,107
Linseed oil (LO) is widely used in oil paintings because it possesses excellent drying
properties and consists of a mixture of triacylglycerides (TAGs) that mostly contain
linolenic acid (C18:3), linoleic acid (C18:2), and oleic acid (C18:1) side chains. Upon drying
and ageing, LO forms a tightly crosslinked polymer network. The network structure of
the polymeric binding medium determines the rate and type of solvent transport in the
paint.
To investigate the detection limit of the LSI setup for solvents inside paint, we set out
to study complete swelling and de-swelling with ethanol, a solvent commonly used to
dissolve aged natural varnishes on oil paintings. Subsequently, the effects of different
relative humidity (RH) conditions in ZnO-LO films are measured and compared within a
range of relative humidities recommended for museums.190 Next, the relation between
the rate and type of solvent transport and the paint degradation on a molecular level are
investigated using both LSI and ATR-FTIR. Finally, different solvent application times and
methods of solvent application are compared. The effects of varnishes are systematically
studied using artificially aged dammar varnish with different thicknesses. A range of
solvents that is typically used for varnish or surface dirt removal, as well as a selection of
green solvents that have been suggested as new alternatives for some of these solvents, is
compared.
Our results can greatly aid conservators to make informed decisions when choosing
solvents or application methods. Ultimately, a portable FT-LSI setup with on-the-fly data
processing could become a valuable analytical tool in the conservation studio.

7.2
7.2.1

Results and Discussion
De-swelling of a saturated paint film

The most extreme case of solvent transport in paint is complete swelling and de-swelling.
The degree of maximum swelling serves as an important parameter that determines
the effects of solvents on oil paint and swelling has been extensively studied in the
literature.54,93,122,179,191
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Figure 7.1 a: A typical FT-LSI experiment where the laser illuminates a painting, resulting in interfering
back-scattered light. These characteristic speckle patterns are captured with a camera. Microscopic
motion of light scattering pigments in the paint results in a change in the speckle pattern over time.
The change in the speckle pattern over time is quantified using the Fourier transform, which provides
a power spectrum for every pixel and results in a 4-dimensional dataset (x, y, time, frequency). b:
Power spectra of the de-swelling of a ZnO model system, showing the power of motion as a function
of the measured frequency range from 0 hours (black) to 20 hours (light yellow) after the start of
the de-swelling. c: In depth analysis of the 0.0033 Hz frequency (arrow in b). We map the power of
this frequency for every pixel to obtain a false-colour movie. The three snap-shots of the movie are
presented and show a spatially homogeneous decrease of dynamics. By averaging every frame spatially
we obtain the time-trace which gives a good overview of the whole experiment.

To determine the detection limit of the FT-LSI setup for solvent in oil paint, a ZnO-LO
model system on glass support was saturated in ethanol for 2 hours to achieve complete
swelling,122 after which the de-swelling process was monitored using LSI. After removal
from the ethanol bath, the paint was left to dry to the air in the FT-LSI set-up (Figure 7.1a),
which is described in the Experimental section. The speckle patterns were analysed in
real-time using a recently established Fourier-transform algorithm. Fourier inversion
of the temporal intensity fluctuations for each speckle, give access to a function, the
power-spectral density, or power spectrum in short, that contains all relevant information
about the type and rate of the dynamic processes that occur inside the paint film. The
power spectra show a decay as a function of frequency, where the slope (on a log-log
representation) is indicative of the nature of the scatterer motion; with a slope = -1.5 for
diffusive motion and -2 for convective motion. The characteristic decay frequency is a
measure for the rate of the dynamics; slow diffusion leads to decay at high frequencies,
while fast diffusion leads to decay at much shorter frequencies. For a complete overview
of the method we refer to Buijs et al.188
During the de-swelling process, raw speckle images were collected over the course of
20 hours and analysed to obtain the power spectra that are shown in Figure 7.1b. Ethanol
is transparent to green light and therefore cannot be measured with FT-LSI. However, the
presence of ethanol or other solvents will temporarily plasticise the chemically-crosslinked
oil paint network, increasing the mobility of scatterers embedded therein, creating an
acceleration of the temporal fluctuations in the scattered intensity that is detected with FT123
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LSI. Investigating Figure 7.1b over the whole frequency range, it becomes clear that from
t=20 h to t=0 h (increasing ethanol concentration), the power spectra and the inflection
point shift to lower frequencies, which indicate that the effective diffusion coefficient
increases with increasing ethanol concentration.188
The value of the power spectral density at a given frequency, or power, can be used
as a scalar proxy for the amplitude of dynamic processes, e.g. the relatively plasticity of
the paint film. By following the power at a given frequency in time, temporal changes in
the plasticity can be directly monitored. Figure 7.1c shows the power of the 0.0033 Hz
frequency over the course of 20 hours. From this time-trace it is clear that, although
the power has decreased by one order of magnitude, there still is a measurable change
of dynamics going on after 20 hours. Although we cannot relate this signal intensity
directly to a solvent concentration yet, it is clear that FT-LSI is able to measure motion
that is induced by the presence of extremely small amounts of solvents inside the paint
(Figure 7.1c).

7.2.2

Air humidity

Having established that FT-LSI is sensitive to low concentrations of solvents in paint,
we investigate if subtle differences in environmental RH on the paint plasticity can be
measured with LSI. The effects of environmental RH on oil paint are an important aspect
in determining climate conditions in museums, which are often advised around 50%
with limited fluctuations.190 For oil paintings, it is known that high RH conditions can
result in an increased rate of ester hydrolysis of TAGs in the oil binder and influence
certain autoxidation pathways.8,117 Ester hydrolysis can lead to the release of highly
concentrated saturated fatty acids (SFAs) in an oil paint, thereby increasing the risks of
(crystalline) metal soap formation when metal ions (for example derived from lead white
(2 PbCO3 Pb(OH)2 ) or zinc white (ZnO)) are present.3,29 Even when the paint is already
cured, high RH can also stimulate the formation of carboxylic acid groups.8 The increased
formation of carboxylic acid groups can indirectly lead to the formation of crystalline
zinc soaps, because carboxylic acid groups stimulate the formation of amorphous zinc
carboxylates,8 which are intermediates in the formation of crystalline zinc soaps.29
With the molecular mechanisms of paint degradation described above in mind, a ZnO
model system was measured with LSI at different RH levels inside a climate box. For
each humidity, the sample was left to equilibrate for 1 hour and then measured for 1 hour
at room temperature (RT). The obtained power spectra are shown in Figure 7.2 and the
inset shows the average measured power at high frequencies (>1 Hz). A strong increase
in dynamics at humidities above 40% was observed, which is the result of increased
molecular motion in the paint. The fact that relatively small differences in equilibrium RH
conditions (40–50–55% RH, inset of Figure 7.2) induce large changes in the dynamics inside
oil paint, underlines the great potential of FT-LSI for monitoring the effects of solvents
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Figure 7.2 Power spectra of ZnO model painting with increasing humidity (dark to light yellow). Inset:
mean power at high (>1 Hz) frequency. The dynamics increase significantly above 40% RH.

and water inside oil paint. Two explanations may contribute to the measured sudden
increase in molecular motion around 40% RH: (1) moisture plasticises and swells the paint
and (2) chemical paint alteration mechanisms changing the mechanical properties of the
polymeric oil medium, such as ester hydrolysis, could speed up significantly at this RH.
It should be noted that it is currently unclear to what extent either of these two factors
contribute to the measured power spectrum. Most likely, both these processes will go
hand-in-hand. As such, our results may lead to re-evaluation of safe storage conditions
for oil paintings. In the future, it could be worthwhile to investigate the relation between
bulk viscoelasticity and RH with dynamic mechanical analysis (DMA). Since the glass
transition temperature (Tg ) of ZnO-LO is close to RT,122 it may be that subtle differences in
RH induce a transition to the rubbery regime, providing further explanation for the strong
increase in molecular motions.

7.2.3

Effects of ester hydrolysis on solvent transport

Due to the wide variety in the composition of paint materials and the conditions during
the drying and storage of paintings, a wide variety of different porosities and network
structures is found in paintings. Differences in porosity are expected to have a strong
effect on the rate of solvent transport and the retention of solvents inside paints. To
describe solvent transport, a distinction is often made between convective solvent transport in micro-channels and solvent diffusion in the inherent free volume of the polymer
network.44 Convective transport in paint is generally several orders of magnitude faster
that diffusion.161 In our experiments, a range of processes consisting of solvents sorption,
desorption and evaporation contribute to the total FT-LSI signal intensity and decay rate
that is measured. The rate of FT-LSI signal decay thus gives information on sorption,
desorption and evaporation combined. Although the extent to which sorption, desorption
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Figure 7.3 a: ATR-FTIR spectra normalised on the CH2 stretching vibration (2929 cm−1 ) and b:
FT-LSI signal decay (1.6 Hz) for series ZnO-LO-0d–22d series where the series are coloured increasingly
dark from 0d to 22d following the trend of the arrow. c: Stretching exponent α where α = 0.5
corresponds to purely diffusive motion and α = 1 corresponds to purely convective behaviour. ROI for
FT-LSI-signal integration were chosen as described in Figure A.3.

and evaporation contribute to the measured signal is currently unknown, these processes
combined define the retention time: the time solvents are retained in the paint layer. Knowing the solvent retention time and the rate of signal decay can help to decrease the risks
associated with solvent-based cleaning because these important parameters determine
how long the paint is plasticised by solvents. To investigate if LSI can monitor such differences, we studied solvent transport in oil paints that were subjected to prolonged exposure
to very high RH conditions. A series of ZnO-LO paints that were subjected to accelerated
ageing at 97% RH and 60 ◦ C for 4 to 22 days (designated ZnO-LO-0d to ZnO-LO-22d)
were used for these experiments. Because ZnO-based model paints easily hydrolyse in
high RH conditions, the effects of ester hydrolysis on solvent retention and transport
can be studied. Upon ageing, an increasingly matte appearance and extensive yellowing
was observed. At the same time, hydrolysis of the esters in linseed oil, the liberation of
free fatty acids (FAs) and, eventually, the formation of zinc soaps took place. Figure 7.3a
shows a collection of ATR-FTIR spectra, clearly showing the increasing concentration of
amorphous zinc carboxylates8,43,109 (COOZn, broad band at 1585 cm−1 in Figure 7.3a) and
ultimately, the formation of crystalline zinc soaps after 22 days of ageing (sharp peak at
1540 cm−1 in Figure 7.3a).
Solvent retention was measured by placing a 3 µL droplet of ethanol on top of the
sample, waiting for the appearance of a dry surface (as seen in the images by the droplet
shrinking) and subsequent integration of the total intensity of the FT-LSI signal in a ROI
in the centre of the droplet. Supplementary movie M1 (see Appendix, movies available on
request) shows the raw speckle images obtained during the ZnO-LO-22d measurement
side-by-side with the analysed FT-LSI movie. The FT-LSI signal decay for the ZnO-LO0d–22d series is displayed in Figure 7.3b, showing a significant increase in signal decay
rate with increased ageing. In this series, the 1.6 Hz frequency was chosen in order to
detect the fast changes in dynamics encountered during solvent exposure. Besides the
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Figure 7.4 FT-LSI images (1.6 Hz) for ZnO-LO-0d–22d after ethanol exposure (3 µL droplet), eight
minutes after solvent application for ZnO-LO-0d–16d or one minute after solvent application for
ZnO-LO-22d (chosen due to fast signal decay). Increasing solvent spreading and micro-crack formation
upon ageing at 97% RH and 60 ◦ C for 4 to 22 days. Solvent spreading and penetration rate correlates
with increasing COOZn concentration upon ageing (ZnO-LO-0d–16d) and finally significant ester
hydrolysis and zinc soap formation in ZnO-LO-22d.

significant increase in signal decay rate upon ageing, major qualitative differences in the
FT-LSI images were observed in the strongly aged sample (see 22 days aged sample in
Figure 7.4). Especially ZnO-LO-22d clearly shows the appearance of micro-channels after
solvent application.
The increased amount of crack formation in aged samples may explain the increased
transport in lateral direction (Figure 7.4, ZnO-LO-22d), and therefore the increased rate of
solvent uptake. It has been shown in the literature that the rate of solvent sorption (k S ) in
oil paint is faster than desorption (k D ) and the two rates are related by k D /k S ≈ 0.65 in
most cases.93 If there is no significant interaction between solvent and paint that depends
on the ageing, solvent desorption will also be faster in films that have been more severely
aged. The combined faster spreading of the solvent due to transport in lateral direction
and the faster desorption due to faster evaporation may explain the increased decay rate
for samples with increased ageing, finally resulting in lower solvent retention in aged
samples.
To investigate the type of solvent transport in more detail, the stretching exponent
α was calculated (Figure 7.3c). The value of α gives information about the nature of the
measured motion: if α = 0.5, the motion is purely diffusive and if α = 1, the motion is purely
convective.186 The α factor was computed by fitting the slope of the power spectrum with
a straight line where the slope is equal to −(1 + α) on a log-log axis.188 The motion of
pigment particles probed by LSI are the result of both the microrheological properties of
the paint and the convective motion of the swelling. Figure 7.3c indicates that the pigment
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motion is partly diffusive and partly convective over the whole ageing series and does
not show a significant change in α upon ageing. The solvent itself will have flow-like
behaviour through micro-channels and cracks, but does not translate this motion directly
to the pigment particles and therefore this is not noticeable in the computed α-values. In
supplementary movie M1 it is visible that the solvent spreads out over a large area through
cracks in the ZnO-LO-22d while supplementary movie M2 shows that the solvent remains
localised in the area of the droplet in ZnO-LO-0d. However, the mechanisms behind the
plasticisation and swelling do not change. Consequently, a larger area is affected by the
solvent in the aged films for a shorter period of time.
We conclude that there is a correlation between solvent retention (Figure 7.3b and
Figure 7.4) and the degree of ageing measured by increased ester hydrolysis (Figure 7.3a):
increasingly aged samples show faster FT-LSI signal decay and more solvent spreading.
Because the solvent is transferred out of the ROI that was used for integration of the LSI
signal, it remains difficult to say to what extent this faster signal decay originates from
either evaporation or convective transfer. In any case, our measurements confirm that an
increase in crack formation results in an increase in both the rate of evaporation and the
rate of solvent transport. As a result, the area of the paint that is exposed to solvents is
significantly increased in aged samples, even when solvents are applied locally.

7.2.4

Effects of solvent exposure time and varnishes

The effects of solvent exposure time and the presence of varnish on the solvent delivery
inside the paint layer were investigated using Evolonr CR tissue with a 51% loading
of ethanol (Evolon-51%, see section 7.2.6).163 This cleaning method is known for it’s
effectiveness in varnish removal and features an excellent reproducibility (see Figure A.1).
The FT-LSI signal decay was measured for a series of 15–300 seconds exposure of Evolon51% ethanol on an unvarnished ZnO-LO model system. The results are displayed in
Figure 7.5a, showing that the rate of FT-LSI signal decay strongly decreases with increasing
exposure time. As expected, longer application times result in increased solvent delivery
in the paint, as shown in Figure 7.5a.
In a control experiment testing solvent-swollen varnish on glass, we investigated if
varnish leftovers (without scattering pigments) can significantly contribute to the measured LSI signal. It was found that solvent-swollen varnish is an important contribution
on short timescales (see Figure A.2) due to the rapidly changing refractive index of the
varnish when swollen with solvent. As a result, interpreting the relative contribution
of scattering inside the paint and scattering inside the varnish in measurements where
varnish is left on the paint surface after solvent exposure, is difficult. To test if varnish
removal was complete, a portable UV lamp was used to judge if varnish fluorescence
was absent after all measurements. This method is also routinely used by conservators to
determine if varnish removal is complete.
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Figure 7.5 FT-LSI signal decay (1.6 Hz) time-series: 15–300 seconds Evolon-51% ethanol exposure,
a unvarnished, b varnished (<7 µm) and c: varnish layers with increasing thickness ranging from
<7–21 µm and constant exposure time of 60 s. ROI for FT-LSI-signal integration were chosen as
described in Figure A.3.

Figure 7.5b shows the effect of a thin (9 µm) varnish layer. Judging by the similar signal
decay rates obtained for 15 and 30 s exposure time, the solvent does not reach the paint
layer in the first ≈ 30 s and the FT-LSI signal is dominated by the quickly decaying signal
of swollen varnish. The incomplete removal of varnish after 15 and 30 s was confirmed
by the presence of UV fluorescence, indicating that the relatively intense dynamics in the
first seconds after solvent application may be partly explained by the signal of swollen
varnish in the measurements using 15 and 30 s exposure time. Exposure times of 60 s or
more yield similar results to the unvarnished samples, indicating that the varnish layer
was indeed removed and unhindered solvent transport into the paint layer was possible
after ≈ 60 s.
To explore the effects of the varnish thickness on the relative amount of solvent delivered to the paint in more detail, a series of varnished model systems with and increasing thickness of <7–21±2 µm was prepared (thickness determined by optical coherence
tomography,192 OCT, see Figure A.4). In this series, the solvent exposure time was kept
constant at 60 s. The results are displayed in Figure 7.5c, clearly confirming that the
presence of thicker varnishes results in smaller amounts of solvent penetrating into the
paint layer. However, this effect is subtle compared to the exposure time series because
doubling the varnish thickness did not double the protective duration.

7.2.5

Comparison of solvents

Conservators use a wide range of different (mixtures of) organic solvents to dissolve
and remove discoloured natural resin varnishes. The composition of these varnishes
determines the choice of solvents for their effective removal, keeping the minimal influence
to the underlying paint layers in mind. Like polymerised drying oils, varnishes generally
increase in polarity upon ageing by the increasing formation of oxidised products. The
increased polarity of the varnish can change its solubility in organic solvents significantly
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Figure 7.6 FT-LSI signal decay (1.6 Hz) for a series of solvents applied as a 20 µL drop, left on the
surface for 60 s and dried with filter paper. ROI for FT-LSI-signal integration were chosen as described
in Figure A.3.

and require increasingly polar solvents to dissolve aged varnishes.
To investigate if FT-LSI can discriminate between the activity of different solvents, a
series of solvents used for the cleaning of paintings was tested on an unvarnished paint
surface. It is known that solvents can have vastly different diffusion rates, with water being
among the slowest diffusing solvents and acetone one of the quickest.84,93,122,191 During
conservation cleaning practice, solvent diffusion- and evaporation rate are important
because these combined factors determine how long solvents are present in a paint and
how far they diffuse inwards. We used FT-LSI to measure this combined effect of diffusion
and evaporation of acetone, ethanol, isopropanol, dimethyl carbonate (DMC), ethyl lactate
(EL), γ–valerolactone (γ–VL) and n-hexane. Acetone, ethanol, isopropanol and hexanes
are widely used in conservation studios, whereas DMC, EL and γ–VL have recently been
suggested as green alternatives for varnish removal.181,193
FT-LSI probes changes in the dynamics of scattering pigments inside the paint film and
therefore the power of the FT-LSI signal is not easily converted into a solvent concentration.
The pigment motion is governed by the local visco-elasticity of the paint film, which is
influenced by the presence of varying amounts of solvent in a complex way that is
currently unknown. In principle, a thorough calibration of the solvent content on the
scatterer motion would enable such a conversion but would need to be performed for
each different type of matrix and solvent as it is sensitive to chemical details. However,
for initial monitoring of solvent presence during artwork cleaning, such a conversion is
not required.
The FT-LSI signal decay of the 1.6 Hz frequency is displayed for a series of solvents
in Figure 7.6. The solvents were applied as a 20 µL droplet, left on the surface for 60 s
130

7.2. R ESULTS AND D ISCUSSION

and carefully dried with filter paper. Although the translation of the FT-LSI signal into
diffusion rates is not straightforward, it is interesting to observe that the trends in FT-LSI
signal decay displayed in Figure 7.6 are in agreement with known trends in diffusion
rates: acetone > ethanol > isopropanol > water ≈ hexane.122 The signal decay rates of
EL and DMC are comparable and close to acetone, both are much faster than γ–VL. This
effect can be partly explained by the fact that ethanol or acetone are much faster diffusing
solvents than hexane and water,122 resulting in further solvent penetration and longer
plasticisation.
It should be noted that the FT-LSI signal does not necessarily correlate with the rate
of varnish dissolution or leaching of soluble paint components, since these processes are
governed by the solubility of these components in a given solvent. For example, although
the FT-LSI signal decay rate for acetone, DMC and EL are highly similar, their rate of
varnish dissolution on aged dammar varnish is vastly different, with acetone being faster
than DMC and both acetone and DMC much faster than EL. The rate of leaching of soluble
paint components is an important factor in cleaning studies but can not be measured by
LSI. However, if solvent penetration in the paint is limited, it should be safe to assume
that leaching is also minimised.

7.2.6

Comparison of solvent application methods for varnish removal

Besides flexibility in the choice of solvents, a conservator can utilise a variety of methods to
apply the solvents. Most of these methods have been developed to minimise the amount of
solvent exposure and mechanical action on the surface and to increase the reproducibility
of the cleaning action, resulting in a more homogeneously cleaned surface. We have used
the portable FT-LSI setup188 to compare four methods of solvent application for varnish
removal from ZnO-LO model paints, using ethanol as a solvent in all cases:
• The cotton swab, traditionally widely used for varnish removal.
• Evolonr CR tissue, an alternative used for varnish removal and composed of a
Nylon/polyethylene terephthalate (PET) fabric.163 The Evolonr tissue can be loaded
with different amount of solvent by equilibrating known amounts of tissue and
solvent in a sealed container overnight. In our tests, the Evolon tissue was always
covered with a thin sheet of Mylarr (biaxially-oriented PET) during application.
• Nanorestorer Max Dry (MD) gel, can be used for varnish or surface dirt removal
and consists of semi-interpenetrating polyhydroxyethylmethacrylate (pHEMA) and
polyvinylpyrrolidone (PVP) networks.164
• the ’SRAL method’, employing the spreadable hydroxypropylcellulose (HPC, marketed as Klucel G) gel loaded with cleaning solvent on an impregnation tissue,
removing the gel with an absorbing tissue and subsequent rinsing with a lower
polarity solvent and a cotton swab.194 Isopropanol was chosen for rinsing.
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Figure 7.7 FT-LSI signal decay (1.6 Hz) for ethanol applied using the cotton swab, Evolon tissue, MD
gel and SRAL method measured using the portable LSI setup. Except for the swab, the surface was
always exposed to ethanol for 60 s, the swab was used until a satisfying result was obtained (<10 s).
The dotted line in the Evolon image marks the edge of the evolon tissue. For comparison, the SRAL
method was measured with and without isopropanol rinsing. The initial varnish thickness was 9 µm.
ROI for signal integration as described in Figure A.3.

The resulting comparison of different methods of solvent application measured on the
portable LSI setup is displayed in Figure 7.7. In this set of measurements, the absolute
signal intensity is much higher compared to the lab-based LSI. These differences are not
relevant for the comparison of different methods of solvent application within this data
set. Figure 7.7 shows that the swab and Evolon feature a similar and relatively fast decay
rate. Keeping in mind that the swab method was used until a satisfying varnish removal
was obtained (<10 s), the dynamics are initially quite intense. The fast decay to a low
intensity indicates that the amount of solvent delivered deeper into the paint by the swab
and Evolon is small. This result is not in contradiction with our earlier result showing
that the swab extracts more free FAs from deeper paint layers compared to Evolon or MD
gel, because in that study all methods were compared at the same exposure time (see
C HAPTER 6).148 It should be noted that the time required to completely remove the varnish
with Evolon was <60 s, implying that even shorter contact times could be used with this
method. The initial signal intensity for the SRAL method (excluding clearance) and for the
MD gel are much higher than the other methods, probably because a significant amount of
varnish remained on the surface (see also Figure 7.8) after the treatment. If varnish is left
on the surface, the evaporation of solvent is hindered, explaining the relatively slow decay
rate and high signal intensity even after 300 s. If the SRAL method is directly cleared with
a swab afterwards, the signal intensity is very low due to the use of isopropanol, a slowly
diffusing solvent (see Figure 7.6).
A valuable addition to the quantitative information obtained from the FT-LSI signal
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Figure 7.8 Scaled FT-LSI images obtained using the portable LSI setup. The images were taken directly
after the simulated treatment with ethanol applied using the cotton swab, Evolon tissue, MD gel and
SRAL method. Except for the swab, the surface was always exposed to ethanol for 60 s, the swab was
used until a satisfying result was obtained (<10 s). The images from the SRAL method are shown
with and without isopropanol rinsing. The initial varnish thickness was 9 µm.

integration is obtained from the LSI images displayed in Figure 7.8 where the homogeneity
of the solvent application can be compared qualitatively. Figure 7.8 shows that the
Evolon tissue results in the most homogeneous application of the solvent. Diffusion of
ethanol vapour outside the regions of the Evolon tissue (marked with a dotted line) is
also observed, likely because the Evolon tissue is covered with a sheet of Mylar during
application. Ethanol diffusion outside the regions of application may explain the formation
of tidelines (unwanted regions were varnish is deposited outside the area of solvent
application) which is frequently noted by conservators. It is often claimed that rigid gels
such as the MD gel allow a more precise application of the solvent. Interestingly, this is not
actually the case judging from the FT-LSI image for the MD gel. The relative heterogeneity
visible in the image of the MD gel can be explained by the fact that the MD gel did not
completely remove the varnish within 60 s, but rather redistributed part of the varnish
over the area of application. For a fair comparison, the swab method was not used for
60 s but until a satisfying result was obtained (<10 s, as judged by the conservator using
a portable UV lamp). Although the initial FT-LSI signal intensity is similar to the other
methods, the varnish removal is very quick. A downside of the swab methods is also
evident, showing that swabbing results in certain areas receiving more pressure and thus
more solvent than others, judging from the heterogeneity that is visible in Figure 7.8. The
LSI images show a heterogeneous solvent application by the SRAL method, but after
clearance with isopropanol, the activity is homogeneous as well as of lower intensity than
other methods.
Despite the higher noise levels compared to the lab-based setup, the data from the
portable FT-LSI setup (Figure 7.7 and Figure 7.8) clearly shows quantitatively different
results for different solvent application methods. Most importantly, the FT-LSI images
(Figure 7.8) are computed and displayed real-time during the measurement, immediately
showing the qualitative differences and making the portable FT-LSI a valuable tool for
conservators.

133

C HAPTER 7. Q UANTIFYING SOLVENT ACTION USING LSI

7.3

Conclusions

LSI is a powerful and sensitive technique to study the motion of scattering pigments inside
oil paint, showing the presence of solvent during solvent cleaning real-time. LSI detects
the presence of ethanol in oil paint for more than 20 hours after saturation with solvent. In
a set of measurements with increasing relative humidity, a strong increase in dynamics at
humidities above 40% was observed, underlining the great sensitivity of LSI for detection
low concentrations of solvents inside oil paints. Increasingly aged paints showed solvent
spreading over a larger area but a shorter overall solvent retention. A correlation between
increased ester hydrolysis of the binding medium and rapid solvent flow in micro-cracks
could be made. The effects of increasing solvent exposure time using Evolon tissue on
varnished and unvarnished paints were studied. Increasing exposure times were shown
to result in slower signal decay, indicating that more solvent is delivered inside the paint.
Thin varnish layers protected the paint temporarily from solvent sorption, showing how
long solvent exposure can be with minimal solvent penetration into the paint. LSI provides
quantitative and qualitative spatial information on cleaning methods, which are required
for a reliable risk assessment of application times or -methods. Important quantitative
differences in the LSI signal decay rate and intensity could be identified for different
solvents and solvent application methods. Moreover, we obtained qualitative spatial
information regarding the heterogeneity of solvent application for different cleaning
methods. Because LSI is a portable, non-invasive technique and provides real-time results,
it can be a powerful asset in the conservation studio. Future work could be directed at
comparing different solvent (mixtures) at different application times to find an optimum
between varnish solubility and the amount of solvent delivered to the paint. Ideally, this
information could be used to develop a standardised testing procedure to tailor cleaning
procedures to the unique properties of a given painting.

7.4

Experimental

FT-LSI LSI measurements were performed on a home-built set-up that was described
previously.186 Surfaces were illuminated by a 532 nm laser (Cobolt Samba, 1 W) and the
speckle patterns are captured with a camera (Stemmer, Dalsa Genie) in the backscatter
geometry. The speckle images were saved at high frame-rates (up to 200 fps) and analysed
later with Fourier analysis. This instrument was used for all LSI experiments, except when
specified otherwise.
The other LSI experiments were performed on a portable FT-LSI set-up that was
described in188 and can be used in the conservation studio. Surfaces were illuminated
by a 532 nm laser (Cobolt Samba, 20 mW) and the speckle patterns were captured with
a camera (Thorlabs) in the backscatter geometry. The speckle images were collected at
medium frame-rates (50 fps) and Fourier analysis is performed in real time on a tablet.
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The maximum laser power used in experiments was 50 mW. The beam was expanded to
an area with a diameter of >1 cm and the power density is 0.16 mW/mm2 , ten times lower
than a typical 5 mW laser pointer with a 1 mm illumination diameter.
Sample preparation Model paint samples containing ZnO (Sigma Aldrich, ≥99%) were
made by grinding the pigments with cold-pressed untreated linseed oil (Kremer pigmente)
in a 1:1 (w/w) ratio to a smooth paste with mortar and pestle. The Pigment Volume
Concentration (PVC) was 19% in all samples. The mixture was applied to 50 × 75 mm
glass slides and spread with a draw-down bar to achieve a wet thickness of 190 µm. The
samples were cured in the dark in air at 60 ◦ C for 0–22 days at 97% RH. Humidity was
controlled using a saturated K2 SO4 solution (for 97% RH) in a closed container and was
determined using a Rotronic HL-1D temperature and humidity data logger. For ATR-FTIR
analysis, 5 × 5 mm squares of the films were cut and lifted off the glass. Samples were
varnished using a brush with a dammar solution in Shellsol A and subsequently aged for
7 day under UV-A and UV-B radiation. The total radiation dosage was 1.4 × 107 J/cm2
(UV-A) and 5.2 × 107 J/cm2 (UV-B). Cross-sections of varnished model systems were
embedded in Technovitr 2000 LC resin and cured in a Technovitr 2000 LC Technotray
POWER - Light Polymerization Unit for for 30 min. The cross-section was sanded down
using a MOPAS XS Polisher and wet and dry (Micromesh) polishing techniques.
Simulated cleaning test procedure Nanorestorer Max Dry (MD) was used as received
from CSGI (www.csgi.unifi.it). Gels were kept in a sealed container loaded with ethanol
for at least 12 hour before use and dried with paper tissue before application. Evolonr CR
tissue (www.deffner-johann.de/evolonr-cr.html) was cut into 1 × 1 cm squares, washed
with acetone and ethanol using a Buchner funnel, dried and subsequently loaded with
ethanol. The Evolon samples with controlled loading were kept overnight in a sealed
container loaded with ethanol. Strips of 2 × 5 cm were loaded with 51% (92.3 mg Evolon
/ 149.1 mg ethanol) before use. During solvent application, Evolon and gel samples
were covered with a Mylarr (biaxially-oriented polyethylene terephthalate) film to avoid
solvent evaporation from the top. Hand-rolled cotton swabs were used and swabbing was
carried out by a trained conservator: Laura Raven, Rijksmuseum.
ATR-FTIR spectroscopy ATR-FTIR spectra were measured on a Perkin-Elmer Frontier
FT-IR spectrometer fitted with a Pike GladiATR module and a diamond ATR-crystal.
Spectra were averaged over 4 scans.
OCT OCT measurements of varnish thickness were performed on a Thorlabs Telesto PS
OCT with a central wavelength of 1300 nm. This setup features a max depth of 3.75 mm
in air, a depth resolution of 5.5 µm in air and 3.7 µm at a refractive index of 1.5. The lateral
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resolution (beam diameter) was 13 µm, the field of view 10 × 10 mm and the working
distance 2.5 cm.
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7.A

Appendix

Movie M1: Spreading of solvent through a cracked paint Movie M1 shows spatial
information obtained from a LSI experiment with a drop of ethanol on the ZnO-LO-22d
cracked paint. The left half shows the raw speckle images which are shown exactly how
they are obtained from the LSI camera. The right half shows analysed FT-LSI images
where the magnitude of the 1.6 Hz frequency is visualised with a colour-map, where
lighter colours correspond to higher dynamics. Both movies are played in parallel at 4x
speed. Key moments in the movie are: application of the solvent (0 s), start of droplet area
shrinking due to evaporation (4 s), disappearance of liquid on top of paint due to swelling
and evaporation (10 s), liquid has disappeared everywhere except in the cracks (22 s). The
movie has been compressed to facilitate online accessibility (2 times x-compression, 2 times
y-compression and 4x frame-rate reduction), the original video is available on request.
The compressed movie is available here: https://figshare.com/articles/Movie_M1_
Spreading_of_solvent_through_a_cracked_paint/11999739
Movie M2: Drop of ethanol on a young paint Movie M2 shows spatial information
obtained from a LSI experiment with a drop of ethanol on the ZnO-LO-0d paint. The
movie shows analysed FT-LSI images where the magnitude of the 1.6 Hz frequency
is visualised with a colour-map, where lighter colours correspond to higher dynamics.
The movie is played at 4x speed. The movie has been compressed to facilitate online
accessibility (2 times x-compression, 2 times y-compression and 2x frame-rate reduction),
the original video is available on request. The compressed movie is available here: https:
//figshare.com/articles/Movie_M2_Drop_of_ethanol_on_a_young_paint/11999796
Table A.1 Varnish thicknesses of LO-ZnO samples with 1–4 varnish layers. A constant (1:1 wt.)
pigment to oil ratio was used. Samples were varnished with a dammar solution in Shellsol A using a
brush and subsequently aged for 7 day under UV-A and UV-B radiation. The total radiation dosage was
1.4 × 107 J/cm2 (UV-A) and 5.2 × 107 J/cm2 (UV-B). The average refractive index (ri) of dammar
was determined to be 1.425.
Sample

Thickness (ri=1.0)

Thickness (ri=1.46)

LO-ZnO-1layer
LO-ZnO-2layer
LO-ZnO-3layer
LO-ZnO-4layer

30 µm
20 µm
13 µm
<10 µm

21 µm
14 µm
9 µm
<7 µm
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Figure A.1 FT-LSI signal decay for a triplicate measurement using Evolon loaded with 51% ethanol on
unvarnished paint. The black and purple series are nearly identical while the orange series measures a
slightly higher activity. This deviation is probably caused by inaccurate application of solvent rather
than inaccuracy of the measurement. This means that measurements are very sensitive to small
deviations in the preparation. However the measured difference is small compared to the measured
trends in this chapter.
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Figure A.2 a: FT-LSI signal decay (1.6 Hz) for a 1 minute exposure of a drop of ethanol on glass,
varnish and paint separately. Paint and varnish have the same signal initially, but the signal for varnish
decays much faster. The wetted glass gives a baseline signal. b: FT-LSI signal decay (1.6 Hz) for a
15s evolon exposure, after which a varnish layer is not completely removed. The varnish signal is not
neglegible compared to the paint signal. However, in the measurements discussed in the main text it
was judged with a UV lamp that there was no varnish left.
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Figure A.3 Example of ROI for integration and computation of FT-LSI signal decay. In all cases, the
ROI was chosen in such a way the the region was as large as possible while still spatially homogeneous
drying is observed (every pixel in the square dries at approximately the same rate).

a

c

b

d

Figure A.4 a: Area used for OCT scanning. b: overview OCT image, c and d: zoomed in examples of
thickness determination, average thickness 0.03 mm, standard deviation 0.002 mm.
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C HAPTER 8. A REVIEW OF SOLVENT ACTION IN OIL PAINT

8.1

Introduction

The French philosopher Étienne Gilson once said: ’There are two ways for a painting to
perish, the one is for it to be restored; the other is for it not to be restored.’195 In order to
resolve this dilemma, a paintings conservator ideally knows as much as possible about
how the paint material can be adversely affected by cleaning.
The growing corpus of scientific literature dealing with the physicochemical aspects of
oil paint alterations has shed new light on the possible unwanted side-effects of solventbased cleaning.16,28,30,31,161 In this review, we will discuss the known physicochemical processes
that can be induced or enhanced by solvent exposure, and how these processes may be influenced by
the properties of the paint material.
Although conservators and conservation scientists now universally recognise that the
majority of paintings is affected by diverse and widespread alteration phenomena, these
phenomena remain poorly understood. As a result, paintings conservators routinely treat
objects without a full understanding of the chemical processes and material properties of
the paint. Examples of important paint alteration phenomena include cracking of the paint,
the discoloration of pigments, the yellowing of varnishes, dirt accumulation, the formation
of protrusions and crystalline material deposits on the surface and increased transparency
of paint layers.1,3 The observation of these slow chemical alterations has resulted in the realisation that paintings can no longer be seen as static objects. For example, factors such as
relative humidity (RH),99,100 solvent exposure,68,148,170 fluctuations in temperature177 and
exposure to light101,178,196,197 have been shown to enhance the alteration and degradation
of oil paints. Many of these oil paint alteration processes are the result of pigment-binder
reactions that lead to a change in the chemical structure of oil paintings, which can affect
the stability and appearance of whole works of art. Solvent-swelling in particular can
enhance the mobility of reactive paint components, which poses the risk of accelerating
certain degradation phenomena.148 However, although a considerable amount of progress
has been made,16,31,174–176 the knowledge of the influence of solvent-based cleaning on
fundamental chemical and physical processes does not currently allow for a reliable estimation of the risks involved in cleaning, which led to the consensus that solvent exposure
on paintings should be minimised.
In order to assess the risks associated with solvent exposure, one should have extensive
knowledge of the chemical and physical processes occurring in paint layers and know how
these processes can be influenced by solvent exposure. Because most paintings necessarily
undergo cleaning treatments, it is of vital importance for the conservation of works of art
to advance our understanding of solvent action on oil paint and work towards a reliable
assessment of the risks involved in solvent-based cleaning.
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8.2

Physicochemical processes relevant for cleaning

For an accurate and complete description of the processes involved in solvent cleaning
the following processes need to be considered: varnish dissolution, solvent swelling,
–diffusion, –evaporation, –leaching and chemical reactions (see Figure 8.1a). In this review,
we define the total combined physicochemical influence of these processes (Figure 8.1a) as
solvent action. Therefore, solvent action can be viewed as a collective term describing the
rate of solvent transport processes inside the paint, including chemical reactivity induced
by the uptake of solvents. Solubility is well described by equilibrium thermodynamics
(see Section 8.5.1). Swelling of paint, the only tangible phenomenon for a conservator, has
two distinct aspects: equilibrium swelling and swelling kinetics. Equilibrium swelling is
partly governed by thermodynamics, but needs additional parameters concerning polymer properties. Swelling kinetics involves mass (e.g. solvent) transport in the paint film,
which places this process in the well-developed and vast scientific area of diffusion of
low-molecular weight substances in polymers. Equilibrium and kinetic effects require a
separate theoretical description, but the distinction between the two is often overlooked
in art cleaning studies. A higher degree of complexity is faced when also considering evaporation of solvent in relation to its retention time in a paint film. Simultaneous description
of evaporation and retention is a complex interplay of processes, since the rate of swelling
and de-swelling may be limited by the rates of either evaporation from the surface or
diffusion inside the film. Similarly complex processes are encountered in leaching, where
diffusion of soluble extractables (non-crosslinked oxidation products) and solvent occur
in opposite directions. Both transport processes may be rate-determining. The simultaneous transport of multiple species inside polymers is called multicomponent diffusion.
The ultimate complexity occurs when all aforementioned processes occur together with
chemical reactions invoked by reactive groups present in partially degraded paint films.
Solvent-induced reactivity in paints has only recently been identified as a crucial and
potentially artworks endangering issue.148
All the aforementioned processes deserve a separate theoretical description, which
defines the textual structure of this review paper: in order of increasing complexity.
Nevertheless, it should be emphasised that in cleaning practice the different processes
occur simultaneously (see Figure 8.1a). The extent to which either one of these processes
occurs, depends on the amount of solvent that is applied (varying with application method)
and the rate of solvent transport inside the paint. The rate of solvent transport inside
the paint depends on the condition of the paint and is influenced by factors such as the
presence of (micro) cracks or soluble extractable materials. It should also be recognised
that these transport processes are generally interconnected. For example, faster diffusion
will result in faster swelling122 and possibly in faster leaching and evaporation. Solventinduced chemical reactions, such as zinc soap formation (discussed in Section 8.8), are
happening at the same time as dissolution, diffusion and evaporation. For the conservator,
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solvent action

evaporation

solvent
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metal carboxylate

varnish
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Figure 8.1 a: Physicochemical processes that occur simultaneously during cleaning operations, altogether defined as solvent action. b–d: schematic examples of possible structure in the polymeric
binding medium in oil paint. b: aged ionomeric binding medium with metal carboxylates and high
degree of cross-linking, c: cracked ionomeric binding medium with metal carboxylates and high degree
of cross-linking (shown crack diameters are not to scale), d: ionomeric binding medium with metal
carboxylates and low degree of cross-linking, e: highly oxidised binding medium with intermediate
degree of cross-linking and a high concentration of free carboxylic acid groups.

the swelling of paint (possibly resulting in softening of the paint and pigment pickup)
is the only tangible phenomenon in the list of processes mentioned above (Figure 8.1a).
Although the change of gloss is sometimes attributed to leaching, it may also be due to
re-deposition of varnish residues after cleaning or due to the increased visibility of the
porosity of the paint that leads to blanching.198 Because the diffusion of water in intact oil
paints is very slow122 and the solubility of most paint components in water low, solvent
diffusion –swelling and –leaching apply to a much lesser extent to aqueous cleaning.
The fact that no (analytical) techniques exist that can measure solvent action (Figure 8.1a) under realistic treatment conditions has seriously hampered quantitative studies
on the influence of cleaning on oil paints. Moreover, some concessions generally need to be
made by conservation scientists in the design of simulated cleaning treatment experiments.
For example, an important factor in cleaning research is the choice between using model
systems and real paintings for experiments. This decision may depend on the analytical
methods and sample size, among other things, and is intimately related to the challenge
of balancing the theoretical relevance (e.g. reproducibility) of the cleaning experiment and
the practical relevance of the cleaning treatment. For example, the use of long immersion
times for leaching studies may yield highly accurate data on extractables, but the results
may be less easily translated into conservation strategies because of the short contact times
encountered in cleaning practice. Finding the optimal balance between theoretical and
practical relevance of cleaning experiments has led to many discussions.25–27,199 We will
highlight the practical relevance of the literature discussed throughout this review.
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A chemical view on oil paint

Solvent action (Figure 8.1a) depends strongly on the chemical and physical properties of
the materials that will be exposed to solvents. To understand the origins of these material
properties, a chemical view on oil paint can be taken. 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. A painting is thus a metastable, multilayered,
heterogeneous polymeric material. The material composition, stratigraphy of the paint
layers with their respective chemical differences and state of degradation, constitute this
complex polymeric material. Although a painting can be considered metastable as a whole,
certain layers may locally respond differently to solvent exposure than others, resulting
in disturbance of local chemical equilibrium due to the displacement or removal of noncrosslinked oil components. Consequently, understanding autoxidation of the oil,4–6 the
degradation of pigments101,178,196,197,200 , pigment–binder interactions,8 the chemistry of
varnishes16,20 and their degradation17–19,21 and the composition of dirt22,23 are a prerequisite to understand the influence of solvent action. All these factors are relevant when
choosing the method to treat a paint surface, which depends on the chemical composition
of the materials and their respective state of degradation.

8.3.1

Oil paint cleaning is polymer chemistry

Despite the overwhelming complexity of both paint materials and degradation phenomena, solvent action always concerns the transport and interaction of solvents within the
polymeric binding medium. Therefore, 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 (Figure 8.1b–d). 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 (see Figure 8.1b–d for examples), which determine to what extent solvent action
(Figure 8.1a) can occur during cleaning treatments.
The polymer chemistry literature provides an abundance of relevant information for
cleaning studies. An important example is that oil paint binding media in paintings
where zinc or lead-based pigments are present, feature strong similarities with a class of
metal-ion-containing polymers called ionomers.43,109 Ionomers were recently identified as
representative models for mature oil paint binding media.43,109 However, they have been
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widely studied for applications in packaging, adhesives, fuel cell membranes201,202 , biomimetic sensors,203,204 water purification205 and drug delivery.206 The network structure in
oil paint ionomers is more complex than in most industrial ionomers due to the complexity
of the triglyceride monomer itself and the complex autoxidation pathways responsible
for network formation. Nevertheless, the available literature concerning transport of
water and organic solvents in (ion-containing) polymers and alkyd resins44,55,60,61,207–209
provides a useful starting point for oil paint cleaning studies. Relevant examples include
methodologies for measuring or modelling dynamic processes in polymers, such as solvent
swelling and (multicomponent) diffusion, ion-transport46–52,103 and plasticiser-effects
(such as added fatty acids or metal soap complexes155,210,211 ). Vice versa, oil paint research
can also stimulate and advance the use of uncommon analytical techniques such as twodimensional infrared (2D-IR) spectroscopy109 or In-Air Plasma-Induced Luminescence
(In-Air-PIL) spectroscopy in material science.212 Considering the recently renewed interest
in bio-based alkyd paints,213,214 efforts towards understanding oil paint chemistry are
certainly relevant in the broader perspective of industrial applications and polymer science.
Currently, the collaboration between polymer science and cleaning studies remains limited,
but research initiatives that contribute to bridging this gap were recently presented.29 In
this review, several examples of how polymer research can advance the understanding of
solvent transport in oil paint are given (see for example sections 8.5.2, 8.8 and 8.9).

8.3.2

Polymer structure and solvent sensitivity

In conservation science, the wide range of properties of the polymeric binding medium is
not always recognised. Instead, polymer structure is often discussed in terms of differences
in solvent sensitivity. Solvent sensitivity occurs 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
provide examples of how differences in the polymer properties of the binding medium
influence solvent action. Because the majority of inorganic pigments are inert towards
solvents or water, inorganic pigment properties generally only play an indirect role in
solvent sensitivity due to their respective influence on the drying and ageing of the oil,
resulting in differences in the polymeric structure of the binding medium. Besides the
indirect influence of pigment chemical properties, the concentration of pigments also plays
an important role in determining the final polymeric structure of the oil and therefore
solvent sensitivity.
To discuss how chemical pigment properties and pigment concentration can influence
the polymeric structure of the oil, a concept that originates from coatings literature named
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critical pigment volume concentration (CPVC) is recommended. CPVC is defined as the
’random tightest possible packing of pigment particles and the minimum amount of binder
necessary to fill the interstices between particles’.215 Although the concept of CPVC is
often used in the conservation field to define a workable paint with good coverage, it is
often overlooked that pigment concentration strongly influences the curing of the paint
due to the influence of PVC on oxygen diffusion. As a result, the polymer properties of
the binding medium are influenced by the PVC, which in turn will influence how solvents
will interact with the polymerised oil medium. It is known that many coating properties
change significantly at the CPVC.215 Below the CPVC the coating film is continuous and
made only of binder and pigments. Above the CPVC the film is discontinuous due to the
presence of air pockets around pigment particles that replace the binder.215 The curing of
alkyd paints (which crosslink via a similar mechanism as oil paint) depends on the PVC:
below the CPVC the drying rate is independent of degree of pigmentation and a reaction
front due to oxygen diffusion is observed, directed from the top of the paint inwards.
Above the CPVC, a coating cures more homogeneously due to the faster oxygen diffusion
through voids between pigment particles.216
It is widely recognised that metal ions released by inorganic pigments can influence
the drying of oils,5,6 which leads to vastly different properties in the resulting polymerised
oil network. Examples of how pigment properties may influence the polymerisation of
the binding medium, are paints based on ultramarine9 or anatase titanium dioxide10
pigments, which are known to enhance the breakdown of the binding medium and lead
to the formation of powdery paints. Powdery paints can be considered to possess a PVC >
CPVC, because only a small amount of binding medium remains intact. Notorious water
sensitive paints include ultramarine blue9,31,217 , cobalt blue13 and cadmium and chrome
yellow.12 Certain synthetic organic pigments also have some inherent solubility in organic
solvents,218 which is probably the only scenario where the structure of the polymeric
binding medium is less important and solvent sensitivity will be mostly determined by
the properties of the solvent.
In general, paints containing organic pigments are more sensitive to organic solvents,219
even though they often contain a PVC < CPVC. An interesting case illustrating how PVC
and pigment properties may influence the polymerisation of the oil and result in solvent
sensitivity, are medium-rich organic blacks. Firstly, inhomogeneous and incomplete drying
limited by oxygen diffusion (due to the low PVC) may result in a low degree of crosslinking and explain how carbon or bone black paints are solvent sensitive. Secondly, the
absence of metal ions causes organic blacks to lack metal carboxylate crosslinks. Thirdly,
the absence of metal ions can influence the autoxidation of the binding medium, further
reducing the degree of polymerisation and enhancing their solvent-sensitivity. Although it
is currently unclear which of these hypotheses is most relevant, it is clear that the structure
of the polymerised binding medium governs the degree of solvent sensitivity.
In summary, solvent sensitivity is intimately linked to the polymer properties of the
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binding medium, which is indirectly affected by pigment type and concentration because
these factors can influence the cross-linking of the oil.

8.4

Historical cleaning research

Scientists have been studying the effects of cleaning on paintings for more than two hundred years. The importance of the chemistry of paint and varnishes was even recognised
in the 18th century. Trained as an apothecary, Robert Dossie (1717–1777) provided detailed
information about cleaning practice for painted surfaces in his Handmaid to the Arts
(1758).220 He noted that: ’the art of cleaning pictures and paintings is of great consequence
in preserving valuable works of that kind, but has been very little understood even by
those who profess to practice it’.220 In the 19th century, a number of important scientists
were involved in studies of paint chemistry.221 In the 1850s, Michael Faraday (1791–1867)
investigated varnishes, cleaning methods and the impact of coal smoke and gas lighting on
the discoloration of surface coatings for the National Gallery in London. In the 1870s, the
chemist and biologist, Louis Pasteur (1822-1895) investigated the yellowing of varnishes
at the Ecole des Beaux-Arts in Paris.16 In Germany, Max von Pettenkofer (1818—1901), a
Bavarian chemist, patented a process of exposing blanched paintings to alcohol vapour
and copaiba balsam.16 The Pettenkofer method was later found to have induced ’severe
disruptions’ of the paint and varnish layers and paintings were sometimes referred to
as being ’Pettenkofered’, highlighting the risks involved in cleaning paintings.16 The
role of chemists in conservation grew considerably in the 20th century when a scientific
department was established at the Staatliche Museen in Berlin in 1888 and the British
Museum in 1921.221 Professor of chemistry Sir Arthur H. Church published his comprehensive handbook ’The Chemistry of Paints and Paintings’ in 1915.222 In the Netherlands,
Martinus de Wild was probably the first to combine conservation and restoration with
scientific training. In his dissertation (1928), de Wild provided an in-depth discussion on
the chemistry of common traditional pigments and advice on the cleaning of paintings.
For example, de Wild stated that it is ’best to completely remove an old varnish layer’, that
alcohol is an effective solvent for that purpose and that mixtures of solvents (e.g. alcohol
and xylene) can be used to ’decrease the rapid action of the alcohol’ if required.223
Systematic scientific studies focusing on solvent action on oil paint films took a leap in
the 1950s. The early cleaning studies by Stolow53,93,224 have provided valuable insights
for paintings conservation practice and are still a major source for the evaluation of
solvent action on oil paint today. However, the effects of cleaning on paintings have
also continually been a topic of considerable controversy.168,199,225 Besides the scarcity of
technical literature, cultural and ethical aspects of cleaning make this a topic that is among
’the most contentious’ of all the interventions works of art may undergo.225
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8.5

Solubility, swelling and diffusion

The solubility of (aged) varnishes, oil components and unwanted polymeric materials
in organic solvents is an important topic in cleaning studies because it determines how
easily these materials can be removed. Before starting actual cleaning, solubility tests are
often conducted on small areas of the painting to assess the solubility of the materials
and choose a proper solvent (mixture) and method of application. It would however be
desirable to predict the solubility of these materials using a theoretical model because
this would enable an easier selection of cleaning tools and limit the risks associated with
solubility tests. Hence, it is not surprising that some theoretical solubility models were
developed or adapted from other fields of study.

8.5.1

Theoretical prediction of solubility

The Hildebrand and Hansen models
Solubility studies in art cleaning are mostly based on thermodynamics of dilute solutions.
Thermodynamics of dilute solutions describe the equilibrium condition in solvent-solute
(in our case mostly solvent-varnish) mixtures and therefore consider small amounts of
solid materials to be dissolved and removed by cleaning solvents. However, the use of
organic solvents on a painting hardly qualifies as a dilute solution, since a limited amount
of solvent is used, the contact times are often short (which means solvent-solute equilibrium and equilibrium swelling may not be reached) and soluble paint components are
encapsulated in a tightly crosslinked polymeric binding medium. Moreover, thermodynamics of dilute solutions do not account for energetic terms involved in the interaction of
a solvent with the polymeric binding medium, which is often called non-ideal behaviour.
Thermodynamic theories describes solvent-solute equilibrium in terms of ideal mixing
behaviour and deviations thereof. In the Flory-Huggins (FH) theory226 such deviations
are attributed to intermolecular interactions, expressed in terms of differences in molar
volume and the FH interaction parameter. The use of FH theory to describe solubility is
recommended and the interaction parameter is also used in the Flory-Rehner theory of
polymer swelling, which is discussed in Section 8.5.2. Currently, only very few examples
of FH theory are presented for cleaning science.227
In the 1950s, Hildebrand228 also formulated a theory describing non-ideal solventsolute behaviour, which is related to the FH interaction parameter. Hildebrand’s approach
formed the basis for the most widespread model aiming to predict varnish solubility and
minimise paint swelling used by the conservation community.229 The model is based on
the Hildebrand total solubility parameter δt ,228 which is defined as the square root of
the cohesive energy density, a measure of the intermolecular interactions within a pure
solvent. The solubility parameter δt is related to the heat of mixing of the two components
(solvent and solute) and approaches a minimum if the Hildebrand solubility parameters
149

C HAPTER 8. A REVIEW OF SOLVENT ACTION IN OIL PAINT

of the solute and the solvent are close.230 To account for interactions between more polar
molecules and for hydrogen bonding, Hansen subsequently developed a model with three
parameters,231,232 later referred to as Hansen solubility paremeters (HSP):
• δd dispersion forces
• δp dipolar intermolecular forces
• δh hydrogen bonds.
The HSPs add up to the Hildebrand total solubility parameter (δt ) according to δt =
δd + δp + δh and can be treated as coordinates for a point in three dimensional space. The
nearer two compounds are, the more likely they are to dissolve (often referred to as likedissolves-like rule). To determine whether the parameters of two substances (usually a
solvent and a polymer) are close, a value called interaction radius is given to the substance
being dissolved. This value determines the radius of a sphere in Hansen space with the
center defined by the HSPs. The HSPs formed the basis for the so called Teas chart,229
which is still used in cleaning science.
The Teas chart
In the Teas chart all three Hansen parameters are plotted on a single planar graph (see
Figure 8.2). Teas parameters are fractions and are related to Hansen parameters through
Equation 8.1. Hence, Teas parameters express the relative contribution (multiplied by 100
to obtain a percentage) of each Hansen parameter to the total Hildebrand value:

fd

=

δd
, fp
δd + δp + δh

=

δp
,f
δd + δp + δh h

=

δh
δd + δp + δh

(8.1)

The construction of the Teas chart is based on the assumption that all materials have
the same Hildebrand total solubility value (δt ). According to this assumption, solubility
behaviour is determined by the relative magnitude of the three molecular forces (δd ,
δp , δh ) that contribute to the total Hildebrand value δt . However, since δt is not even
approximately constant for different polymers,233 this approach leads to the loss of δt
as independent parameter. For varnishes and drying-oil based polymers as the solute
species, this seems to be a bad assumption and can lead to significant inaccuracy in the
fractional Teas parameters.233,234 It should be emphasised that projecting three HSPs onto a
triangular chart inevitably leads to the loss of information. As early as 1989, Stavroudis238
warned the conservation field about the severe limitations of the Teas chart (the titles were
’No Teas-ing’ and ’Teas-Busters’) and proposed to ban it. It was realised that, using the
triangular Teas chart, the ’range of solubilities of a polymer is distorted’ and ’relations
between solvents are lost’.238 This issue was also put forward by Phenix, noting that
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ΔA max >50% for lead white LO
paint (Hedley/Stolow)

ΔA max 6-12% for ﬂake white/
yellow ochre LO paint (Phenix)

Figure 8.2 The Teas chart, projecting three dimensional Hansen solubility parameters onto a triangular
space. ’Peak swelling’ region identified by Hedley235 based on data from Stolow (see Section 8.5.2)
in grey, extended ’peak swelling’ region based on different paint types identified by Phenix in light
red. W=water, N=nitrogen containing solvents, K=ketones, Alc=alcohols, G-E=glycol ethers and
esters, E=esters, C=chlorinated solvents, Ar=aromatics, Ali=aliphatics. Image adapted from Chelazzi
et al.236 and Phenix237 .

solvents with clearly different solubility properties are clustered close together in the
chart237 (see for example ketones and nitrogen containing solvents in Figure 8.2). In the
Teas chart, most solvents fall within a narrow region of solubility parameters.

Other classification models
The relative inaccuracy of both Hildebrand and Hansen-based models (which includes
the Teas chart) was recently illustrated in the review by Brouwer & Schuur. The prediction
of activity coefficients at infinite dilution (γi∞ , often used to characterise solvent-solute
interactions) was compared for a range of models.226 The Hildebrand parameter features
the largest error with an average relative deviation (ARD) of >105 % in the γi∞ prediction.
Using the HSP to calculate the γi∞ with significant improvement, compared to the Hildebrand model but still, an ARD of 66.4% ± 14.4% is observed for solvents.226 More recently,
models like COSMO-RS, the Abraham model and MOSCED have been developed that
perform much better.226 The use of these models to predict solvent interactions with a
range of materials used in conservation and restoration is recommended.
Phenix and Graczyk recently proposed the use of solvatochromic polarity as an indicator of solvent properties.84,162 This methods ranks solvents according to normalised
Reichardt solvatochromic polarity (ETN ) and refractive index (n). ETN values are polarity
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values based on the colour changes of pyridinium-N-phenoxide betaine in a solvent and
are referenced to the polarity of tetramethylsilane (TMS, apolar) and water (polar).239 The
advantages of this model are that it provides an empirical description of the polarity of
solvents and that ETN and n can readily be determined for unknown solvents or solvent
mixtures. Concerning mixtures of solvents, significant deviations from linearity are observed in the relationship between ETN and n.162 Although plotting ETN versus n does show
increased clustering within classes of solvents162 as compared to Teas or Hansen solubility
parameters, the classifications of a wider range of solvents remains challenging.
In an attempt to do justice to the short contact times encountered in cleaning practice, a
method that claims to take the dissolution rate of varnishes into account was developed by
Zumbühl.83 The dissolution rate of a range of varnishes was studied and found to strongly
accelerate at vapour pressures exceeding 100 hPa (25 ◦ C). The correlation between rate of
dissolution and vapour pressure was also confirmed for the leaching of paints materials
at short immersion times. Most importantly, it was found that the rate of dissolution
after short solvent exposure is not influenced by the potential swelling capacity at longer
timescales.83 This study illustrates well the confusion that is created when attempting to
explain kinetics (of dissolution) from purely thermodynamic equilibrium considerations
(vapour pressure).

8.5.2

Swelling of paint by solvents

Solvent swelling is a tangible phenomenon because the mechanical and optical properties
of the paint surface can change due to the swelling process. During the removal of old
varnishes, swelling will result in an altered ’feel’ of physical interaction with the paint
surface during swabbing. Because of the expansion of the oil matrix by solvent ingress,
swelling may result in pigment loss,12 which prompts the conservator to change solvent,
application method or halt the cleaning action.
Theoretical prediction of swelling
Most early literature on the cleaning of oil paint focused on the swelling- and de-swelling
behaviour of relatively young oil paints films in organic solvents. Pioneering studies into
solvent swelling were carried out by Stolow in the 1950s.53,93,224 An important objective of
this research was the prediction of paint swelling from solvent properties.
It is surprising that the solubility model by Hansen231,232 and the simplified version by
Teas229 were subsequently also used by the conservation community to predict swelling237
since these models were originally intended to describe dilute solutions of a polymer in
a solvent. Solvent volume fractions during the swelling from dry polymer (no solvent)
to equilibrium swollen polymer are much lower than in dilute solutions. Yet, describing
swelling of oil paint using dilute solution theory has, despite the existence of theories
specifically dedicated to polymer swelling such as Flory-Rehner, been a long tradition in
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cleaning science.191,229,237,240 Consequently, it is not surprising that Zumbühl, having investigated 37 solvents and 75 solvent mixtures, came to the conclusion that no quantitative
or qualitative prediction of solvent swelling was possible with the Teas chart.240 Stolow
ranked the swelling capacity of solvents in oil paint and formulated a ’peak-swelling
region’ that was later plotted onto the Teas chart (see Figure 8.2).235 This approach was
taken in order to minimise paint swelling and enable the conservator to choose solvent
(mixtures) outside the peak-swelling region.235 However, the equilibrium swelling region
for oil paint (grey area in Figure 8.2) as identified by Hedley235 using data from Stolow,93
can shift depending of the paint type and age,179 rendering the use of the Teas chart to
predict swelling problematic. Figure 8.2 shows that the region for equilibrium swelling
(also referred to as peak swelling or maximum swelling) can extend for different film types
and by choosing a lower swelling capacity (light red area in Figure 8.2).237 Moreover, the
region of equilibrium swelling (red region in Figure 8.2) was shown not to be located in a
single zone as previously thought, but is composed instead of several sub-regions within
that area, making it difficult to determine if a solvent will fall within the peak swelling
region.237 It is remarkable that the Teas diagram was already heavily criticised more than
three decades ago238 and is still shown today in recent publications.236,241,242 Recently,
Zumbühl also reemphasised the limitations of the Teas chart.243
Several attempts have been made to classify the swelling capacity of paints in organic
solvents into a practical model84,161,191,239,244,245 using more elaborate models than the
Teas chart. However, these methods to predict paint swelling appear difficult to use, which
may explain why the Teas diagram remains popular. Michalski161 presented a model that
fits many solvents into a three dimensional ’egg-shaped’ graph.161 However, some of the
limitations of the Teas chart, such as the use of one parameter for both hydrogen donor
and acceptor capacity are also inherent to Michalski’s system240 and the models has not
become widely used.
Zumbühl191 attempted to describe the equilibrium swelling capacity of 50 solvents
on four types of artist paint using a combination of both δh and ETN with two solutedependent factors used as ’fitting’ parameters.191 Although his model is based on an
adaptation of the Abraham model, which was shown to have good prediction power
for dissolution,226 the results are not significantly better than the Teas chart at predicting
the swelling power of solvents on oil paints. As shown in Figure 8.1a, swelling and
leaching occur simultaneously and the dissolution of materials may influence the swelling
capacity. Therefore, Zumbühls study illustrates well that solubility alone does not capture
the full complexity of the combined solvent action that occurs when oil paint is exposed
to solvents.
Many researchers have attempted to correlate swelling to solvent properties since
this would be convenient for practical cleaning purposes.93 However, the prediction of
swelling proved only successful in certain sub-classes of solvents, which is not surprising
since all models described above have the fundamental shortcoming that they are solely
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based on thermodynamics of solvent-solute interaction and do not account for polymer
elasticity. A polymer swelling model accounting for polymer elasticity is the Flory-Rehner
model, which is considered an accurate model to predict equilibrium swelling.246–248
This model is based on the force equilibrium between osmotic pressure due to swelling
(entropy-driven) and the counter-acting elastic pressure. This model has never been
applied to describe swelling in oil paint, but because it offers a straightforward manner
to add the effect of polymer elasticity, describing swelling with Flory-Rehner theory is
desirable.
Besides neglecting polymer elasticity in the description of swelling, oil paint cleaning
literature does generally not distinguish between equilibrium swelling and swelling
kinetics. As a result, solvent transport phenomena are not accounted for. Due to the
limited contact times encountered in cleaning practice, equilibrium swelling is generally
only reached in the upper-most layer of the paint. It is therefore necessary to investigate
how the equilibrium swelling relates to factors such as the rate of solvent diffusion and
leaching of soluble paint components. In general, models such as the Teas chart do not
properly describe solvent action (Figure 8.1a) because they only consider thermodynamic
(equilibrium) aspects of varnish solubility or equilibrium swelling of oil paint. They do not
account for the rates of solvent swelling and desorption (due to evaporation and diffusion
to the surface), and only poorly of solubility of internal paint components. Therefore,
both thermodynamic aspects (such as solubility) and transport processes (such as solvent
diffusion) should be modelled in order to get a complete theoretical description of solvent
action. The feasibility of modelling these processes together is currently investigated by
the authors.

Experimental swelling studies
The swelling of paint films in a range of solvents was studied by Browne82,249–257 in the
1950s, providing a useful classification of swelling power by type of solvent and pigment
type. In a detailed study of swelling and leaching (see Section 8.6) Stolow found that the
swelling curves obtained for films that had never been treated by solvents (referred to
as ’virgin’ films), differed from pre-leached films by the absence of a distinct equilibrium
after about 10 min in the swelling curve (see Figure 8.3).93 Virgin films showed a higher
equilibrium swelling, reflecting the increased density of pre-leached samples, and turned
out to be better reproducible.93 These results indicate that swelling and leaching are
strongly interconnected and that leaching may vary considerably, even between samples
of the same composition.
Research has been carried out on the effects of solvent mixing on swelling behaviour.
Mixtures are often used to decrease the ’rapid action’ of some strong solvents, meaning
solvents in which aged varnishes are highly soluble. Although the concentration of the
high swelling solvent decreases when a solvent with lower swelling capacity is mixed
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Figure 8.3 Swelling curve for virgin (unexposed) and pre-leached films, reproduced from Stolow.93
The virgin films swells to a distinct equilibrium around 10 minutes and decreases in swelling at longer
timescales due to leaching. The equilibrium swelling is higher in the virgin film indicating densification
due to leaching in the pre-leached film.

in, mixtures of solvents may increase swelling capacity as compared to pure solvents.
Figure 8.4 shows the swelling in binary solvent mixtures of benzene–n-hexane and acetone–
isooctane. At the time, this phenomenon was rationalised in terms of a close match
between the Hildebrand total solubility parameter228 of the mixture of solvents and the
solubility parameter of the polymer (here considered as a solute).93 However, Phenix179
later argued that older paints chemically differ from the young paint used by Stolow, since
the former contain higher concentrations of oxidised functional groups, which would lead
to different polymer solubility parameters. We note that rationalisation of equilibrium
swelling purely based on Hildebrand solubilities may indeed fail, as the underlying theory
does not account for polymer properties, as done in Flory-Rehner theory.
More recently, Phenix systematically studied the swelling of unsupported paint films
using a microscope.54,179 Special attention was given to the competing processes of
swelling and leaching (see Section 8.6), which was found to be a major source of experimental errors. Phenix phrased this as follows: ’The processes of swelling and leaching
are, in some respects, in competition: an increase in the dimension of a paint sample due
to solvent sorption may be more or less countered by the contraction associated with loss
of binder matter.’54 This is an important observation, because strongly leaching solvents
may have a low(er) swelling power, which is often the case for highly polar solvents
(except water). Large differences in degree of swelling between different paint films
were also found: especially iron oxide earth pigments showed moderate to high swelling
capacity. Exposure to light was found to result in a lower degree of equilibrium swelling
and a slower rate of swelling compared to their unexposed counterparts, possibly due to
increased cross-linking.54 Another interpretation could be that light exposure results in
more autoxidation of the oil and therefore more leaching and lower swelling.
We conclude that, although the exact reason for the differences in degree of swelling
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Figure 8.4 Mode of swelling in binary solvent mixtures of benzene–n-hexane and acetone–isooctane,
reproduced from Stolow.93 Film (i): vacuum stand oil and 0.5% lead naphthenate, 7 weeks at 32 ◦ C;
film (ii): vacuum stand oil and 0.5% lead naphthenate, 72 hours at 80 ◦ C; film (iii): alkali refined
linseed oil and 0.5% lead naphthenate, 72 hours at 80 ◦ C; film (iv): open pot stand oil and white lead
pigment, 18 weeks at 32 ◦ C. All films were pre-leached in acetone (film i–iii) or methanol (film iv).
Swelling capacity expressed as volume change (∆V/V0 ) corrected for initial film density ρ (density
before the experiment).

between different paint films was not always identified, it is again clear that the properties
of the polymeric structure of the binding medium (Figure 8.1b,d,e) is a key factor that
determines the swelling capacity of oil paints in organic solvents.

8.5.3

Solvent diffusion

The polymeric structure of the binding medium is again an important factor for solvent
diffusion in paint. Diffusion is a form of solvent transport that occurs in the open space
between crosslinked polymer chains, sometimes called the ’inherent free volume of the
polymer’.44 According to Fick’s law, diffusion is described by a concentration gradient
and a diffusion coefficient. When there is no significant interaction between the polymer
and the solvent, the diffusion coefficient does not depend on concentration and one finds
so called ideal Fickian diffusion. Whether deviations from ideal Fickian behaviour occur,
depends on the rate of relaxation of polymer chains compared to that of diffusion. Such
deviations are called non-Fickian diffusion, for which several theoretical descriptions are
available.44 In order to incorporate solvents, the polymer generally needs to swell to a
certain extent, resulting in concentration dependency of the diffusion coefficient. The
possibility for swelling will depend strongly on the concentration of crosslinks, which
determines the elasticity of the polymer network. It should be noted that pure diffusive
transport only occurs in intact polymer networks (Figure 8.1b,d,e). When cracks are
present in the paint (Figure 8.1c), convective transport in cracks will also occur at rates
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Figure 8.5 Diffusion coefficient in a pigmented ZnO and linseed oil based paint (ZnO-LO) versus
polymer fraction Φ, calculated using the diffusion-swelling model. The diffusion coefficient increases
during swelling (decreasing Φ).122

orders of magnitude larger than purely diffusive transport.161
Recently, we used time-dependent ATR-FTIR spectroscopy to measure simultaneous
solvent swelling and diffusion in model paint films.122 Such an IR spectroscopic approach,
where solvent swelling and diffusion are measured at the same time, provides additional
insights in how different processes during cleaning are interconnected (see Figure 8.1a).
To quantify the spectroscopic data, a model was developed that describes the solvent
diffusion process including significant film swelling and non-Fickian diffusion. This
diffusion-swelling model describes the diffusion coefficient as an exponential function
of the polymer volume fraction Φ, which is a measure of the swelling of the polymer.
It was possible to estimate diffusion coefficients, which increased considerably during
swelling (see Figure 8.5). One important finding was that strongly swelling solvents
diffuse faster than weakly swelling solvents. The relation between diffusion coefficient
(Deq ) and equilibrium swelling ( f eq ) is displayed in Figure 8.6. The diffusion-swelling
model also offers the possibility to predict the solvent penetration in paints exposed to
typically short solvent treatments, as will be shown in forthcoming work. Equilibrium
swelling could in principle be predicted using the Flory-Rehner equation if the FloryHuggins interaction parameter (or Hildebrand solubility parameters) and the crosslink
density of the network are known. Predictive models for the diffusion coefficient and its
dependency on degree of swelling are virtually non-existant, underlining the practical
relevance of accurately measuring these processes under controlled conditions.
The presence of pigments may influence solvent action. We studied the influence of
ZnO pigmentation in the oil paint on swelling and diffusion and found no significant
differences between pigmented and unpigmented films, likely due to relatively low PVC of
≈ 20%.122 Since the polymerised drying oil is the only component that swells, the diffusion
coefficient of solvents and the degree of swelling is dependent on the amount of oil present
in the paint.215 Paints with a higher oil content (low PVC) will therefore show a higher
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Figure 8.6 Correlation of equilibrium swelling factor, f eq , with diffusion coefficient, Deq for three types
of linseed oil based model paints. Znpol: zinc ionomer, Pbpol: lead ionomer and ZnO-LO: pigmented
zinc white paint. Lower swelling generally shows slower diffusion.122

degree of swelling given that they contain a similar network structure. Liu found that the
diffusion coefficients of water diffusing through alkyd coatings initially decreased with
increasing PVC, reaching a minimum value at 60%, and then increased with increasing
PVC.59 When the PVC was less than 60%, the barrier property of pigment was the main
factor affecting the water diffusion behaviour. However, at PVC values greater than 60%,
the formation of micro-voids around pigments allowed water to diffuse through these
pores directly, leading to increasingly rapid diffusion.59 Perera describes how PVC and
water permeability depend on the presence of pigment-binder interactions. It was shown
that a red lead (Pb3 O4 ) alkyd paint became much less permeable to water with increasing
PVC, which was attributed to the formation of lead soaps.215 The permeability of a TiO2
based alkyd paints was only weakly influenced by the PVC since TiO2 hardly interacts
with the binder.215 These results illustrate how different polymer structures (Figure 8.1b–e)
cause different diffusion behaviour, resulting in a different response to solvent-based
cleaning.

8.6

Leaching

When solvents diffuse into a paint layer, leaching or extraction of soluble paint constituents will always occur to some extent but will mostly go unnoticed by a conservator during cleaning. Conservation scientists have studied leaching in considerable
detail.83,112–114,171–173 Gas chromatography mass spectrometry (GC/MS) has often been
used to determine the chemical composition of the leached materials.113 The primary
concerns related to the leaching of oil paint are:
1. Embrittlement due to the extraction of low-molecular-weight (LMW) components,
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which act as (secondary) plasticisers68,170,171,181,258–261
2. Alteration of optical properties due to redistribution or removal of small molecules
from the surface and formation of a surface haze198,262
3. Disturbance of local chemical equilibrium which may lead to increased degradation
reactions (see Section 8.8).148
It is known that linseed oil-based paint films can significantly increase in density
after exposure to organic solvents,93 which has been attributed to the leaching of soluble
components from the film. Depending on the age and type of film, up to 45 wt.% of the
material could be leached by solvent immersion (see Figure 8.7).93 Again, long leaching
times of up to 120 hours make it difficult to asses the practical relevance of these particular
results for cleaning. However, leaching also occurs with short exposure times. Realistic
solvent exposure times were studied by Zumbühl, who investigated leaching in model
paints using immersion times of 5, 10, 20 and 30 s.83 It was concluded that with short
interaction times, solvents with lower vapour pressure leached less material than solvents
with a high vapour pressure.83 The rationalisation given by Zumbühl using the vapour
pressure on the leaching rate is problematic, as it confuses equilibrium thermodynamic
effects with kinetic effects. Conducting experiments relating solvent vapour pressure to the
rate of solvent diffusion, swelling, evaporation and dissolution are needed to investigate
this effect.
The effects of leaching on the long-term physical stability of oil paint is not widely
studied. However, short-term effects on the physical properties, such as paint stiffness, are
more easily measured and more abundantly reported. The physical influence of solvent
exposure on the viscoelastic properties of oil paint was investigated using dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC), which demonstrated
that leaching results in embrittlement and densification of paint.31,68,219,259 It was found
that polar solvents such as ethanol or acetone caused more embrittlement than apolar
solvents such as cyclohexane with the same immersion time.68,259 Besides the differences
in solubility of paint components in different solvents, this effect can be explained by
the fact that ethanol or acetone are much faster diffusing solvents than cyclohexane,122
resulting in further solvent penetration and the extraction of larger amounts of plasticisers.
An example of the embrittlement of paint due to solvent exposure is given in Figure 8.8,
showing that 60 s immersion in acetone can induce a stronger increase in brittleness when
compared to 126 days ageing at 50 ◦ C.260 When a pre-leached paint was immersed in
solvent after 25 years of natural ageing, renewed extraction of soluble components was
observed.113 The continued leaching upon solvent exposure stresses the importance of
considering oil paintings as metastable objects that continually undergo slow chemical
alterations. Therefore, the disturbance of local chemical equilibrium by cleaning interventions may affect the rate of degradation processes and lead to unwanted chemical
alterations on longer timescales. Such effects are discussed in Section 8.8.
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Figure 8.7 Leaching by weigh in different solvents, reproduced from Stolow.93 Film (i): open pot stand
oil, 30 weeks at 32◦ C, methanol; film (ii): vacuum stand oil and 0.5% lead naphthenate, 30 weeks at
32 ◦ C, methanol; film (iii): open pot stand oil, 17 hours at 80 ◦ C, acetone; film (iv): open pot stand
oil and white lead pigment (81 wt.%), 46 weeks at 32 ◦ C, methanol.

The influence of leaching on the mechanical properties of oil paints have also been
studied in real paintings. Using an NMR MOUSE182 (Mobile Universal Surface Explorer),
Fife et al.170 measured and compared the stiffness of two paintings from the same artist and
time, one of which had never been cleaned and one that had been repeatedly exposed to
organic solvents. The NMR MOUSE can be used for the non-destructive analysis of large
objects and is used to measure the quantity of proton containing materials (amplitude, T1 )
and the stiffness of the polymer network (rate of transverse relaxation time decay, T2 ). In
this study, it was shown that the painting that had undergone varnishing and numerous
solvent-based varnish removals was significantly stiffer (larger T2 ) throughout the depth
of the painting.170 This increased paint stiffness was attributed to the solvent-extraction
of LMW components.170 Since oil paint may also age differently in absence of varnish in
the first place, it remains difficult to confirm to what extent the increased paint stiffness
was indeed due to leaching. A major drawback of the NMR MOUSE as a tool in cleaning
studies is the limited time- and depth resolution, which does not allow monitoring the
uptake of rapidly diffusing solvents in thin paint layers. However, the magnitude of the
transverse relaxation time before and after the cleaning procedure can be compared to
reveal changes in brittleness.181 Prati et al. used this method to determine the influence
of several green solvents (released by gels) on the stiffness of oil paints and found that
γ–valerolactone and ethyl lactate can produce rapid and strong changes in the paint
layer due to leaching.181 They also determined the retention of several solvents in paint,
discussed in Section 8.7.
The chemical composition of the leached material (sometimes referred to as ’leachate’)
is generally used to evaluate the state of oil paint degradation. A large corpus of scientific
literature is available on the composition of the leached materials.112,263–265 Due to the
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Figure 8.8 Stress versus strain plots of commercial titanium white paint made with alkali refined linseed
oil, reproduced from Mecklenburg.260 The tests were conducted at 48% RH and 23 ◦ C, after the paint
had been exposed acetone for 60 s and allowed to dry.

complex autoxidation chemistry of unsaturated triglycerides, the composition of the
leached material is complex and diverse. It is important to be aware of the assumptions
most leaching studies make:
• characterising the extract (components not linked to the polymer network), provides accurate information on the autoxidation chemistry of the remaining polymer
network
• more strongly degraded oil networks lead to more polar extractables.
Although these assumption have not been thoroughly investigated, recent studies suggest
that there is indeed a correlation between degree of carboxylic acid formation8 within
the network and an increased amount and polarity of extracted species.117 Nevertheless,
it is important to realise that the information on the network structure from leaching
experiments is obtained indirectly and may not reflect the combined influence of solvent
action on the remaining polymerised oil network.
In most older leaching studies, pyrolysis gas chromatography mass spectrometry (PyGC/MS) studies were carried out, which convert (derivatise) triacylglycerides (TAGs) into
fatty acid methyl esters (FAMEs). Derivatisation into FAMEs is necessarily done in GC/MS
experiments to detect the fragments. However, information on the size of the fragments is
lost in the derivatisation: one does not observe intact TAGs or small polymeric fragments,
only FAMEs.120,264,265 The most abundant compounds found in extracts from oil paintings
are carboxylic and dicarboxylic acids. In the autoxidation process of TAGs, cleavage of
C16–C18 fragments leads to the formation of C8–C10 fragments. As a result, suberic (di-C8,
octanedioic) acid, azelaic (di-C9, nonanedioic) acid, sebacic (di-C10, decanedioic) acid are
often detected in addition to palmitic acid (C16:0) and stearic acid (C18:0).115,265 Due to the
complexity of the leached materials, separation techniques such as liquid chromatography
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(LC) are often used and combined with soft MS techniques such as electrospray ionization
(ESI). Van Dam et al. used LC-ESI-MS to identify a great variety of oxidation compounds
of TAGs.266 Modugno et al. used HPLC-ESI-MS to study the effects of relative humidity
on the composition of extracts and found that ageing at high RH conditions resulted in
increased extraction of dicarboxylic acids compared to ageing at low RH conditions.117
Following up on Van den Berg et al.,264 La Nasa et al. presented an analytical GC/MS
method for the analysis of mixtures of free fatty acids and metal soaps in paint samples
using selective silylating agents.116 This method can discriminate between regular free
FAs and FAs derived from metal soaps using quantitative GC/MS analysis.116
It should be noted that the use of mass spectrometry to study paint extracts always
leads to the detection of soluble paint components because mass spectrometry is incredibly
sensitive. This sensitivity raises the important question when leaching becomes problematic, which is especially difficult to predict on longer timescales. In principle, it may be
possible to extract non-crosslinked components from a paint without significantly altering
the properties or physical stability of the polymer network. Therefore, leaching studies
should ideally be combined with another measure of the effects of solvent action, such as
chemical reactivity inside the remaining paint (see Section 8.8).

8.7

Solvent evaporation and retention

During solvent action, some solvent inevitably remains inside the paint layer for a certain
period of time; this time is called retention time. The retention time of solvents is governed
by the rate of solvent transport inside the paint and the rate of evaporation form the paint
surface. Quantitative information on the retention time of common cleaning methods or
solvents can contribute to better assess the risks associated with solvent cleaning.
Stolow showed that the rate of solvent sorption (k S , uptake) is faster than desorption
(k D ) and the two rates are related by k D /k S ≈ 0.65 for all solvents except benzene.93
This effect needs scientific attention. Nowadays, such effects can be predicted using
theoretical modelling of solvent transport and evaporation in paint. Since the 1990s, work
by Masschelein-Kleiner is frequently cited regarding solvent retention studies.180 In this
work, solvents were applied on mock-up paint samples and the retention time of a range of
solvents was determined gravimetrically. Short retention times were found for the majority
of saturated hydrocarbon solvents, as well as most halogenated solvents, benzene, toluene
and ethyl- and isopropyl ethers.180 More recently, solid phase microextraction (SPME)
was used to determine the percentage of solvent retained in the paint after simulated
cleaning treatments.193 Combining SPME and NMR-MOUSE, Prati et al. showed the
relation between paint softening and retention of solvent.181 Depending on the type of
solvent, the presence of solvent could be detected with SPME for several hours up to
several days, showing the long-lasting plasticising effect of highly retentive solvents such
as benzyl alcohols. For some solvents, the stiffness of the paint after the solvent was fully
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evaporated was shown to increase compared to the stiffness before solvent exposure, due
to leaching.181
We recently used a newly developed portable Fourier transform laser speckle imaging (FT-LSI) setup to quantitatively study the dynamics of solvent penetration during
cleaning at a high frame-rate.267 The FT-LSI setups allowed the study of solvent diffusion/evaporation rates and the total solvent retention time. In addition, qualitative spatial
information on the spreading and homogeneity of the applied solvent was obtained. It
was shown that LSI can detect the presence of ethanol in oil paint for more than 20 hours
after saturation with solvent. In a series of measurements with increasing RH, a strong
increase in dynamics at humidities above 40% was observed, underlining the great sensitivity of LSI for measuring solvent retention inside oil paints. A set of samples that was
subjected to accelerated ageing at high RH were tested, as well as samples with different
varnish thickness, different solvent application times, solvent application methods and
a range of different solvents. It was found that solvents diffuse more in lateral direction
and are retained in aged samples for a shorter period. Furthermore, it was found that
varnishes temporarily hinder solvent diffusion into the paint. Different methods of solvent
application showed different solvent retention and homogeneity after application.267

8.8

Solvent-mediated reactivity

The exposure of oil paint to solvents results in the penetration and retention of solvents
inside the paint, which leads to paint swelling and the extraction of soluble paint components. Because solvents may be retained inside paint layers for prolonged periods of
time, this raises the question what the influence of the presence of (small amounts of)
solvents on chemical reactions inside the paint layer could be. This topic has been a central
topic in our research group but received little attention by others. Apart from changes
in physical properties of the paint bulk and optical properties at the surface, solvent
action may result in the migration (redistribution) of soluble components between paint
layers. The migration of soluble paint components can enhance the rate of degradation
reactions inside oil paint when the paint is swollen with solvents. In order to understand
the local chemical changes due to this migration process, it is important to understand
the molecular mechanisms by which paintings degrade. The two most studied chemical
processes in oil paint that could be affected by the use of solvents or water are: (1) hydrolysis of TAGs of the oil binder and (2) (crystalline) metal soap formation. Hydrolysis is an
important pathway that leads to the release of high concentration of free SFAs in an oil
paint. Alternatively, SFAs may be present as additives in modern oil paints or could have
been added due to wax-resin lining with beeswax, which contains significant quantities
of SFAs. If both high concentrations of free SFAs and metal ions are present, crystalline
metal soaps are formed readily,29 making hydrolysis and metal soap formation intimately
related.
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8.8.1

Fatty acid migration and metal soap formation

Crystalline metal soaps are a serious problem in oil paint conservation because they often
lead to the formation of protrusions, crystalline material deposits on the surface and
increased transparency of paint layers.3
To investigate if solvent-exposure can have an effect on slow chemical alterations in
paint, we studied the effects of solvents on metal soap crystallisation in ion-containing
linseed-oil based model systems.29 These model systems mimic the situation where the
common white pigments lead white (2 PbCO3 Pb(OH)2 ) or zinc white (ZnO) have released
lead or zinc ions into the binding medium and ionomeric metal carboxylates are formed.43
These ionomeric metal carboxylates can exchange with SFAs to form crystalline metal
soaps (complexes of metal ions and long chain saturated fatty acids). In our study, the
reaction of ionomeric metal carboxylates with externally provided SFAs to form crystalline
metal soaps was investigated in both pigmented and unpigmented (ionomer) model
paints.29 A custom-made reservoir containing SFAs dissolved in acetone was used to
deliver the SFAs to the model paints. It was concluded that the exposure of ionomeric
metal carboxylates to SFAs in solution is a sufficient condition for rapid metal soap
formation. In addition, the transport rate of SFAs was found to be significantly enhanced
by solvent-swelling and the presence of traces of water.29 It was previously found that
the rate of metal soap crystallisation decreases rapidly with the degree of linseed oil
polymerisation, leading to amorphous metal soaps that are ’kinetically trapped in a semicrystalline state’.77 Even if no SFAs need to be displaced, it may therefore be possible that
solvent swelling can also enhance the rate of metal soaps crystallisation by temporarily
lowering the effective crosslink density due to swelling.
Knowing that solvent-swelling can lead to the migration and reaction of SFAs, we
studied the extraction of a SFA marker (margaric acid, C17) and monitored the formation
of zinc soaps as a measure of ’impact’ of solvent cleaning.148 Tailored bilayer model
systems based on polymerised linseed oil, consisting of a C17 containing bottom-layer
and a zinc ions containing top-layer, were used. Upon solvent exposure, the migration
of C17 into the top-layer and subsequent metal soap formation could be tracked. Three
methods of solvent application were compared: cotton swab, rigid gel and Evolon CR
tissue (with different solvent loading).148,268 It was concluded that both swab cleaning
and the application of Evolon CR tissue without controlled solvent loading, result in
comparable SFA extraction. The rigid gel and Evolon CR with controlled solvent-loading
limit the amount of SFA extraction.148 Although redistribution of the C17 marker took
place in all cases where solvent was applied, crystalline zinc soap formation was not
observed after 5 min of ethanol exposure. In contrast, significant zinc soap formation
was found after 30 min of ethanol exposure using Evolon CR tissue without controlled
loading (see Figure 8.9).148 These results show that the redistribution of SFAs between
paint layers and their reaction with metal carboxylates to form crystalline metal soaps
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Figure 8.9 a Imaging ATR-FTIR map showing the distribution of crystalline zinc soaps (1540 cm−1 )
in bilayer paint model after 30 min ethanol exposure using Evolon CR without controlled solvent
loading. The zinc carboxylates containing top layers clearly showed the formation of zinc crystalline
zinc soaps, which had been introduced by the SFA (C17) containing bottom layer due to ethanol
exposure (direction of solvent flow indicated with arrow). b corresponding color-coded FTIR spectra:
red is at the bottom of the zinc containing layer, green at the top. Image reproduced from.148

can be enhanced by prolonged solvent exposure. However, it was also found that the
differences observed after 5 min of solvent exposure using any of the studied methods
did not lead to increased amounts of zinc soaps on longer timescales.148 Compared to no
solvent exposure in the blank, the differences in zinc soap formation were not significant
7 months after the experiments. These results show that the rate of SFA migration and
zinc soap formation can be, even without solvent exposure, relatively fast if sufficient
concentrations of free SFAs and zinc carboxylates are present. In that case, the influence of
solvent exposure on zinc soap formation could not be detected.

8.8.2

Environmental humidity

Compared to the relatively stable environmental humidity conditions in museums,190 the
use of aqueous solutions for surface cleaning of paint results in high concentrations of
water on relatively short timescales. It has thus far remained difficult to assess the risks
involved with aqueous surface cleaning and how the risks of aqueous treatments compare
to high RH conditions.
To investigate the effects of environmental conditions that likely promote ester hydrolysis in oil paint, the authors recently studied the effects of high RH on the autoxidation
and ester hydrolysis in TAGs and the resulting formation of amorphous zinc carboxylates
(COOZn).8 A strong increase in COOZn was observed at 77% RH compared to 12% RH
due to an accelerating effect of water on autoxidation. No hydrolysis was observed under
the conditions studied, suggesting that oil paints are, in the initial stage of curing, rather
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resistant to hydrolysis. Considering the slow diffusion of pure water in oil paint29 and
comparably slow moisture diffusion alkyd paint,61 the moisture levels inside the paint
layers at 77% RH for a week are likely more significant than the levels encountered during
aqueous-based surface dirt removal. Therefore, the risks of enhancing the rate of hydrolysis of TAGs with the short exposure times typically used in aqueous cleaning methods, are
likely to be limited. It should be noted that ester hydrolysis alone does not capture the full
complexity of the risks involved with aqueous cleaning, which include possible pigment
pickup and the solubility of organic dyes.

8.9

Modern materials for cleaning

Aiming for increasingly controlled application of solvents during cleaning, the focus of
cleaning science has shifted from the measurement of swelling in the 1950s, towards
the development and testing of solvents confined in emulsions and gels from the 1990s
onwards.22,30,164,183,269–272 Thickened solvents and gelled systems aim to reduce the mechanical action necessary for surface cleaning and provide the conservator with ’superior
kinetic control’ of the cleaning process.273,274 In this context, gels are often called ’retentive’, referring to the concept that they are supposed to retain the solvent more compared
to a neat solution. The retention of the solvent inside paint is an entirely different phenomenon (Section 8.7). The confinement of solvents is thus proposed to reduce the rate
of solvent diffusion into the paint, thereby limiting solvent action. With respect to the
reduced solvent delivery rate by gels, it should be mentioned that one deals with two
coupled solvent transport processes: one inside the gel, which determines the release rate
of solvent by the gels, and one inside the paint. The relative rate of these two processes
will determine if any ’superior kinetic control’ compared to applying a pure solvent can
be achieved with a gel.
Gels are commonly divided into two classes:
• Chemical gels, having covalent chemical bonds between monomers. These gels may
come pre-made and only need soaking in the solvent of choice.
• Physical gels, having non-covalent interactions between monomers.164,275 These
gels can either be mixed with solvent and spread on the surface directly, or come as
powders that need to be mixed or heated to form the gel.
Physical gels are often called ’spreadable gel’ or ’thickener’ because they are applied by
spreading them on the area to be cleaned. Examples of physical gels are Carbopol© (polyacrylic acid), Ethomeen© (coco amine ethoxylates), Pemulen© (copolymers of acrylic acid
and alkyl acrylate crosslinked with allyl pentaerythritol) and polyvinyl-alcohol-Borax (often called moldable gels).22,31,95,276–278 These gels can be used with small amounts of water
and the gel itself can have active cleaning properties. For example, the Pemulen© gels can
166

8.9. M ODERN MATERIALS FOR CLEANING

form oil-in-water (OiW) microemulsions with hydrocarbon solvents. The lipophilic part
adsorbs at the oil-water interface and the hydrophilic part swells in the water forming a
gel network. Although the phenomenon is not yet completely understood, the presence
of both lipophilic and hydrophilic functional groups in one gel can enhance the cleaning
properties compared to free solvents.
Polyscharide-based gels belong to the oldest and most widely available gelling materials and are physical gels because they are held together by hydrogen bonds. Examples
of polyschararide-based gels are Gellan,279 agar,135,280 and Klucel© G, (hydroxypropyl
cellulose). By increasing the concentration of agar in solution, the gel becomes more rigid
and the pore size and rate of water diffusion decreases.281 Because the diffusion of water is
restricted281 within the polymer network of these gelled systems, they can be used as slow
releasing containers for the application of aqueous solutions. Although generally used
with water, is also possible to load polyscharide gels with relatively polar solvents such
as ethanol or acetone282 or possibly with OiW microemulsions.283 Agar, and presumably
other more rigid gels, can also be used grated by brushing small pieces of agar on an
unvarnished paint surface.284
A disadvantage of physical gels is that they have to be cleared after application
using free solvents and cotton swabs or sponges to avoid gel residues, thereby exposing
the surface to additional solvent and mechanical action. Gel residues269,285 are hardly
avoidable, especially for highly porous paints. Residue studies are an important part of
cleaning studies dealing with the use of modern materials and it is generally assumed that
residues should be avoided. However, the effects that residues may have on paint films in
the future remain largely unknown, making this a particularly challenging topic in terms
of risk assessment. Recently, an investigation of options for surface cleaning unvarnished
water-sensitive oil paints was carried out, with particular attention to residues.11 In one
case, a correlation between traces of silicone emulsifiers and the formation of crystalline
zinc soaps could be made based on ATR-FTIR analysis,11 showing that silicone residues
can increase the time that paints remains plasticised. It remains to be investigated if
the prolonged plasticisation directly caused the increased formation of crystalline zinc
soaps observed in the experiment. Strategies that aim to reduce gel residues by using
polyscaharide gels loaded with cleaning solvent on an impregnation tissue and removing
the gel with an absorbing tissue have been developed.194 However, an additional clearance
step is still required.
Chemical gels exhibit improved mechanical properties compared to physical gels; they
can be shaped into a desired form and can swell in a liquid without gel solubilisation.
Furthermore, the risk of having gel residues is reduced compared to physical gels due to
the presence of covalent crosslinks.164 Acrylamide-based chemical gels have been suggested as a residue-free alternative to the widely applied physical gel methodology.286
Semi-interpenetrating polyhydroxyethylmethacrylate (pHEMA) and polyvinylpyrrolidone (PVP) chemical gels (marketed as Nanorestore©) are polymer blends. Although
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hydrogen bonds between the carbonyl group of PVP and the hydroxyl group of HEMA
are present, the network consist of two types of linear polymers that are linked by covalent
bonds.164 Domingues et al. studied the water release of PVP/HEMA gels on paper by
mass analysis and found that the water release of the newly developed rigid gels was
significantly lower than that of the polyschararide gels agar and gellan (at 3 wt.%) or
acrylamide based gels.287 It is important to note that although these gels were marketed
for the use on painted surfaces, the water release was tested on a paper substrate, which
will have a profound effect on the rate of solvent sorption by the surface. The higher
’retention’ that was found may therefore be invalid for oil paint surfaces. One recent study
used quasi-elastic neutron scattering (QENS) to study the polymer and water dynamics in
pHEMA chemical and physical hydrogels at various water contents. It was found that, at
a molecular level, physical gels show a slower water relaxation process compared to their
chemical gel equivalents, likely as a result of side chains involvement in the formation
of the three-dimensional network.288 It was not made explicit how this result translates
to water release during practical gel application on painted surfaces. A comprehensive
overview of novel materials and methods for cleaning is given in the in the Gels in the
Conservation of Art conference proceedings book176 and the book ’Nanotechnologies
and Nanomaterials for Diagnostic, Conservation and Restoration of Cultural Heritage’ by
Baglioni et al.175
The rate of water release by gels is not always lower compared to traditional methods
of solvent application such as cotton swabs. NMR MOUSE experiments on acrylic emulsion paints showed that the amount of water delivered into the paint by agar gels was
equal to swab cleaning. Other gels showed higher water release than swabs, which was
often due to the need for a clearance step to avoid residues.183 A similar conclusion was
recently presented by Moretti et al., concluding that NMR measurements collected before,
during, and after wet-cleaning tests proved that the use of an aqueous Klucel© G gel did
not significantly minimise the water penetration and swelling compared to swabs with
free solvent.289 In contrast, combined mass analysis and NMR experiments on oil paint
mock-ups demonstrated a decreased uptake of solvent by the paint when using gelled
systems.170 A decreased release of solvent to the paint surface compared to swabbing was
also found using ethyl lactate confined in a polyhydroxybutyrate gel.181 It thus seems that
there are considerable differences in the rate of solvent uptake in paint when using gels,
which is likely explained by the variation in solvent transport rates expected in different
polymerised oil networks (Figure 8.1b–d) encountered in paintings.
In this context, the authors used time-dependent ATR-FTIR to study the kinetics
of solvent delivery of three cleaning gels on model systems for intact oil pant binding
media.32 These model systems were polymers based on a polymerised linseed oil matrix
with Zn2+ and Pb2+ ions included as an integral part of the network; similar to aged oil
binding medium in paintings without cracks (for example Figure 8.1b).42,43 The diffusion
of organic solvents and water into linseed oil based ionomers was found to be of similar
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magnitude for both free solvents and solvents released by gels, indicating that the solvent
uptake by non-porous linseed oil based ionomers is relatively slow compared to the rate of
solvent release by the gels.32 This result demonstrates that the advantages of gel cleaning
in terms of reduced solvent uptake by the paint are strongly dependent on the surface that
is cleaned and the application time. When only judging solvent delivery rate inside the
paint, the largest benefit of the use of gels is likely when cleaning porous substrates with
a short application time. However, the advantages of reduced mechanical action of gels
compared to swab cleaning remain relevant on any substrate.

8.10

Conclusions and outlook

The use of organic solvents on oil paint surfaces causes simultaneous solvent swelling,
–diffusion, –evaporation, –leaching and solvent-induced chemical reactions, altogether
defined as solvent action. Solvent action on oil paint includes both temporary chemical and
physical changes, such as swelling and an increase in the rate of FA migration and metal
soap formation, as well as permanent changes, such as the leaching of LMW components,
or an increase in the brittleness of the paint. Using the words of Gilson, both cleaning and
not cleaning are ways to ’let a painting perish’. Therefore, the only way to resolve this
dilemma is to work towards a reliable assessment of the risks involved in cleaning by
creating a thorough understanding of the physicochemical process involved in solvent
action.
We discussed the processes that play a role in solvent action and presented the current
status in the theoretical description of these processes. It was explained that cleaning
often involves a complex mix of these processes, which nevertheless deserve separate
theoretical descriptions. Although literature from polymer chemistry can be of great
relevance for studying solvent action, not all areas in cleaning science have absorbed
proper knowledge from the scientific community outside art conservation. Solubility
theory is well accounted for and is adequately applied to dilute solutions. However, we
conclude that the important phenomenon of paint swelling, which requires accounting for
polymer properties, is not yet addressed using state-of-the-art theory and recommend the
Flory-Rehner model to describe equilibrium swelling. Moreover, equilibrium swelling and
swelling kinetics are often not distinguished. Swelling kinetics demands simultaneous
treatment of swelling and diffusion. We recently developed a swelling-diffusion model
that can provide the theoretical basis to additionally simulate leaching, evaporation and
solvent retention based on the knowledge of swelling and diffusion in paint films. To start
describing solvent action in the future, the swelling-diffusion model should be combined
with models for mass transport across the paint surface using thermodynamic models
describing the vapour- and liquid-liquid equilibrium at the surface.
Although solvent action is very complex, the processes involved in solvent action
are directly linked to the properties of the polymeric oil binding medium. The chemical
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and physical properties of this polymer depend on the material composition and the
environmental conditions during the drying and ageing of the paint. In cleaning science,
polymer properties of the binding medium are often discussed in terms of solvents sensitivity. However, solvents sensitivity is merely a manifestation of influence of (in)organic
pigments on the autoxidation chemistry of the oil, resulting in various types of polymeric
binding media. These types of polymeric binding media determine to what extent solvent
action can occur during cleaning treatments. Cleaning research could therefore focus on
techniques that can relate polymer properties of the binding medium to solvent transport
processes. Both theoretical and experimental work is needed to further develop the relation between polymeric structure and solvent action and estimate when solvent exposure
may lead to unacceptable risks.
To advance our understanding of solvent action on the molecular level, analytical methods that can monitor the possible changes in chemical composition of an oil paint upon
solvent exposure are required. Ideally, one would combine quantitative and spatiallyresolved information on solvent transport with chemical information on reactivity. Such
an experiment may be possible with time-dependent FTIR imaging in transmission mode,
where both solvents and potential degradation products are measured quantitatively and
spatially-resolved. In order to integrate forthcoming cleaning research more closely into
conservation practice, the focus should be on developing methods to monitor cleaning
action in real time. To enable a comparison of cleaning methods or solvents on real paintings, these methods should be quantitative, portable and able to deal with heterogeneous
paint surfaces. In addition, the instrumentation should feature an intuitive interface and
should be easy to operate for conservators. Lastly but very importantly, data processing
and interpretation should be fast (preferably on-the-fly) and should not require a software
programming background. As an example, FT-LSI was presented as a powerful, quantitative and portable imaging technique for the study of solvent retention during oil paint
cleaning and showed its potential for future use in the conservation studio.
The large number of publications focusing on novel materials for solvent application
have provided important insights that can result in a reduction of the amount of solvent
that is needed for cleaning. These materials can be used to their full advantage when the
solvent diffusion rate out of the gel is the rate limiting factor. This is the case for porous and
cracked paint surfaces where solvent transport inside the paint will be fast compared to
solvent release by the gel. The potential of gelled systems to reduce mechanical action can
provide an added benefit on any paint surface. In the development of novel materials for
cleaning, gelled systems that allow precise tuning of solvent polarity are greatly desirable.
To that end, gels with increased capacity for apolar solvents or microemulsions containing
largely apolar solvents could be further developed or adopted from other fields such as
cosmetics or coatings industries.
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Summary
Paintings conservators clean paintings to enhance the readability and extend the lifetime
of oil paintings. Important aspect of cleaning are the removal of old or discoloured varnish
layers or other unwanted conservation materials like overpaints. For varnish removal,
organic solvents such as acetone, ethanol and hexanes are commonly used, whereas aqueous solution with additives are mostly used to remove surface dirt. However, scientific
investigations have shown that the exposure of oil paintings to organic solvents can affect
the chemical and physical properties of oil paintings in an undesired way. For example,
exposure to organic solvents can lead to embrittlement of paint, the extraction and redistribution of soluble components between paint layers, and an increased rate of metal soap
formation in models paint systems. The formation of metal soaps (metal complexes of
long-chain saturated fatty acids) is a serious problem affecting the appearance and structural integrity of many oil paintings. Although cleaning actions are carried out with great
care and attention for detail, it remains difficult to assess the effects that cleaning might
have on the internal chemistry and long-term stability of a painting. To assess the effects
of solvents on the molecular mechanisms of paint alteration, a thorough understanding of
the chemistry of oil paint is needed.
When zooming in on a painting to the molecular scale, an oil painting is a triglyceridebased polymer where (in)organic pigment particles are suspended in a crosslinked oil
polymer. The chemistry of such a polymer is complex because the starting materials consist
of a mixture of natural drying oil and (in)organic pigments, which becomes exceedingly
complex due to the subsequent drying, ageing and degradation of these paint materials.
Even without considering the possible influence of solvent-based cleaning interventions, it
is a great challenge to unravel the chemical mechanism by which such a paint polymer
alters over time. The added complexity that solvent exposure may induce to the ongoing
alterations in paint, renders scientific investigations into the effects of cleaning of oil
paint particularly challenging. What happens when certain materials are extracted or
displaced between paint layers, and how does that effect the stability of the object on
longer timescales? Such questions formed the foundation for the research presented in
this PhD thesis.
Given the adverse effects associated with solvent-based cleaning treatments described
above, solvent exposure is ideally kept to a minimum. However, the required extent
to which solvent exposure should be minimised may vary considerably for different
paintings. Therefore, a strategy is required to estimate the risks associated with cleaning.
For a proper risk assessment, one should express the the risks associated with cleaning in term
of measurable parameters. To demonstrate the progress that was made during this research,
a summary of the content of this thesis will be presented next.
After discussing the composition of relevant paint materials in C HAPTER 1, C HAPTER
2 describes the use of a tailored, non-porous model system for aged oil paint to measure
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paint swelling and solvent diffusion for a wide range of relevant solvents and for three
cleaning gels. Using Dynamic Mechanical Analysis (DMA), the glass transition temperature of our model systems was found to be close to room temperature. Subsequently,
using a custom sample cell and time-dependent Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy, we were able to accurately measure swelling
and diffusion processes in the polymer films. To quantify the spectroscopic data, we
developed a model that describes solvent transport with a swelling-dependent diffusion
coefficient. The relation between solvent properties, the diffusion coefficient, and the
swelling capacity proved to be complex and could not be predicted using pure solvent
properties. However, it was found that strongly swelling solvents generally diffuse faster
than weakly swelling solvents, and that pigmentation does not significantly influence
solvent diffusion. Additional solvent retention caused by cleaning gels was not found.
These results contribute to a better understanding of transport phenomena in paintings
and support the development of improved paint cleaning strategies.
C HAPTER 3 builds on the methods developed to measure solvents diffusion using
time-dependent ATR-FTIR and describes the diffusion of palmitic acid and subsequent
metal soap crystallisation in ionomeric binding media. The simultaneous presence of
free saturated fatty acids and polymer-bound metal carboxylates leads to rapid metal
soap crystallisation, following a complex mechanism that involves both acid and metal
diffusion. Solvent flow, traces of water and both reactive and inert pigments are shown
to enhance metal soap crystallisation. Subsequent imaging ATR-FTIR experiments on
embedded cross-sections show that the distribution of crystalline zinc soaps is influenced
by the presence of both inert and reactive pigment particles. Two combined effects of
reactive ZnO pigments are distinguished: (1) ZnO particles can break down during HPa
exposure, either by the reaction of HPa directly at the ZnO surface or by providing zinc
ions to empty carboxylic acid groups in the network and (2) ZnO particles can serve
as nucleation site for zinc soaps to crystallise, thereby enhancing the rate of nucleation,
crystallisation, or both. These results contribute to the development of improved paint
cleaning strategies, a better understanding of oil paint degradation and highlight the
potential of time-dependent ATR-FTIR and imaging ATR-FTIR spectroscopy for studying
complex dynamic processes in polymer films.
C HAPTER 4 describes the formation of carboxylic acid (COOH) groups in the polymerised oil medium by tracking the formation of amorphous zinc carboxylates. Although
the concentration of COOH groups is crucial to understand oil paint chemistry, analytical
challenges prevented COOH quantification in complex polymerised oil samples thus far.
The concentration of COOH groups is important in understanding oil paint degradation
because it drives the breakdown of reactive inorganic pigments to dissolve in the oil
network and form metal carboxylates. The metal ions in such an ionomeric polymer
network can exchange with saturated fatty acids to form crystalline metal soaps, leading
to serious problems in many paintings worldwide. We developed two methods based
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on ATR-FTIR spectroscopy to accurately estimate the COOH concentration in artificially
aged oil paint models. Using tailored model systems composed of linseed oil, ZnO and
inert filler pigments, these dried oil paints were found to contain one COOH group per
triacyglycerol unit. Model systems based on a mixture of long chain alcohols showed that
the calculated COOH concentration can be fully explained by side chain autoxidation
at low relative humidity (RH). The influence of increasing RH and ZnO concentration
on COOH formation was studied and high relative humidity conditions were shown to
promote the formation of COOH groups. No significant ester hydrolysis was found under
the conditions studied. Our results show the potential of quantitative analysis of oil paint
model systems for aiding careful (re)evaluation of conservation strategies.
In C HAPTER 5, detailed investigations into the molecular structure around zinc ions
in oil paint binding media are presented. Here, we demonstrate that zinc carboxylates
formed in paint films containing zinc white pigment adopt either a coordination chainor an oxo-type cluster structure using several types of infrared (IR) spectroscopy. The
presence of water governs the relative concentration of these two types of zinc carboxylate
coordination. Using small angle X-ray scattering (SAXS), we show that certain ion-rich
domains within the model systems contain clusters with a radius of 1–1.5 nm. Although
a direct link between the molecular coordination and the SAXS response could not be
established, we found that the major part (65–98%) of the zinc ions did not cluster and the
concentration of clusters decreased at high temperature. These results pave the way for a
molecular approach to paintings conservation and show the relation between molecular
(IR) and supramolecular (SAXS) information on polymer structure.
In C HAPTER 6, the extraction of a saturated fatty acid (SFA) marker and the formation
of zinc soaps are monitored to measure the impact of solvent cleaning on tailored bilayer
model systems for aged oil paint. Three methods of solvent application are compared:
cotton swab, rigid gel and Evolon tissue (with different solvent loading). The samples
were analysed by Surface Acoustic Wave Nebulization Mass Spectrometry (SAWN-MS)
and Thermally-assisted Hydrolysis and Methylation Pyrolysis Gas Chromatography Mass
Spectrometry (THM-Py-GC/MS) by comparing the calculated margaric:palmitic acid
(C17 :C16 ) ratio determined in the extracts (taken from the swab, gel or Evolon tissue).
We conclude that both swab cleaning and squeezed Evolon tissue application result in
comparable SFA extraction. The rigid gel and Evolon with controlled solvent-loading
limit the amount of SFA extraction. The distribution of C17 after solvent application
was visualised using static Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
on cross sections, showing that C17 redistribution took place in all cases where solvent
was applied. Crystalline zinc soaps formation was not observed after 5 min of ethanol
exposure in the embedded cross-sections with imaging ATR-FTIR, indicating that solvent
exposure does not immediately trigger the formation of crystalline metal soaps. However,
significant zinc soap formation was found after 30 min of ethanol exposure using Evolon
tissue without controlled loading. This study contributes to a better understanding of
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the impact of different methods of solvent application on oil paintings and highlights
important differences between these methods.
In C HAPTER 7, we use a newly developed portable Fourier Transform laser speckle
imaging (FT-LSI) setup as a highly resolved motion detection instrument. We employ
FT-LSI to probe pigment motion, with high spatiotemporal resolution, as a proxy for the
destabilising effects of cleaning solvents. In this way, we can study solvent diffusion and
evaporation rates and the total solvent retention time. In addition, qualitative spatial
information on the spreading and homogeneity of the applied solvent is obtained. We
study mobility in paint films caused by air humidity, spreading of solvents as a result
of several cleaning methods and the protective capabilities of varnish. Our results show
that FT-LSI is a powerful technique for the study of solvent penetration during oil paint
cleaning and has a high potential for future use in the conservation studio.
In C HAPTER 8, an overview of the technical cleaning literature since the 1950s is given.
We define the physicochemical processes that occur simultaneously during cleaning as
solvent action and investigate how these processes vary with the polymeric structure of
the oil binding medium. The results presented in Chapter 2–7 are placed in context of
historical publications and possible future research. The sections are divided into solubility,
swelling and diffusion, leaching, solvent evaporation and retention and solvent-mediated
chemical reactions. Models that predict varnish solubility, such as the Teas diagram, are
discussed and placed in the context of recent developments. Technological developments
in the field of modern materials for solvent- and water-based cleaning are also discussed.
Finally, an outlook for the field of cleaning science is presented.
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Nederlandse samenvatting
Het schoonmaken van schilderijen heeft als doel te zorgen dat ze er presentabel uitzien
en zo lang mogelijk stabiel blijven. Onder schoonmaken verstaan we bijvoorbeeld het
verwijderen van vergeeld vernis of stof dat op het oppervlak zit of het verwijderen
van ongewenste conserveringsmaterialen uit vroegere restauratiebehandelingen. Het
verwijderen van vernis is een bijzonder delicaat karwij omdat het dient te gebeuren
zonder de onderliggende verflaag aan te tasten. Het oude vernis, dat vaak uit natuurlijke
boomharsen bestaat, kan worden verwijderd door het op te lossen met een organisch
oplosmiddel zoals alcohol of aceton. Vervolgens kan het gezwollen vernis voorzichtig
worden verwijderd met een wattenstaafje, sponsje of met een oplosmiddelhoudende gel.
Het blootstellen van schilderijen aan organische oplosmiddelen heeft echter ook nadelen
indien het oplosmiddel daadwerkelijk de verflaag binnendringt. Zo is het bekend dat de
blootstelling aan oplosmiddelen kan zorgen voor een toename in de broosheid van de
verf, de extractie en verplaatsing van oplosbare verfcomponenten, en in sommige gevallen
tot het versnellen van bepaalde chemische reacties in de verf. Alhoewel er dus wel kennis
is over de invloed van oplosmiddelen op verf, is er ook nog heel veel onbekend.
Wanneer je op een schilderij inzoomt tot op moleculair niveau en je afvraagt wat een
schilderij dan is, kom je tot de conclusie dat het een op triglyceriden gebaseerd polymeer
is waarin de (an)organische pigmentdeeltjes vastzitten. Dit polymeer is gemaakt van een
natuurlijke drogende olie (het bindmiddel) en vormt tijdens de droging een sterk vernet
polymeernetwerk. De opbouw van zo’n polymeer is ontzettend complex doordat zowel
drogende olie een complexe samenstelling heeft, alsmede doordat de drogende werking
en veroudering op lange tijdschaal beïnvloed wordt door de aanwezige pigmenten. Het
is al een uitdaging om te snappen hoe zo’n complex materiaal veroudert zonder dat
er oplosmiddelen aan te pas komen, laat staan hoe complex de situatie wordt als je je
afvraagt hoe chemische reacties in een schilderij kunnen veranderen door de kortstondige
blootstelling aan oplosmiddelen. Wat gebeurt er bijvoorbeeld als je bepaalde materialen
verwijdert en andere verplaatst in de verflagen, en wat zijn de effecten daarvan over
honderd jaar? Met dit soort vragen als drijfveer is dit proefschrift tot stand gekomen.
Vanwege de eerder genoemde nadelige effecten van oplosmiddelen zijn restauratoren
tot de overeenstemming gekomen dat het wenselijk is om de verf zo min mogelijk bloot te
stellen aan oplosmiddelen. Om uit te vinden wat ’zo min mogelijk blootstellen’ precies
inhoudt, dient het wetenschappelijk onderzoek naar de veroudering van schilderijen te
streven naar het geven van een inschatting van de risico’s van schoonmaken. Echter, om
deze risico’s goed te kunnen inschatten is een methode vereist die de risico’s van schoonmaken uitdrukt in meetbare parameters. Om een overzicht te geven van de vordering van het
onderzoek zullen de hoofdstukken in dit proefschrift hieronder worden samengevat.
Na de inleiding in HOOFDSTUK 1, beschrijven we in HOOFDSTUK 2 de diffusie van een
reeks organische oplosmiddelen in een kunstmatig verouderde olieverf. Voor de metingen
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gebruiken we in het laboratorium gemaakte verfreconstructies, zodat we zeker weten
dat er geen onregelmatigheden in de verf zelf zitten en dat alle verschillen die gemeten
worden daadwerkelijk komen door de verschillen tussen de verschillende oplosmiddelen.
Om de metingen uit te voeren is gebruik gemaakt van tijdsafhankelijke infrarood (IR)
spectroscopie, waarmee het mogelijk is om te meten hoe snel de oplosmiddelen door de
verflaag heen diffunderen en hoeveel de verf zwelt. Het blijkt dat snel diffunderende
oplosmiddelen over het algemeen ook sterk zwellen en dat er enorme verschillen zitten
in de snelheid waarmee de oplosmiddelen diffunderen (een factor 200 verschil tussen de
langzaamste en de snelste). Om het transport van de oplosmiddelen door de verflaag
nauwkeurig te beschrijven is een wiskundig model ontwikkeld dat beschrijft hoe de laag
zwelt terwijl het oplosmiddel indringt. Met dit model is het ook mogelijk om, zonder
experimenten te doen, te berekenen hoe diep bepaalde oplosmiddelen doordringen als je
ze slechts voor korte tijd aan zou brengen door de gewenste condities te simuleren met
het model.
In HOOFDSTUK 3 wordt opnieuw gebruik gemaakt van tijdsafhankelijke IR spectroscopie, maar nu meten we niet alleen de diffusie van oplosmiddelen maar ook de
chemische reactie van verzadigde vetzuren met metaalionen in het polymeernetwerk.
Deze reactie is heel belangrijk omdat het product ervan, genaamd kristallijne metaalzepen,
schadelijk kan zijn voor de stabiliteit van een olieverf. Kristallijne metaalzepen zijn complexen van verzadigde vetzuren met metaalionen afkomstig uit anorganische pigmenten.
Ze kunnen leiden tot een toename in de transparantie van een verflaag, tot korstvorming
op het oppervlak van een schilderij, tot uitbraken van puistige kraters binnenin de verf
die naar buiten dringen en tot het loslaten en afbladderen van verflagen. De metingen
laten zien dat de vorming van metaalzepen versneld kan worden door snel diffunderend
oplosmiddel (aceton), door kleine spoortjes water en door aanwezigheid van pigmenten.
Als er naast metaalionen in het polymeernetwerk ook reactieve pigmenten zoals ZnO en
Pb3 O4 aanwezig zijn, breken deze reactieve pigmenten tijdens het experiment af, wat leidt
tot de vorming van extra metaalzepen. De aanwezigheid van inerte pigmenten zoals TiO2
veranderen alleen de verdeling van de gevormde metaalzepen in de verflaag. De methode
die we hebben ontwikkeld laat de kracht zien van tijdsafhankelijke IR spectroscopie voor
het meten van dynamische processen in olieverf.
H OOFDSTUK 4 beschrijft hoe reactieve pigmenten zoals zink oxide (ZnO) kunnen
oplossen in het olieverf polymeer. Met IR spectroscopie bestuderen we het beginstadium
waarin de verf uithardt. Het was al bekend dat door de oxidatie van de dubbele bindingen
in de drogende olie carbonzuren vormen die vastzitten aan het olienetwerk. Het was
echter tot dusver niet mogelijk om te meten hoeveel zuurgroepen er vormen. Het blijkt dat
deze organische zuurgroepen de drijvende kracht zijn die ZnO doen afbreken, met als
reactieproduct amorfe metaalcarboxylaten (een voorstadium in de vorming van kristallijne
metaalzepen). Door de hoeveelheid metaalcarboxylaten te meten met IR spectroscopie
kunnen we indirect bepalen hoeveel zuurgroepen er vormen. Vervolgens bestuderen we
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hoe de vorming van amorfe metaalcarboxylaten (en dus zuurgroepen) afhangt van de
condities tijdens het uitharden van de verf. Er kan worden geconcludeerd dat de hoeveelheid zuurgroepen toeneemt bij hogere luchtvochtigheid en er kan onderscheid gemaakt
worden tussen verschillende reactiepaden die leiden tot de vorming van zuurgroepen.
Het blijkt dat de vorming van zuurgroepen door oxidatie van dubbele bindingen dominant is, terwijl de hydrolyse van esters (wat ook tot de vorming van zuurgroepen leidt),
niet plaatsvindt. Onze studies laten zien dat het gebruik van slimme modelsystemen
waardevolle informatie over de droging van olie en afbraak van pigmenten kan opleveren.
In HOOFDSTUK 5 onderzoeken we in detail de lokale chemische structuur van amorfe
zinkcarboxylaten en karakteriseren deze met verscheidene vormen van IR spectroscopie.
Het blijkt mogelijk om twee verschillende coordinatiestructuren, genaamd ’oxo’ en ’chain’
zinkcarboxylaten te identificeren, die naast elkaar voorkomen in een schilderij. Deze
twee structuren zijn met elkaar in chemisch evenwicht, en kunnen in elkaar worden
omgezet door afsplitsing of opname van één molecuul water. De relatieve hoeveelheid
waarin beide structuren voorkomen in een schilderij kan waardevolle informatie geven
over de condities waarin het schilderij verkeert en mogelijk een indicatie geven van de
kans op toekomstige vorming van zinkzepen. Zodoende is er een brug gemaakt tussen
moleculaire informatie en de degradatie in een schilderij als geheel. We onderzochten ook
hoe de aanwezige zinkcarboxylaten Rø̈ntgenstraling verstrooien bij kleine hoeken (SAXS).
Echter, het bleek niet mogelijk de oxo en chain zinkcarboxylaten direct te relateren aan de
intensiteit en hoek van verstrooiing gemeten met SAXS. Een belangrijke conclusie die wel
kon worden getrokken is dat er clusters van zinkcarboxylaten aanwezig zijn in delen van
het olienetwerk, maar dat het merendeel van de zink ionen niet clustert. Met de kennis
die we nu hebben over de moleculaire structuur van zinkcarboxylaten is het mogelijk om
in de toekomst de relatie te onderzoeken tussen de moleculaire structuur van de verf en
de snelheid van degradatie bij verschillende omgevingscondities.
In HOOFDSTUK 6 vergelijken we manieren van oplosmiddelen aanbrengen en ontwikkelen een methodologie om te kwantificeren hoeveel ’schade’ deze aanrichten. Daarvoor
gebruiken we een speciaal daarvoor ontwikkeld tweelaags modelsysteem bestaande uit
een onderlaag met traceerbare vrije vetzuren en een bovenlaag met zinkcarboxylaten.
Zolang er geen oplosmiddel wordt aangebracht blijven deze traceerbare vetzuren in de
onderste laag, echter zodra oplosmiddel de laag binnendringt zullen de vetzuren de
bovenste laag in migreren, daar eventueel reageren met zink ionen en zinkzepen vormen,
en uiteindelijk aan het oppervlak worden geëxtraheerd. Op deze manier was het mogelijk
om twee verschillende dingen te meten: de totale extractie aan het oppervlak ten opzichte
van de extractie als geheel, en in welke mate de vetzuren migreren en reageren in de
zinkhoudende laag. Het blijkt dat de verschillende schoonmaakmethoden inderdaad
leiden tot verschillende mate van extractie van traceerbare vetzuren uit de onderste laag.
Verder vinden we ook dat een langere blootstelling aan oplosmiddel de vorming van
zinkzepen in de bovenste laag versnelt, maar bij korte blootstelling de verschillen tussen
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wel en geen blootstelling niet meetbaar zijn. Opnieuw laten onze studies zien dat het
gebruik van slimme modelsystemen waardevolle inzichten verschaft die direct relevant
zijn voor het schoonmakan van schilderijen.
H OOFDSTUK 7 beschrijft de toepassing van een compleet nieuwe methode om de
effecten van oplosmiddelen in verf te meten: laser speckle imaging (LSI). Dit is een optische
techniek die werkt met een diffuse laser die op het oppervlak van het schilderij schijnt.
De fotonen uit de laser verstrooien vervolgens in de verf en keren onder willekeurige
hoeken terug buiten de verf, waar ze gedetecteerd worden met een camera. De camera
registreert een interferentiepatroon, wat in de tijd verandert als er dynamica (beweging)
in het sample plaatsvindt. Deze dynamica, geïnduceerd door minuscule beweging in
pigmentdeeltjes, kunnen we meten met LSI. Zo meten we vervolgens de aanwezigheid
van oplosmiddelen in een verflaag omdat het oplosmiddel het pigment doet bewegen.
We vinden dat de LSI heel gevoelig is voor de aanwezigheid van oplosmiddel en kunnen
subtiele verschillen in luchtvochtigheid meten. Vervolgens meten we hoe de mate van
veroudering en vorming van kleine kanaaltjes het transport van oplosmiddel in de verf
verandert. Verder meten we de effecten van vernis, tijd van blootstelling en methode
van aanbrengen op het transport van oplosmiddel en vinden in alle gevallen significante
verschillen. Ook verschillende oplosmiddelen gedragen zich heel anders. Met de LSI
kunnen we dus binnenin de verflaag kijken en eventueel aanwezig oplosmiddel detecteren.
In de toekomst zou LSI een waardevolle toevoeging in het restauratieatelier kunnen zijn.
In HOOFDSTUK 8, het laatste hoofdstuk, vatten we relevante literatuur samen die er
sinds 1950 is geschreven over de chemische en fysische effecten van oplosmiddelen op
olieverf. We beschrijven de effecten van oplosmiddelen per subonderwerp, bijvoorbeeld
diffusie en extractie apart, maar proberen ook de relatie tussen de verschillende processen
duidelijk te maken. In deze zogenaamde review, nemen we ook het werk mee dat in
hoofdstuk 2–7 is beschreven en plaatsen dat in de context van wat er in de toekomst
nog zou moeten gebeuren om het veld verder te ontwikkelen. Een belangrijk doel van
de review is ook om duidelijk te maken wat bepaalde wetenschappelijke bevindingen
betekenen voor de restauratiepraktijk. Hiermee geven we zowel wetenschappers als
schilderijenrestauratoren een overzicht van de ontwikkelingen omtrent het schoonmaken
van schilderijen en presenteren onze visie op mogelijk vervolgonderzoek.
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Dankwoord
Daar is ie dan, waarschijnlijk de meest lijvige lap tekst die ik ooit ga voortbrengen. Om
te beginnen aan een promotietraject moet je sowieso al enigszins geschift zijn, om het
te voltooien nog meer. Blijkbaar voldoe ik aan deze eis want hier ligt het nederige
eindresultaat voor je. Onvoorstelbaar!
Er zijn vele mensen die ik voor de totstandkoming van dit proefschrift zou willen bedanken. Om te beginnen mijn excellente begeleiders die er voor me waren om op kritische
momenten bij te sturen en tot in detail te overleggen over uiteenlopende onderwerpen, ook
buiten het onderzoek. Piet, je bent een ontzettend goede promotor voor mij geweest en ik
wil je daar heel hartelijk voor bedanken. Je vertrouwde op mij als zelfstandig onderzoeker;
als onderzoeker die zijn werk uit zichzelf doet, het zo goed mogelijk doet en vanzelf met
vragen komt als hij vastzit. Dat heeft heel goed gewerkt want ik heb me altijd vrij gevoeld
om het onderzoek zo in te delen als ik het zelf graag wilde doen. Vervolgens kwamen
daar dan de discussies, soms heel scherp en concluderend, soms oeverloos, maar altijd op
een prettige en gelijkwaardige wijze. Met zoveel jaren ervaring als kritisch wetenschapper
kon je meestal de juiste vragen stellen waarmee ik kon inzien hoe we een experiment
het beste konden uitvoeren. De verschillen in denkwijze tussen de chemisch technoloog
en de chemicus hebben daarin zeker een rol gespeeld: juist door onze verschillen zijn er
zulke interessante artikelen verschenen waarin zowel de theoretische beschrijving als het
experimentele werk in beschouwing worden genomen. Katrien, hoe kan men nu niet enthousiast worden van jouw onuitputtelijke energie? We besloten laatst dat we, als iemand
vraagt hoe het met ons gaat, niet meer zouden zeggen ’druk’ maar ’bezig met ontzettend
veel leuke dingen’. Daarmee moge duidelijk zijn dat we dezelfde levensinstelling hebben.
We hebben heel wat gekke trips gemaakt: op één dag heen en weer naar Londen toen we
elkaar nog nauwelijks kenden, meerdere dagen op beamtime, met een gehuurde auto heen
en terug naar Lille om een volledige werkdag ToF-SIMS te meten. Katrien bij het krieken
van de dageraad oppikken langs de snelweg nabij Leiden en de auto ver na middernacht
terugzetten in Amsterdam. Als er iets is dat ik van jou geleerd heb, is het dat er altijd
een oplossing te vinden is om de dingen gedaan te krijgen, je moet het alleen wel echt
willen. Verder heb je mijn teksten aangescherpt voor het conserveringsveld. Dacht ik
misschien dat men schilderijen wil restaureren om ze ’mooier’ te maken, blijkt dat dat is
om ze ’leesbaar’ te houden. Als ik zo vrij mag zijn zou ik je bij deze ook een compliment
willen maken van andere aard: volgens mij ben je sterk gegroeid als begeleider. De laatste
tijd heb je scherpe inzichten in hoe teksten beter kunnen worden opgebouwd met me
gedeeld. En hoewel je meestal geen volzinnen suggereerde, wist ik wel wat je bedoelde.
Je hebt een heel fijne manier van kritiek geven; heel opbouwend en je benadrukt ook altijd
de goede aspecten. Zodoende heb ik altijd met plezier met jou gesproken over mijn werk,
waarvoor veel dank! Joen, het is terecht dat je nu plotseling als copromotor optreedt. Je
bent een ontzettend goede wetenschapper die heel makkelijk schakelt tussen vakgebieden.
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Dat maakt je heel geschikt voor schilderijenonderzoek. Ik denk dat je het nog ver gaat
schoppen in de wetenschap. Het was een eer om je paranimf te zijn en ik ben blij dat
je mijn copromotor bent, dr. Hermans. Je hebt je inzichten en vaardigheden vanaf het
begin met me gedeeld en was altijd bereid om me te helpen en ondersteunen. Door jouw
kritische blik en schrijfstijl zijn onze artikelen naar een hoger niveau getild. Daarnaast was
het voor mij ook veel sneller duidelijk wanneer een verhaal gereed is om te publiceren.
Zonder jou was het me niet gelukt om het onderzoek in zo’n vroeg stadium te publiceren.
Daar pluk ik nu de vruchten van omdat zo’n groot deel van mijn proefschrift al online te
vinden is. Dat gaf een hoop rust met afronden. We vonden elkaar ook buiten werktijd
in het boulderen. Ik weet dat jij het vroeger ook wel gedaan had maar ik denk toch dat
ik je er toe heb aangezet het (weer) te gaan doen. Ik hoop dat we nog vaak samen zullen
boulderen en ook nog vele goede koffies en welverdiende IPA’s samen zullen drinken na
afloop!
Als vreemde eend in de bijt heb ik vele collega’s op verschillende plekken. Op Science
Park luisterde ik graag met Bas naar het krachtige gebulder van Andreas aan de ene
kant en de heerlijke schaterlach van Michelle aan de andere kant van ons kantoor. Ik
heb genoten van de zonnige koffietjes op de apenrots met JP, Lukas, Bas, Ties, Andreas,
Michelle en Joen. Boven in de wandelgangen liepen ook een hoop leuke mensen rond,
zoals Kaj, Dirk, Joeri, Marianne, Tessel en vele anderen. En natuurlijk Zohar met haar bijzonder goede muzieksmaak. Bij het Ateliergebouw heb ik het ook getroffen met gezellige
en gepassioneerde restauratoren zoals Gwen, Suzan en Laura, maar ook goede wetenschappers zoals Victor, Francesca, Mitra, Guus, Frederique en natuurlijk vele anderen.
Ook niet te vergeten Selwin, ik vond het heel gezellig als je kwam logeren in Amsterdam,
te wandelen en fietsen in de buurt van Gyf en natuurlijk om samen te genieten van goede
bieren. En dan zijn er nog mijn collega’s van de RCE. Sanne, beamtime buddy, heel erg
bedankt voor je inzet en gezelligheid tijdens het aparte verschijnsel genaamd beamtime.
Rika, als de tijdmachine bestaat, kunnen we daar dan ook schilderijen mee conserveren?
Lise, gelukkig gingen we cocktails drinken in Londen, anders had ik de Gels conferentie
niet overleefd. En Suzan, bedankt voor het gebruiken van de IR microscoop.
Ik heb acht studenten mogen begeleiden en daar heb ik veel van geleerd. Het waren
allen dames, wat wel aan het veld zal liggen. Sofia, you are such a cheerful and driven
person. Thank you for your humour and all your efforts. Lou, judging by just one chaotic
phone call, it was a total gamble to take you on as a student and I can say I have not
regretted it. You worked really hard and have made a major contribution to Chapter 4 and
our publication in RSC Advances. Many thanks for everything, I wish you all the best in
your future scientific endeavours and, most importantly, in life! Noa en Marjolein, volgens
mij heb ik jullie geadopteerd van Katrien. Jullie waren super goed bezig en leerden heel
snel. Als ik ooit een schilderij wil restaureren weet ik jullie te vinden.
Veel mensen die hebben bijgedragen aan dit proefschrift weten daar niets van. In
de eerste plaats zijn dat al mijn dierbare vrienden die er altijd voor mij zijn en die mijn
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leven tot een waar feest maken. Als jullie er niet waren geweest om me van mijn werk te
houden zou dit proefschrift ook veel te dik zijn geworden ben ik bang. Ik hou het bij het
benoemen van een paar bijzondere bijdragen. Cisca, ik mag me super gelukkig prijzen
met zo’n wijze moeder waar ik fantastische gesprekken mee kan voeren over het leven.
Dat is het precies wat ik nodig heb als het even tegenzit op persoonlijk vlak. Heel erg
bedankt voor alle steun die je me altijd al hebt gegeven. Frans, jij hebt me overgehaald
mijn gevoel te volgen bij de keuze van een baan. Dat gaf de doorslag want ik wilde het
liefst voor het Rijksmuseum werken. Dit advies neem ik mee voor de rest van mijn leven.
Mijn passie voor sport en muziek heb ik aan jou te danken en dat is het grootste geschenk
dat ik heb gekregen. Zoveel steun dat je mij hebt geboden al die jaren. Jij zou zeggen ’dat
is vanzelfsprekend’ maar ik vind het bewonderenswaardig, ontzettend bedankt. Fleur, wij
zijn samen volwassen geworden en hebben alles voor het eerst meegemaakt. Door jou ben
ik op een gegeven moment mijn studie serieus gaan nemen en dat heeft me hier gebracht.
Dank je wel voor alle fijne jaren samen. Prinses Anna, mijn maan en sterren, carrièrevrouw,
ongelooflijk wat een boel avonturen we al samen hebben beleefd. Jij begrijpt als geen
ander dat dingen soms af moeten, dat je tijd samen moet opofferen om iets te bereiken.
Zo heb je me in de laatste fase van het afronden van dit proefschrift enorm gesteund.
Wij maanfanaten gaan samen nog veel bereiken en natuurlijk vele bijzondere avonturen
beleven!
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