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REVIEW

A review of solvent action on oil paint
Lambert Baij1,2*  , Joen Hermans1,2, Bronwyn Ormsby3, Petria Noble2, Piet Iedema1 and Katrien Keune1,2

Abstract 

The science of oil paint cleaning is an interdisciplinary and challenging field of study due to the complex nature of 
both paintings and cleaning materials. The topic requires an intimate and iterative collaboration between conserva-
tion scientists and paintings conservators. In such an interdisciplinary field, it can sometimes be difficult to interpret 
the practical applicability of the available literature. This review aims to bring both conservators and scientist up-to-
date on the recent advances in the literature on oil paint cleaning and proposes a framework for experimental and 
theoretical investigations into solvent transport in oil paint. We define the physicochemical processes that occur 
simultaneously during cleaning as solvent action and investigate how these processes vary with the polymeric struc-
ture of the oil binding medium. The sections in this overview of the technical cleaning literature are divided into solu-
bility, swelling and diffusion, leaching, solvent evaporation and retention and solvent-mediated chemical reactions. 
Models that have been used to predict varnish solubility or oil paint swelling, such as Teas chart, are critically reviewed 
from the perspective of the most recent developments in the various scientific disciplines involved. 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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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’ [1]. 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.

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 conserva-
tion materials may be required. For varnish removal, cot-
ton swabs with organic solvents such as acetone, ethanol 
and hexanes are commonly used, whereas aqueous solu-
tions with additives are mostly used to remove surface 
dirt. 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 solvent-based cleaning [2–6]. 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 paint-
ings is affected by diverse and widespread alteration 
phenomena, these phenomena remain poorly under-
stood. As a result, paintings conservators routinely 
treat objects without a full understanding of the chem-
ical processes and material properties of the paint. 
Examples of important paint alteration phenomena 
include cracking of the paint, the discoloration of pig-
ments, the yellowing of varnishes, dirt accumulation, 
the formation of protrusions and crystalline material 
deposits on the surface and increased transparency 
of paint layers [7, 8]. 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) 
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[9, 10], solvent exposure [11–13], fluctuations in tem-
perature [14] and exposure to light [15–18] 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 paint-
ings, 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 degrada-
tion phenomena [13]. However, although a consider-
able amount of progress has been made [5, 6, 19–21], 
the knowledge of the influence of solvent-based clean-
ing on fundamental chemical and physical processes 
remains limited and does not currently allow for a reli-
able estimation of the risks involved in cleaning. This 
lack of comprehensive risk estimation procedures that 
depend on measurable paint or solvent properties, has 
led to the consensus that solvent exposure on paint-
ings should be minimised altogether.

In order to assess the risks associated with solvent 
exposure, one should have extensive knowledge of the 
chemical and physical processes occurring in paint lay-
ers 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.

Physicochemical processes relevant for cleaning
For an accurate and complete description of the pro-
cesses involved in solvent cleaning the following pro-
cesses need to be considered: varnish dissolution, paint 
swelling, solvent diffusion,—evaporation,—leaching and 
chemical reactions inside paint (Fig.  1a). In this review, 
we define the total combined physicochemical influ-
ence of these processes (Fig. 1a) as solvent action. There-
fore, 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 equilib-
rium thermodynamics ("Theoretical prediction of solu-
bility" section). Swelling of paint, a tangible phenomenon 
for a conservator, has two distinct aspects: equilibrium 
swelling and swelling kinetics. Equilibrium swelling is 
partly governed by thermodynamics, but needs addi-
tional parameters concerning polymer properties. Swell-
ing kinetics involves mass (e.g. solvent) transport in the 
paint film, which places this process in the well-devel-
oped and vast scientific area of diffusion of low-molec-
ular 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. Simultane-
ous 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 

Fig. 1  a Schematic indication of physicochemical processes that occur simultaneously during cleaning operations, altogether defined as solvent 
action. After and during the dissolution of varnish (orange), the paint matrix (yellow) expands in size (shaded yellow) due to the uptake of solvent 
(blue). The relative thickness of the layers indicated does not represent the actual thickness. b–e 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
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complex processes are encountered in leaching, where 
soluble extractables (non-crosslinked oil components 
and oxidation products) diffuse outwards towards the 
surface, while solvent diffuses inwards into the bulk of 
the paint. The simultaneous transport of multiple species 
inside polymers is called multicomponent diffusion and 
either one of these diffusion rates may be rate-determin-
ing. The ultimate complexity occurs when all aforemen-
tioned 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 art-
works endangering issue [13].

All the aforementioned processes deserve a separate 
theoretical description, which defines the textual struc-
ture of this review paper: in order of increasing com-
plexity. Nevertheless, it should be emphasised that in 
cleaning practice the different processes occur simul-
taneously. The extent to which any of these processes 
(Fig. 1a) occur, 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 pres-
ence of (micro) cracks or soluble extractable materials. It 
should also be recognised that these transport processes 
are generally interconnected. For example, faster dif-
fusion will result in faster swelling [22] and possibly in 
faster leaching and evaporation. Solvent-induced chemi-
cal reactions, such as zinc soap formation (discussed in 
"Solvent-mediated reactivity" section), are happening at 
the same time as dissolution, diffusion and evaporation. 
For the conservator, the swelling of paint (possibly result-
ing in softening of the paint and pigment pickup), is the 
most easily detected phenomenon in the list of processes 
mentioned above (Fig. 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 [23]. Because the diffusion of water 
in intact oil paints is very slow [22] 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 (Fig. 1a) under realistic treatment 
conditions has seriously hampered quantitative stud-
ies on the influence of cleaning on oil paints. Moreover, 
some concessions generally need to be made by conser-
vation scientists in the design of simulated cleaning treat-
ment experiments. For example, an important factor in 
cleaning research is the choice between using model sys-
tems 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 chal-
lenge of balancing the theoretical relevance (e.g. repro-
ducibility) 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 clean-
ing practice. Finding the optimal balance between theo-
retical and practical relevance of cleaning experiments 
has led to many discussions [24–27]. We will attempt 
to highlight the practical relevance of the literature dis-
cussed throughout this review.

A chemical view on oil paint
Solvent action (Fig. 1a) depends strongly on the chemi-
cal 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 com-
plex metal salts 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 poly-
meric material. The material composition, stratigraphy of 
the paint layers with their respective chemical differences 
and state of degradation, constitute this complex poly-
meric 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 non-crosslinked oil compo-
nents. Consequently, understanding autoxidation of the 
oil [28–30], the degradation of pigments [15–18, 31], 
pigment–binder interactions [32], the chemistry of var-
nishes [5, 33] and their degradation [34–37] and the com-
position of dirt [38, 39] are a prerequisite to understand 
the influence of solvent action. All these factors are rel-
evant when choosing the method to treat a paint surface, 
which depends on the chemical composition of the mate-
rials and their respective state of degradation.

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 sol-
vents 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 (Fig.  1b–d). Because 
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solvents diffuse and interact with these polymers, poly-
mer 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 envi-
ronmental conditions during the lifetime of a painting. 
The wide range of paint materials and environmen-
tal conditions results in diverse polymeric structures 
(see Fig. 1b–d for examples), which determine to what 
extent solvent action (Fig. 1a) can occur during clean-
ing treatments.

The polymer chemistry literature provides an abun-
dance 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-con-
taining polymers called ionomers [40, 41]. Ionomers were 
recently identified as representative models for mature 
oil paint binding media [40, 41]. However, they have been 
widely studied for applications in packaging, adhesives, 
fuel cell membranes [42, 43], bio-mimetic sensors [44, 
45], water purification [46] and drug delivery [47]. 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 autoxi-
dation pathways responsible for network formation. Nev-
ertheless, the available literature concerning transport of 
water and organic solvents in (ion-containing) polymers 
and alkyd resins [48–54] 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-transport [55–62] and 
plasticiser-effects (such as added fatty acids or metal soap 
complexes [63–65]). Vice versa, oil paint research can 
also stimulate and advance the use of uncommon analyti-
cal techniques such as two-dimensional infrared (2D-IR) 
spectroscopy [41] or In-Air Plasma-Induced Lumines-
cence (In-Air-PIL) spectroscopy in material science [66]. 
Considering the recently renewed interest in bio-based 
alkyd paints [67, 68], efforts towards understanding oil 
paint chemistry are certainly relevant in the broader per-
spective of industrial applications and polymer science. 
Currently, the collaboration between polymer science 
and cleaning studies remains limited, but research ini-
tiatives that contribute to bridging this gap were recently 
presented [69]. In this review, several examples of how 
polymer research can advance the understanding of 
solvent transport in oil paint are given (see for example 
"Swelling of paint by solvents", "Solvent-mediated reac-
tivity" and "Modern materials for cleaning" sections).

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 or water sen-
sitivity 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 pig-
ment particles [70]. Water sensitivity is a special case of 
solvent sensitivity. When water sensitivity is reported, 
high concentrations of extractable free dicarboxylic acids 
are often found [71–73], together with a low degree 
of polymerisation of the binding medium [74]. There-
fore, the wide variety of cases where solvents sensitivity 
is reported provide examples of how differences in the 
polymer properties of the binding medium influence sol-
vent 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 dry-
ing and ageing of the oil, resulting in differences in the 
polymeric structure of the binding medium. Besides the 
indirect influence of chemical pigment 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 pigment chemical properties and pig-
ment concentration can influence the polymeric struc-
ture of the oil, a concept that originates from coatings 
literature named critical pigment volume concentration 
(CPVC) is recommended. CPVC is defined as the ‘ran-
dom tightest possible packing of pigment particles and 
the minimum amount of binder necessary to fill the 
interstices between particles’ [75]. Although the concept 
of CPVC is often used in the conservation field to define 
a workable paint with good coverage, it is often over-
looked 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 [75]. Below 
the CPVC the coating film is continuous and made only 
of binder and pigments. Above the CPVC the film is dis-
continuous due to the presence of air pockets around 
pigment particles that replace the binder [75]. The cur-
ing of alkyd paints (which crosslink via a similar mecha-
nism 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 
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CPVC, a coating cures more homogeneously due to the 
faster oxygen diffusion through voids between pigment 
particles [76].

It is widely recognised that metal ions released by inor-
ganic pigments can influence the drying of oils [29, 30], 
which leads to vastly different properties in the result-
ing polymerised oil network. Examples of how pigment 
properties may influence the polymerisation of the bind-
ing medium, are paints based on ultramarine [77] or 
anatase titanium dioxide [78] 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 blue 
[6, 77, 79], cobalt blue [72] and cadmium and chrome yel-
low [71]. Certain synthetic organic pigments also have 
some inherent solubility in organic solvents [80], 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 [81], even though 
they often contain a PVC < CPVC. An interesting case 
illustrating how PVC and pigment properties may influ-
ence the polymerisation of the oil and result in solvent 
sensitivity, are medium-rich organic blacks. Firstly, 
inhomogeneous and incomplete drying limited by oxy-
gen diffusion (due to the low PVC) may result in a low 
degree of cross-linking and explain how carbon or bone 
black paints are solvent sensitive. Secondly, the absence 
of metal ions that enable ionic crosslinks (such as zinc 
or lead), causes organic blacks to lack metal carboxylate 
crosslinks. Thirdly, the absence of metal ions can influ-
ence 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 gov-
erns the degree of solvent sensitivity.

In summary, solvent sensitivity is intimately linked to 
the polymer properties of the binding medium, which 
is indirectly affected by pigment type and concentration 
because these factors can influence the cross-linking of 
the oil.

Early cleaning studies
With the theoretical framework defining solvent action 
in mind, we can now continue to investigate the techni-
cal literature on the cleaning of oil paint, starting with the 
early investigations and proceeding with separate treat-
ments of the various processes involved.

Scientists have been studying the effects of clean-
ing 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) pro-
vided detailed information about cleaning practice for 
painted surfaces in his Handmaid to the Arts (1758) 
[82]. He noted that: ‘the art of cleaning pictures and 
paintings is of great consequence in preserving valu-
able works of that kind, but has been very little under-
stood even by those who profess to practice it’ [82]. 
In the 19th century, a number of important scientists 
were involved in studies of paint chemistry [83]. In the 
1850s, Michael Faraday (1791–1867) investigated var-
nishes, cleaning methods and the impact of coal smoke 
and gas lighting on the discoloration of surface coat-
ings 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 [5]. In Germany, Max von Petten-
kofer (1818–1901), a Bavarian chemist, patented a pro-
cess of exposing blanched paintings to alcohol vapour 
and copaiba balsam [5]. The Pettenkofer method was 
later found to have induced ‘severe disruptions’ of the 
paint and varnish layers and paintings were some-
times referred to as being ‘Pettenkofered’, highlighting 
the risks involved in cleaning paintings [5]. 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 [83]. Professor of chemistry Sir Arthur 
H. Church published his comprehensive handbook ‘The 
Chemistry of Paints and Paintings’ in 1915 [84]. 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 tradi-
tional 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 [85].

It was not until the 1950s however, that systematic 
scientific studies focusing on solvent action on oil paint 
films took a leap. The early cleaning studies by Stolow 
[86–88] have provided valuable insights for paintings 
conservation practice and are still major source for the 
evaluation of solvent action on oil paint today. How-
ever, the effects of cleaning on paintings have also con-
tinually been a topic of considerable controversy [26, 89, 
90]. Besides the scarcity of technical literature, cultural 
and ethical aspects of cleaning make this a topic that is 
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among ’the most contentious’ of all the interventions 
works of art may undergo [90].

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 start-
ing 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 theoreti-
cal model because this would enable an easier selection 
of cleaning tools and reduce the need for solubility tests. 
Hence, it is not surprising that some theoretical solubil-
ity models were developed or adapted from other fields 
of study.

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 sol-
vents. However, the use of organic solvents on a paint-
ing 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 equi-
librium swelling may not be reached) and soluble paint 
components are encapsulated in a tightly crosslinked 
polymeric binding medium. Moreover, thermodynam-
ics of dilute solutions do not account for energetic terms 
involved in the interaction of a solvent with the poly-
meric 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) theory [91] 
such deviations are attributed to intermolecular interac-
tions, 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 interac-
tion parameter is also used in the Flory-Rehner theory 
of polymer swelling, which is discussed in “Theoretical 
prediction of swelling” section. Currently, only very few 
examples of FH theory are presented for cleaning science 
[92].

In the 1950s, Hildebrand [93] also formulated a theory 
describing non-ideal solvent-solute 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 [94]. 
The model is based on the Hildebrand total solubility 
parameter δt [93], which is defined as the square root of 
the cohesive energy density, a measure of the intermo-
lecular 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 mini-
mum if the Hildebrand solubility parameters of the solute 
and the solvent are close [95]. To account for interactions 
between more polar molecules and for hydrogen bond-
ing, Hansen subsequently developed a model with three 
parameters [96, 97], later referred to as Hansen solubility 
parameters (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 like-dissolves-
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 [94], which is still used in cleaning science.

The Teas chart
In the Teas chart all three Hansen parameters are plot-
ted on a single planar graph (Fig. 2). Teas parameters are 
fractions and are related to Hansen parameters through 
Eq. 1. Hence, Teas parameters express the relative contri-
bution (multiplied by 100 to obtain a percentage) of each 
Hansen parameter to the total Hildebrand value:

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 magni-
tude of the three molecular forces ( δd , δp , δh ) that contrib-
ute to the total Hildebrand value δt . However, since δt is 
not even approximately constant for different polymers 

(1)
fd =

δd

δd + δp + δh
, fp =

δp

δd + δp + δh
,

fh =
δh

δd + δp + δh
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[101], 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 [101, 102].

It should be emphasised that projecting three HSPs 
onto a triangular chart inevitably leads to the loss of 
information. As early as 1989, Stavroudis [103] warned 
the conservation field about the severe limitations of the 
Teas chart (the titles were ‘No Teas-ing’ and ‘Teas-Bust-
ers’) 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’ [103]. This issue was also put forward by Phenix, 
noting that solvents with clearly different solubility prop-
erties are clustered close together in the chart [100] (e.g. 
ketones and nitrogen containing solvents in Fig. 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 and Schuur. 
The prediction of activity coefficients at infinite dilution 
( γ∞

i  , often used to characterise solvent-solute interac-
tions) was compared for a range of models [91]. The 
Hildebrand parameter features the largest error with 
an average relative deviation (ARD) of > 105 % in the γ∞

i  

prediction. Using the HSP to calculate the γ∞

i  with signif-
icant improvement, compared to the Hildebrand model 
but still, an ARD of 66.4% ±  14.4% is observed for sol-
vents [91]. More recently, models like COSMO-RS, the 
Abraham model and MOSCED have been developed 
that perform much better [91]. 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 solva-
tochromic polarity as an indicator of solvent proper-
ties [104, 105]. This methods ranks solvents according 
to normalised Reichardt solvatochromic polarity ( ENT  ) 
and refractive index (n). ENT  values are polarity 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) [106]. 
The advantages of this model are that it provides an 
empirical description of the polarity of solvents and that 
ENT  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 ENT  and n [105]. Although plotting 
ENT  versus n does show increased clustering within classes 
of solvents [105] as compared to Teas or Hansen solubil-
ity parameters, the classifications of a wider range of sol-
vents 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 [107]. 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 sol-
vent exposure is not influenced by the potential swelling 
capacity at longer timescales [107]. This study illustrates 
well the confusion that is created when attempting to 
explain kinetics (of dissolution) from purely thermody-
namic equilibrium considerations (vapour pressure).

Swelling of paint by solvents
Solvent swelling is a tangible phenomenon because 
the mechanical and optical properties of the paint sur-
face 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 [71], 
which prompts the conservator to change solvent, appli-
cation method or halt the cleaning action.

Fig. 2  The Teas chart, projecting three dimensional Hansen solubility 
parameters onto a triangular space. ‘Peak swelling’ region identified 
by Hedley [98] based on data from Stolow (see “Theoretical prediction 
of swelling” section) 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. [99] 
and Phenix [100]
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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 [86–88]. An important objective of this 
research was the prediction of paint swelling from sol-
vent properties.

It is surprising that the solubility model by Hansen 
[96, 97] and the simplified version by Teas [94] were 
subsequently also used by the conservation community 
to predict swelling [100] since these models were origi-
nally intended to describe dilute solutions of a polymer 
in a solvent. Solvent volume fractions during the swell-
ing from dry polymer (no solvent) to equilibrium swol-
len polymer are much lower than in dilute solutions. Yet, 
describing swelling of oil paint using dilute solution the-
ory has, despite the existence of theories specifically ded-
icated to polymer swelling such as Flory-Rehner, been 
a long tradition in cleaning science [94, 100, 108, 109]. 
Consequently, it is not surprising that Zumbühl, having 
investigated 37 solvents and 75 solvent mixtures, came to 
the conclusion that no quantitative or qualitative predic-
tion of solvent swelling was possible with the Teas chart 
[108]. Stolow ranked the swelling capacity of solvents 
in oil paint and formulated a ‘peak-swelling region’ that 
was later plotted onto the Teas chart (Fig.  2) [98]. This 
approach was taken in order to minimise paint swelling 
and enable the conservator to choose solvent (mixtures) 
outside the peak-swelling region [98]. However, the equi-
librium swelling region for oil paint (grey area in Fig. 2) 
as identified by Hedley [98] using data from Stolow [87], 
can shift depending of the paint type and age [110], 
rendering the use of the Teas chart to predict swelling 
problematic. Figure 2 shows that the region for equilib-
rium swelling (also referred to as peak swelling or maxi-
mum swelling) can extend for different film types and 
by choosing a lower swelling capacity (light red area in 
Fig. 2) [100]. Moreover, the region of equilibrium swell-
ing (red region in Fig.  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 [100]. It is remarkable that the limitations 
of the Teas chart have been emphasised continuously for 
over three decades [100, 103, 108, 111], while the concept 
is still presented in recent publications without a proper 
note of caution [99, 112, 113].

Several attempts have been made to classify the swell-
ing capacity of paints in organic solvents into a practical 
model using more elaborate models than the Teas chart 
[2, 104, 106, 109, 114, 115]. However, these methods to 
predict paint swelling appear difficult to use, which may 

explain why the Teas diagram remains popular. Michal-
ski [2] presented a model that fits many solvents into a 
three dimensional ‘egg-shaped’ graph [2]. However, some 
of the limitations of the Teas chart, such as the use of one 
parameter for both hydrogen donor and acceptor capac-
ity are also inherent to Michalski’s system [108] and the 
models has not become widely used.

Zumbühl [109] attempted to describe the equilibrium 
swelling capacity of 50 solvents on four types of artist 
paint using a combination of both δh and ENT  with two 
solute-dependent factors used as ‘fitting’ parameters 
[109]. Although his model is based on an adaptation 
of the Abraham model, which was shown to have good 
prediction power for dissolution [91], the results are not 
significantly better than the Teas chart at predicting the 
swelling power of solvents on oil paints. As shown in 
Fig.  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 swell-
ing to solvent properties since this would be conveni-
ent for practical cleaning purposes [87]. 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 short-
coming that they are solely based on thermodynam-
ics 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 [116–118]. 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 descrip-
tion of swelling, oil paint cleaning literature does gen-
erally 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, equi-
librium 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 fac-
tors 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 
(Fig.  1a) because they only consider thermodynamic 
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(equilibrium) aspects of varnish solubility or equilib-
rium swelling of oil paint. They do not account for the 
rates of solvent swelling and desorption (due to evapo-
ration 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 model-
ling 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 Browne in the 1950s [119–128], providing 
a useful classification of swelling power by solvent- and 
pigment type. In a detailed study of swelling and leach-
ing (“Leaching” section), 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 (Fig. 3) [87]. Vir-
gin films showed a higher equilibrium swelling, reflecting 
the increased density of pre-leached samples, and turned 
out to be better reproducible [87]. These results indicate 
that swelling and leaching are strongly interconnected 
processes.

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 swell-
ing solvent decreases when a solvent with lower swelling 
capacity is mixed in, mixtures of solvents may increase 
swelling capacity as compared to pure solvents. Figure 4 
shows the swelling in binary solvent mixtures of ben-
zene–n-hexane and acetone–isooctane. At the time, this 
phenomenon was rationalised in terms of a close match 
between the Hildebrand total solubility parameter [93] 
of the mixture of solvents and the solubility parameter of 
the polymer (here considered as a solute) [87]. However, 
Phenix [110] later argued that older paints chemically 
differ from the young paint used by Stolow, since the for-
mer 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. Fig-
ure 4 also shows that the extent to which swelling occurs 
can depend strongly on the age and composition of the 
paint samples. Therefore, the results obtained from rela-
tively young, lab-based films studied by Stolow, may not 
accurately reflect the swelling (and therefore leaching) in 
old master paintings.

More recently, Phenix systematically studied the swell-
ing of unsupported paint films using a microscope [110, 
129]. Special attention was given to the competing pro-
cesses of swelling and leaching, which was found to be 
a major source of experimental errors. Phenix phrased 
this as follows: ‘The processes of swelling and leach-
ing 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 associ-
ated with loss of binder matter’ [129]. This is an impor-
tant observation, because strongly leaching solvents may 
have a low(er) swelling power, which is often the case 
for highly polar solvents (except water). Large differ-
ences 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 equilib-
rium swelling and a slower rate of swelling compared to 
their unexposed counterparts, possibly due to increased 
cross-linking [129]. 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 between different paint 
films was not always identified, it is again clear that the 
properties of the polymeric structure of the binding 
medium (Fig. 1b, d, e) is a key factor that determines the 
swelling capacity of oil paints in organic solvents.

Fig. 3  Swelling curve for virgin (unexposed) and pre-leached films, 
reproduced from Stolow [87]. The virgin films swells to a distinct 
equilibrium around 10 min 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
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Solvent diffusion
The polymeric structure of the binding medium is again 
an important factor for solvent diffusion in paint. Dif-
fusion is a form of solvent transport that occurs in the 
open space between crosslinked polymer chains, some-
times called the ‘inherent free volume of the polymer’ 
[48]. 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 behav-
iour 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 theoreti-
cal descriptions are available [48]. In order to incorporate 
solvents, the polymer generally needs to swell to a certain 
extent, resulting in concentration dependency of the dif-
fusion coefficient. The possibility for swelling will depend 
strongly on the concentration of crosslinks, which deter-
mines the elasticity of the polymer network. It should be 
noted that pure diffusive transport only occurs in intact 
polymer networks (Fig. 1b, d, e). When cracks are present 
in the paint (Fig. 1c), convective transport in cracks will 
also occur at rates orders of magnitude larger than purely 
diffusive transport [2].

Recently, we used time-dependent ATR-FTIR spec-
troscopy to measure simultaneous solvent swelling and 
diffusion in model paint films [22]. Such an IR spectro-
scopic approach, where solvent swelling and diffusion are 

measured at the same time, provides additional insights 
in how different processes during cleaning are intercon-
nected (Fig.  1a). To quantify the spectroscopic data, a 
model was developed that describes the solvent diffu-
sion 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 � , which is a measure of the 
swelling of the polymer. It was possible to estimate dif-
fusion coefficients, which increased considerably during 
swelling (Fig. 5). One important finding was that strongly 
swelling solvents diffuse faster than weakly swelling sol-
vents. The relation between diffusion coefficient ( Deq ) 
and equilibrium swelling ( feq ) is displayed in Fig. 6. The 
diffusion-swelling model also offers the possibility to 
predict the solvent penetration in paints exposed to typi-
cally short solvent treatments, as will be shown in forth-
coming work. Equilibrium swelling could in principle be 
predicted using the Flory-Rehner equation if the Flory-
Huggins interaction parameter (or Hildebrand solubil-
ity parameters) and the crosslink density of the network 
are known. Predictive models for the diffusion coeffi-
cient and its dependency on degree of swelling are vir-
tually 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, 

Fig. 4  Mode of swelling in binary solvent mixtures of benzene–n-hexane and acetone–isooctane, reproduced from Stolow [87]. 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 h at 80 ◦C ; film (iii): alkali refined 
linseed oil and 0.5% lead naphthenate, 72 h 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)
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likely due to relatively low PVC of ≈ 20% [22]. 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 [75]. Paints with a higher oil content (low PVC) 
will therefore show a higher 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 [130]. 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 
[130]. Perera describes how PVC and water permeability 
depend on the presence of pigment–binder interactions. 
It was shown that a red lead ( Pb3O4 ) alkyd paint became 
much less permeable to water with increasing PVC, 
which was attributed to the formation of lead soaps [75]. 
The permeability of a TiO2 based alkyd paints was only 
weakly influenced by the PVC since TiO2 hardly interacts 
with the binder [75]. These results illustrate how different 
polymer structures (Fig.  1b–e) cause different diffusion 
behaviour, resulting in a different response to solvent-
based cleaning.

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 conser-
vator during cleaning. Conservation scientists have stud-
ied leaching in considerable detail [107, 131–138]. Gas 
chromatography mass spectrometry (GC/MS) has often 
been used to determine the chemical composition of the 

leached materials [134]. The primary concerns related to 
the leaching of oil paint are: 

1.	 Embrittlement due to the extraction of low-molec-
ular-weight (LMW) components, which act as (sec-
ondary) plasticisers [11, 12, 131, 139–143].

2.	 Alteration of optical properties due to redistribution 
or removal of small molecules from the surface and 
formation of a surface haze [23, 144].

3.	 Disturbance of local chemical equilibrium which may 
lead to increased degradation reactions (“Solvent-
mediated reactivity” section) [13].

It is known that linseed oil-based paint films can sig-
nificantly increase in density after exposure to organic 
solvents [87], 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 (Fig. 7) [87]. Again, long 
leaching times of up to 120 h and the use of relatively 
young paint films make it difficult to asses the practical 
relevance of these particular results for cleaning.

However, leaching also occurs with short exposure 
times and in real paintings. Sutherland used GC/MS 
to compare the amount of leachable material between 
mechanically cleaned samples and samples cleaned with 
solvents using cotton swabs [135]. In most cases, a small 
but measurable proportion of soluble fatty acids was 
removed from the paint due to the swabbing with solvent 
[135]. Realistic solvent exposure times were also studied 
by Zumbühl, who investigated leaching in model paints 
using immersion times of 5, 10, 20 and 30 s [107]. It was 
concluded that with short interaction times, solvents 

Fig. 5  Diffusion coefficient in a pigmented ZnO and linseed oil 
based paint (ZnO-LO) versus polymer fraction � , calculated using the 
diffusion-swelling model. The diffusion coefficient increases during 
swelling (decreasing � ) [22]

Fig. 6  Correlation of equilibrium swelling factor, feq , 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 [22]
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with lower vapour pressure leached less material than 
solvents with a high vapour pressure [107]. The ration-
alisation given by Zumbühl using the vapour pressure 
on the leaching rate is problematic, as it confuses equi-
librium thermodynamic effects with kinetic effects. Con-
ducting 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 sta-
bility 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 differ-
ential scanning calorimetry (DSC), which demonstrated 
that leaching results in embrittlement and densification 
of paint [6, 11, 81, 140]. 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 [11, 140]. 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 [22], 
resulting in further solvent penetration and the extrac-
tion of larger amounts of plasticisers. An example of the 
embrittlement of paint due to solvent exposure is given in 
Fig. 8, showing that 60 s immersion in acetone can induce 
a stronger increase in brittleness when compared to 126 
days ageing at 50  ◦C [141]. When a pre-leached paint 
was immersed in solvent after 25 years of natural ageing, 

renewed extraction of soluble components was observed 
[134]. The continued leaching upon solvent exposure 
stresses the importance of considering oil paintings as 
metastable objects that continually undergo slow chemi-
cal alterations. Therefore, the disturbance of local chemi-
cal 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 "Solvent-mediated reactivity" section.

The influence of leaching on the mechanical prop-
erties of oil paints have also been studied in real paint-
ings. Using an NMR MOUSE [145] (Mobile Universal 
Surface Explorer), Fife et  al. [12] measured and com-
pared 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-destruc-
tive 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 trans-
verse relaxation time decay, T2 ). In this study, it was 
shown that the painting that had undergone varnishing 
and numerous solvent-based varnish removals was sig-
nificantly stiffer (larger T2 ) throughout the depth of the 
painting [12]. This increased paint stiffness was attrib-
uted to the solvent-extraction of LMW components [12]. 
Since oil paint may also age differently in absence of var-
nish 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, 

Fig. 7  Leaching by weigh in different solvents, reproduced from 
Stolow [87]. 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 h at 80 ◦C , acetone; 
film (iv): open pot stand oil and white lead pigment (81 wt%), 46 
weeks at 32 ◦C , methanol

Fig. 8  Stress versus strain plots of commercial titanium white paint 
made with alkali refined linseed oil, reproduced from Mecklenburg 
[141]. The tests were conducted at 48% RH and 23 ◦C , after the paint 
had been exposed acetone for 60 s and allowed to dry
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the magnitude of the transverse relaxation time before 
and after the cleaning procedure can be compared to 
reveal changes in brittleness [143]. Prati et  al. used this 
method to determine the influence of several green sol-
vents (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 leach-
ing [143]. They also determined the retention of several 
solvents in paint, discussed in “Solvent evaporation and 
retention” section.

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 [133, 146–148]. Due to the com-
plex 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 poly-
mer 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 forma-
tion [32] within the network and an increased amount 
and polarity of extracted species [149]. Nevertheless, it 
is important to realise that the information on the net-
work 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, gas chromatography 
mass spectrometry (GC/MS) was typically used without 
pyrolysis, while more recently [147, 148, 150] pyrolysis 
GC/MS was used with thermally assisted hydrolysis and 
methylation (often called THM-GC/MS or THM-Py-
GC/MS). In THM-Py-GC/MS studies, triacylglycerides 
(TAGs) are converted (derivatised) into fatty acid methyl 
esters (FAMEs). Derivatisation into FAMEs is necessar-
ily 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 [147, 148, 150]. 
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 frag-
ments 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) [148, 151]. Due to the complexity of 
the leached materials, separation techniques such as liq-
uid chromatography (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 [152]. Modugno 
et  al. used HPLC-ESI-MS to study the effects of rela-
tive 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 [149]. Following up on Van den Berg 
et  al. [147], 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 silylat-
ing agents [153]. This method can discriminate between 
regular free FAs and FAs derived from metal soaps using 
quantitative GC/MS analysis [153].

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 impor-
tant 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 alter-
ing 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 ("Solvent-mediated reactivity" section).

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 sol-
vents is governed by the rate of solvent transport inside 
the paint ("Solvent diffusion" section) and the rate of 
evaporation form the paint surface. Quantitative infor-
mation on the retention time of common cleaning meth-
ods or solvents can contribute to better assess the risks 
associated with solvent cleaning.

Stolow showed that the rate of solvent sorption ( kS , 
uptake) is faster than desorption ( kD ) and the two rates 
are related by kD/kS ≈ 0.65 for all solvents except ben-
zene [87]. This effect needs scientific attention. Nowa-
days, such effects can be predicted using theoretical 
modelling of solvent transport and evaporation in paint. 
Since the 1990s, work by Masschelein-Kleiner is fre-
quently cited regarding solvent retention studies [154]. 
In this work, solvents were applied on mock-up paint 
samples and the retention time of a range of solvents was 
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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 [154]. More recently, solid 
phase microextraction (SPME) was used to determine 
the percentage of solvent retained in the paint after simu-
lated cleaning treatments [155]. Combining SPME and 
NMR-MOUSE, Prati et  al. showed the relation between 
paint softening and retention of solvent [143]. Depend-
ing 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 sol-
vents, the stiffness of the paint after the solvent was fully 
evaporated was shown to increase compared to the stiff-
ness before solvent exposure, due to leaching [143].

We recently used a newly developed portable Fourier 
Transform laser speckle imaging (FT-LSI) setup to quan-
titatively study the dynamics of solvent penetration dur-
ing cleaning at a high frame-rate [156]. The FT-LSI setups 
allowed the study of solvent diffusion/evaporation rates 
and the total solvent retention time. In addition, qualita-
tive spatial information on the spreading and homoge-
neity of the applied solvent was obtained. It was shown 
that LSI can detect the presence of ethanol in oil paint for 
more than 20 h 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 sol-
vent 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, differ-
ent solvent application times, solvent application meth-
ods 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 [156].

Solvent‑mediated reactivity
The exposure of oil paint to solvents results in the pen-
etration 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 solu-
ble paint components can enhance the rate of degrada-
tion 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 paint-
ings 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 con-
centration 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 [69], making 
hydrolysis and metal soap formation intimately related.

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 [8].

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-contain-
ing linseed-oil based model systems [69]. These model 
systems mimic the situation where the common white 
pigments lead white ( 2PbCO3Pb(OH)2 ) or zinc white 
(ZnO) have released lead or zinc ions into the binding 
medium and ionomeric metal carboxylates are formed 
[40]. 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 [69]. 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 for-
mation. In addition, the transport rate of SFAs was found 
to be significantly enhanced by solvent-swelling and the 
presence of traces of water [69]. It was previously found 
that the rate of metal soap crystallisation decreases rap-
idly with the degree of linseed oil polymerisation, leading 
to amorphous metal soaps that are ‘kinetically trapped 
in a semi-crystalline state’ [157]. Even if no SFAs need 
to be displaced, it may therefore be possible that solvent 
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swelling can also enhance the rate of metal soaps crystal-
lisation by temporarily lowering the effective crosslink 
density due to swelling.

Knowing that solvent-swelling can lead to the migra-
tion 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 sol-
vent cleaning [13]. Tailored bilayer model systems based 
on polymerised linseed oil, consisting of a C17 contain-
ing 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 forma-
tion could be tracked. Three methods of solvent applica-
tion were compared: cotton swab, rigid gel and Evolon 
CR tissue (with different solvent loading) [13, 158]. It 
was concluded that both swab cleaning and the appli-
cation 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 [13]. Although redistri-
bution 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 con-
trast, significant zinc soap formation was found after 30 
min of ethanol exposure using Evolon CR tissue with-
out controlled loading (Fig.  9) [13]. These results show 
that the redistribution of SFAs between paint layers and 
their reaction with metal carboxylates to form crystal-
line metal soaps 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 [13]. Compared to no 
solvent exposure in the blank, the differences in zinc soap 
formation were not significant 7 months after the experi-
ments. 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.

Environmental humidity
Compared to the relatively stable environmental humid-
ity conditions in museums [159], 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 aque-
ous treatments compare to high RH conditions.

To investigate the effects of environmental condi-
tions 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 result-
ing formation of amorphous zinc carboxylates (COOZn) 
[32]. A strong increase in COOZn was observed at 
77%  RH compared to 12%  RH due to an accelerat-
ing 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 resist-
ant to hydrolysis. Considering the slow diffusion of pure 
water in oil paint [69] and comparably slow moisture 
diffusion alkyd paint [50], the moisture levels inside the 
paint layers at 77% RH for a week are likely more signifi-
cant 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 hydroly-
sis 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.

Modern materials for cleaning
Aiming for increasingly controlled application of sol-
vents 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 [3, 38, 
160–165]. A gel is defined as a ‘Non-fluid colloidal net-
work or polymer network that is expanded throughout 
its whole volume by a fluid’ [166]. Thickened solvents and 
gelled systems aim to reduce the mechanical action nec-
essary for surface cleaning and provide the conservator 

Fig. 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 [13]
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with ‘superior kinetic control’ of the cleaning process 
[167, 168]. 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 is an 
entirely different phenomenon ("Solvent evaporation and 
retention" section). 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 men-
tioned that one deals with two coupled solvent trans-
port 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 deter-
mine if any ‘superior kinetic control’ compared to apply-
ing a pure solvent can be achieved with a gel.

Gels are commonly divided into two classes:

•	 Chemical gels, having covalent chemical bonds 
between monomers (subunits). These gels may come 
pre-made and only need soaking in the solvent of 
choice before application.

•	 Physical gels, having non-covalent interactions 
between monomers [161, 169]. 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 ‘thick-
ener’ because they are applied by spreading them on the 
area to be cleaned. Examples of physical gelling agents 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) [6, 
38, 170–173]. These gels can be used with small amounts 
of water and the gel itself can have active cleaning prop-
erties. For example, the Pemulen©  gels can 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 com-
pletely understood, the presence of both lipophilic and 
hydrophilic functional groups in one gel can enhance the 
cleaning properties compared to free solvents.

Polysaccharide-based gelling agents belong to the old-
est and most widely available gelling materials and are 
physical gels because they are held together by hydrogen 
bonds. Examples of polysaccharide-based gels are Gel-
lan [174], agar [175, 176], and Klucel©  G, (hydroxypro-
pyl cellulose). By increasing the concentration of agar in 
solution, the gel becomes more rigid and the pore size 
and rate of water diffusion decreases [177]. Because the 
diffusion of water is restricted [177] within the polymer 

network of these gelled systems, they can be used as slow 
releasing containers for the application of aqueous solu-
tions. Although generally used with water, is also possi-
ble to load polyscharide gels with relatively polar solvents 
such as ethanol or acetone [178] or possibly with OiW 
microemulsions [179]. Agar, and presumably other more 
rigid gels, can also be used grated by brushing small 
pieces of agar on an unvarnished paint surface [180].

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 residues [160, 181] are hardly avoidable, especially 
for highly porous paints. Residue studies are an impor-
tant part of cleaning studies dealing with the use of 
modern materials and it is generally assumed that resi-
dues should be avoided. However, the effects that resi-
dues 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 [70]. 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 
[70], showing that silicone residues can increase the time 
that paints remains plasticised. It remains to be investi-
gated 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 polysaccharide gels loaded with cleaning solvent 
on an impregnation tissue and removing the gel with an 
absorbing tissue have been developed [182]. However, an 
additional clearance step is still required.

Chemical gels exhibit improved mechanical proper-
ties compared to physical gels; they can be shaped into 
a desired form and can swell in a liquid without gel solu-
bilisation. Furthermore, the risk of having gel residues is 
reduced compared to physical gels due to the presence 
of covalent crosslinks [161]. Acrylamide-based chemi-
cal gels have been suggested as a residue-free alternative 
to the widely applied physical gel methodology [183]. 
Semi-interpenetrating polyhydroxyethylmethacrylate 
(pHEMA) and polyvinylpyrrolidone (PVP) chemical 
gels (marketed as Nanorestore©) are polymer blends. 
Although hydrogen bonds between the carbonyl group of 
PVP and the hydroxyl group of HEMA exist, the network 
consist of two types of linear polymers that are linked by 
covalent bonds between monomers [161]. 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 polysaccharide gels agar and gellan (at 



Page 17 of 23Baij et al. Herit Sci            (2020) 8:43 	

3  wt%) or acrylamide based gels [184]. 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 neu-
tron 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 pro-
cess compared to their chemical gel equivalents, likely 
as a result of side chains involvement in the formation 
of the three-dimensional network [185]. It was not made 
explicit how this result translates to water release dur-
ing practical gel application on painted surfaces. A com-
prehensive overview of novel materials and methods for 
cleaning is given in the in the Gels in the Conservation 
of Art conference proceedings book [21] and the book 
‘Nanotechnologies and Nanomaterials for Diagnostic, 
Conservation and Restoration of Cultural Heritage’ by 
Baglioni et al. [20].

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 larger amounts of water 
required for the total cleaning action than pure swabs, 
which was often due to the need for a clearance step to 
avoid residues [163]. A similar conclusion was recently 
presented by Moretti et al., concluding that NMR meas-
urements collected before, during, and after wet-clean-
ing 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 [186]. 
In contrast, combined mass analysis and NMR experi-
ments on oil paint mock-ups demonstrated a decreased 
uptake of solvent by the paint when using gelled systems 
[12]. A decreased release of solvent to the paint surface 
compared to swabbing was also found using ethyl lac-
tate confined in a polyhydroxybutyrate gel. [143] 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 (Fig. 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. [187] 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 Fig. 1b) [40, 188]. 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 rel-
atively slow compared to the rate of solvent release by 
the gels [187]. This result demonstrates that the advan-
tages 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 sol-
vent 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.

Conclusions and outlook
The use of organic solvents on oil paint surfaces causes 
simultaneous solvent swelling, –diffusion, –evapora-
tion, –leaching and solvent-induced chemical reactions, 
altogether defined as solvent action. Solvent action on 
oil paint includes both temporary chemical and physi-
cal 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 com-
ponents, or an increase in the brittleness of the paint. 
Using the words of Gilson, both cleaning and not clean-
ing 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 theo-
retical description of these processes. It was explained 
that cleaning often involves a complex mix of these 
processes, which nevertheless deserve separate theo-
retical descriptions. Although literature from poly-
mer chemistry can be of great relevance for studying 
solvent action, not all areas in cleaning science have 
absorbed proper knowledge from the scientific com-
munity 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 account-
ing for polymer properties, is not yet addressed using 
state-of-the-art theory and recommend the Flory-Reh-
ner model to describe equilibrium swelling. Moreover, 
equilibrium swelling and swelling kinetics are often not 
distinguished. Swelling kinetics demands simultane-
ous treatment of swelling and diffusion. We recently 
developed a swelling-diffusion model that can provide 
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the theoretical basis to additionally simulate leaching, 
evaporation and solvent retention based on the knowl-
edge 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 thermo-
dynamic models describing the vapour- and liquid–liq-
uid equilibrium at the surface.

Although solvent action is very complex, the processes 
involved in solvent action are directly linked to the prop-
erties of the polymeric oil binding medium. The chemi-
cal 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 influ-
ence of (in)organic pigments on the autoxidation chem-
istry 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 spatially-resolved information 
on solvent transport with chemical information on reac-
tivity. 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 devel-
oping 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 sur-
faces. In addition, the instrumentation should feature an 
intuitive interface and should be easy to operate for con-
servators. Lastly but very importantly, data processing 
and interpretation should be fast (preferably on-the-fly) 
and should not require a software programming back-
ground. As an example, FT-LSI was presented as a pow-
erful, 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 impor-
tant 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 poten-
tial 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 contain-
ing largely apolar solvents could be further developed 
or adopted from other fields such as cosmetics or coat-
ings industries.
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