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Abstract: Since their development in the 1950s, poly(vinyl acetate) [PVAc] paints (also known as vinyl)
have been used by many artists, most notably in countries such as Spain, Portugal, and the United
Kingdom; they are also used globally as a common binder for house paints. However, only a relatively
limited number of heritage scientific studies have focused on vinyl paints. Consequently, many critical
aspects of this material, such as the degradation processes, variations in paint formulations, and
responses to conservation treatments, remain largely understudied. This article aims to summarise
the available relevant information on poly(vinyl acetate) paints from both the scientific and the
conservation practice perspectives. The article provides a brief overview of the development of
poly(vinyl acetate) paints as artist-grade and household products and the known differences in their
formulations. It also focuses on poly(vinyl acetate) ageing behaviour, the physicochemical properties,
the recent scientific research on poly(vinyl acetate) material characterisation and degradation, and
the main conservation issues regarding these paints, such as those relating to cleaning treatments.
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1. Introduction

The first half of the 20th century witnessed major developments in the field of synthetic
paints, which have found a wide range of applications in everyday life [1,2]. In addition to
their extensive use as household paints, many products have been developed as artist-grade
paints and related materials [2,3]. The advent of these types of modern polymeric materials
facilitated changes in artistic expression in new and innovative ways, which were not
as possible with traditional oil paint materials. These new paints also provided several
advantages over traditional paints, such as higher resistance to light ageing, improved
flexibility, easier preparation and handling, minimal use of organic solvents in some cases,
and rapid drying.

Although many synthetic materials had been introduced as potential binding media
for paints, only a few types dominated the market. The key 20th-century synthetic polymer
binders included acrylics, poly(vinyl acetate), oil-modified alkyds, and nitrocellulose,
respectively [1]. Most 20th-century artist products have been dominated by acrylic emulsion
binders or modern oil formulations [1,2,4–6]. At the same time, however, poly(vinyl acetate)
paints were and continue to be used by artists and have been praised by some artists for
their properties [2]. Although poly(vinyl acetate) paints were never as popular as acrylic
emulsion paints, which came to the market around the same time through to the 1970s,
both household and artist-quality poly(vinyl acetate) paints were used by many notable
artists. Some of these include Bridget Riley, Sidney Nolan, Kenneth Noland, Fred Graham,
Nelson Kenny, Colin McCahon, Ralph Hotere, Theo Schoon, Gordon Walters, Harry Wong,
Ian Fairweather, Joaquim Rodrigo, Ângelo de Sousa, Julião Sarmento, Walter de Maria,
Agostino Bonalumi, Toti Scialoja, and Gastone Novelli [1,2,7–12]. Although they are based
on the same vinyl binder, the difference between the household paints and the artist-
quality paints is that the latter are generally of higher quality, due to the higher content
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of pigments and thickeners and lower amount of extenders [13,14]. Although commercial
artist-quality poly(vinyl acetate) products were available, research has shown that some
of the previously mentioned artists employed industrial and household paints within
their works [1,3,9,15–17]. In addition, some artists prepared their own paints by mixing
pigments with commercial poly(vinyl acetate) resins and glues (such as wood glue) or by
adding pigments to household paints in order to obtain the desired colour hue; these artists
include Bridget Riley, Alberto Burri, Sidney Nolan, Ian Fairweather, Joaquim Rodrigo, and
Julião Sarmento.

Two examples of poly(vinyl acetate) paintings in the Tate collection, Hesitate by Bridget
Riley and Women and Billabong by Sidney Nolan, are presented in Figure 1. Bridget Riley’s
painting forms the focus of a current research project (GREen ENdeavor in Art ResToration
(GREENART), hiips://www.greenart-project.eu/, accessed on 2 November 2023. As part
of this project, Tate leads on Work Package 2, Task 2.3 ‘Assessment of green cleaning
fluids and green gels’, which assesses the green solutions produced through GREENART:
hiips://www.tate.org.uk/about-us/projects/greenart, accessed on 2 November 2023).
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× 121.9 cm. London, Tate, T00151, © Sidney Nolan Trust, Presteigne, UK; all rights reserved 2023, 
Bridgeman Images, London, UK, Photo: Tate, London, UK. NB: images not subject to creative com-
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In addition to artists mixing their paints, the presence of different binding media in 
artworks is common due to artists mixing and/or using different types of paint media. 
One example is Mario Schifano, whose Incidente D662 was primarily executed using an 
(oil-modified) alkyd polymer, with vinyl paint used for the orange colour [10]. In Potrebbe 
Uscire, Gastone Novelli used gypsum for the white areas and black vinyl-based paint for 
the darker areas [11]. On occasion, the presence of other binding materials is also a conse-
quence of past conservation treatment [11]. The analyses of two vinyl paintings from 
Ângelo de Sousa (untitled work, inventory numbers AS/p036 and AS/p159) also indicated 

Figure 1. Paintings including the use of poly(vinyl acetate) paints: (a) Bridget Riley, Hesitate, 1964.
Emulsion on board, 106.7 × 112.4 cm. London, Tate, T04132, © Bridget Riley, Photo: Tate, London,
UK; and (b) Sidney Nolan, Women and Billabong, 1957. Poly(vinyl acetate) paint on hardboard,
152.4 × 121.9 cm. London, Tate, T00151, © Sidney Nolan Trust, Presteigne, UK; all rights reserved
2023, Bridgeman Images, London, UK, Photo: Tate, London, UK. NB: images not subject to creative
commons license.

In addition to artists mixing their paints, the presence of different binding media in
artworks is common due to artists mixing and/or using different types of paint media.
One example is Mario Schifano, whose Incidente D662 was primarily executed using an
(oil-modified) alkyd polymer, with vinyl paint used for the orange colour [10]. In Potrebbe
Uscire, Gastone Novelli used gypsum for the white areas and black vinyl-based paint
for the darker areas [11]. On occasion, the presence of other binding materials is also a
consequence of past conservation treatment [11]. The analyses of two vinyl paintings from
Ângelo de Sousa (untitled work, inventory numbers AS/p036 and AS/p159) also indicated
the presence of an acrylic varnish layer [18]. Some Sidney Nolan paintings, such as Peter
Grimes’s Apprentice, were made using both oil and poly(vinyl acetate) paints [15,19]. At
present, the effects of conservation treatment, as well as the general and specific ageing
behaviours of these types of mixed media artworks, remain largely unexplored [15].
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The use of different supports creates an additional challenge for the conservation of
artworks, as some supports, such as cotton canvases for example, can induce colour change
in modern paints [9,20]. Bridget Riley’s supports for her works in Tate’s collection range
from hardboard (Hesitate and Fall) to a large collection of paper prints, prints on Perspex
(acrylic) sheets [21], and numerous artworks made of poly(vinyl acetate) on canvas, such as
Deny 2 and Late Morning. Many other artists also use a range of supports. Sidney Nolan also
used paper, hardboard, and canvas supports [15]. Ângelo de Sousa also used hardboard,
paper, and paperboard glued on Platex board as supports for his works [8,13,18].

Two of the main advantages of vinyl paints were that they were relatively inexpensive
and offered properties comparable to those of the more expensive acrylic paints [1,2]. One
of the disadvantages was, however, that some of the household brands were only available
in a limited colour range; therefore, the artists often added their own pigments [1,3]. In
addition, it is stated that vinyl emulsion paints are more prone to weathering compared to
acrylics [5,18], due to their weaker binding power and mechanical strength.

Regardless of their popularity, modern paints, including poly(vinyl acetate) present
their own set of challenges, such as inherent material instability, complex chemical com-
position, and relatively little research into the effects of cleaning and on devising optimal
methods for conservation treatment. Many of these (unvarnished and unprotected) art-
works currently require remedial treatments—primarily due to the accumulation of dust,
grime, scuffs, and other marks over several decades. This provides additional motivation
to further characterise the material properties of these paints to help inform conservation
treatment and preservation decisions. The conservation-related aspects of some modern
paints have been in the research spotlight for the last few decades; thus far, this has enabled
key changes to conservation practices through the building of a significant body of research.
As stated earlier, much of this effort has focused on acrylic emulsion and oil paints; however,
for poly(vinyl acetate)-based paints, most of their material properties and degradation
processes are not as thoroughly understood.

Of the available literature, the publications that have focused on poly(vinyl acetate)
paints to date range from studies on the artist’s use of these paints to variations in paint
formulations, ageing behaviour, methodological approaches to characterising and analysing
poly(vinyl acetate) paints, and the effects of different solvent-based conservation treatments
(such as cleaning) on works of art [13,18,22]. This review paper presents the most relevant
published information on poly(vinyl acetate) paint materials to help inform subsequent
research and to provide information on the risks related to the surface cleaning treatment
of poly(vinyl acetate) paint or poly(vinyl acetate)-painted works of art. The review is
divided into several sections, such as those on the historical development and formulation
of poly(vinyl acetate) paints, physical properties, ageing behaviour, and material analysis,
as well as any relevant conservation and preservation research.

2. History and Formulation

Poly(vinyl acetate) was first synthesised by Fritz Klatte in 1912 through the poly-
merisation of vinyl chloroacetate monomer units [23,24]. Vinyl monomers are generally
produced via the reaction of acetic acid and acetylene in the presence of mercury salts,
which act as reaction catalysts. Because of the presence of double (–C=C–) bonds in their
structure, the monomer units of vinyl acetate polymerise with each other and form long
chains of poly(vinyl acetate), in which the carbon atoms are linked through single covalent
bonds (–C–C–), as shown in Figure 2 [25,26].

The properties of the final polymer product depend on the reaction conditions (tem-
perature), initiators and catalysts, type of solvents used, and their concentration [27]. At
first, poly(vinyl acetate) was used as an adhesive, and two decades later, in the 1930s, it
was introduced to the market as a waterborne resin [1]. It is currently reported that the first
application of poly(vinyl acetate) in the conservation field was in the early 1930s, when it
was used as a consolidation material for wall paintings [28]. As a paint material, poly(vinyl
acetate) was first used in the form of a solution, which was prepared by dissolving the
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resin in a selected organic solvent [1]. However, poly(vinyl acetate) in its solution form was
of limited use in the artistic sense, and it was soon replaced by waterborne emulsions, in
which poly(vinyl acetate) was dispersed in water. In this form, poly(vinyl acetate) paints
became increasingly popular during the 1950s. The first commercial poly(vinyl acetate)
paints, including artist-grade lines, were introduced in the 1950s [1,3,29,30].
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In general, modern paints, including poly(vinyl acetate), fall into two separate cat-
egories: artist-quality products and house paints [2]. Starting in the 1950s, poly(vinyl
acetate) paints were mainly produced as household paints. The first known artist emulsion
poly(vinyl acetate) paint, Polymer Tempera, was produced in the 1940s by the company
Borden Co. (Columbus, OH, USA) [1]. The companies that led the production of artists’
paints in the first few years were Rowney (Bracknell, UK), Lefranc and Bourgeois (Le Mans,
France), and Spectrum Oil Colours (Cwmbran, UK). The first artist-quality poly(vinyl
acetate) products became available in the mid-1960s in the UK and were manufactured by
Rowney [15]. Rowney marketed two types of poly(vinyl acetate) in the form of premixed
colours, as well as pure poly(vinyl acetate) homopolymer emulsion, to which pigments
could be mixed. Soon after, aqueous poly(vinyl acetate) homopolymer emulsions were
developed by Spectrum Oil Colours. In addition, Spectrum offered a range of products with
various mixtures of acryl and vinyl emulsions. In the late 1950s and early 1960s, Derivan
(Rhodes, New South Wales, Australia), Taubmans (Clayton, Victoria, Australia), British
Paints Ltd. (Clayton, Victoria, Australia), and BALM Paints Pty Ltd. (Melbourne, Victoria,
Australia) produced a range of poly(vinyl acetate) and acrylic paint media [7,17,31]. In
Portugal in the 1950s, Robbialac (Vila Real, Portugal) released a range of vinyl emulsion
paints under the commercial name of Robbialac Emulsion Paint (REP), and A Favrel Lis-
bonense (Lisbon, Portugal) produced artist-quality vinyl products, namely Sabu and Geo
fluorescence paints and Vulcano V7 vinyl glue [32]. New Masters (Hague, The Netherlands)
produced a range of paints based on vinyl–acrylic copolymers, and Golden Artist Colors
(New Berlin, NY, USA) has produced conservation-grade poly(vinyl acetate) paints which
are dissolved in alcohol [33,34]. Lefranc and Bourgeois started producing their range of
poly(vinyl acetate) paints in the late 1950s; these paints were copolymerised with either
vinyl versatate (VeoVa) copolymers or acrylates [2]. Versatates are highly branched esters
made of C9 and C10 vinyl monomers [35]. Vinyl-VeoVa paints have been sold under the
commercial name Flashe, and vinyl acrylates have been sold under the name Polyflashe.
Another French manufacturer with poly(vinyl acetate) paints in their range was Ripolin
(Paris, France) [1]; Reeves Polymers (London, UK) also manufactured a blend of vinyl
acrylic paints [36]. Some of these historic poly(vinyl acetate) paint products are presented
in Figure 3. With the exception of the poly(vinyl acetate) paints by Lefranc and Bourgeois
and Golden Artist Colors (marketed as Conservation paints) [33], which are still available
today, most of the other manufacturers discontinued their poly(vinyl acetate) artists’ paint
lines several decades ago [36].
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At present, the main uses of poly(vinyl acetate) are interior house paints, and their
main markets are based in the UK and Europe. In addition to being mostly known as a
binding medium for modern paints, poly(vinyl acetate) compounds have several other
applications in conservation, mainly as cleaning gels, coatings, varnishes, and retouching
and adhesive materials [34,37–41]. Outside of conservation, polyvinyl acetate has been
used as a composite material for various applications, such as adhesion, construction and
medical materials [42–45]. In art conservation, there are several reported applications of
poly(vinyl acetate) composite materials, and they are used for conservation, mostly as
cleaning materials. Angelova et al. and Al-Emam et al. synthetised and characterised
composites made of partially hydrolysed poly(vinyl acetate) cross-linked with borate and
agarose, which, due to their rheological and structural properties, have the potential to
be used in heritage, as cleaning gels for example [46–49]. Recently, Ricciotti et al. also
proposed the use of novel geopolymer and poly(vinyl acetate) composites as adhesives for
the interventive conservation of various heritage materials [50].

3. Physical Properties

Poly(vinyl acetate) is a colourless homopolymer comprising large polymer chains of
vinyl acetate units, as presented in Figure 2 [37]. The main component of poly(vinyl acetate)
paints, in both their solution and emulsion forms, is poly(vinyl acetate) resin, which is most
often produced separately and then used for paint manufacturing. Pure poly(vinyl acetate)
resin is mixed with other components, such as pigments and additives, in order to make
the final product. For solution paints, organic solvents are used, while for emulsion paints
water is used as the key diluent.

Pure poly(vinyl acetate) resin is a clear and colourless liquid which is insoluble in
water, aliphatic hydrocarbons, waxes, and fats, but it is soluble in some organic solvents,
such as ketones, esters, alcohols, and aromatic hydrocarbons [30]. The polymer in its pure
form does not have robust inherent mechanical properties and flexibility [51]. As with
acrylics, poly(vinyl acetate) is a thermoplastic material, meaning that ambient temperature
influences physical properties such as softness and flexibility. Therefore, a dried poly(vinyl
acetate) film is relatively brittle due to its glass transition temperature (Tg) at approximately
30 ◦C, depending on the molecular weight of the vinyl polymer [38,52]. Consequently,
most commercial solvent-borne and water-borne poly(vinyl acetate) products contain
additives such as external (non-bonded) plasticisers to improve their flexibility during film
formation and beyond. The first poly(vinyl acetate) formulations used external plasticisers,
most often phthalates, such as dibutyl phthalate, diisobutyl phthalate, bis(2-ethylhexyl)
phthalate, but also benzoates and triphenyl phosphate, which also acts as a flame retardant
(Table 1) [5,51,53,54].
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One of the inherent instabilities of poly(vinyl acetate) paints is plasticiser loss. This
process occurs through internal diffusion and the surface evaporation of external plasti-
cisers, as these plasticiser molecules are not linked to the polymer chain through primary
chemical bonds [55]. The loss of external plasticisers leaves paint films brittle and can
result in plasticiser deposits on the paint surface, causing the films to become tacky and
thereby enhancing dirt and dust build-up and retention [56–58]. Similarly, surfactants can
migrate and deposit on the paint surfaces [59]. A simplified diagram of the process of
plasticiser migration and loss is shown in Figure 4a. Consequently, external plasticisation
was replaced by the use of internal plasticisers, which resulted in key paint formulation
changes in the 1960s. Internal plasticisation was achieved through mixing poly(vinyl ac-
etate) with softer monomers, such as acrylates (n-butyl acrylate [nBA] and 2-ethyl hexyl
acrylate [2-EHA]) or vinyl versatates [2,3], which are highly branched esters made of C9
and C10 monomer vinyl units [35]. Due to their lower glass transition temperatures, −50 ◦C
for 2-EHA acrylates and −3 ◦C for versatates, the addition of these compounds imparts
flexibility to the vinyl homopolymer film [36,60]. Copolymers of vinyl with versatates
and acrylates also tend to be more resistant to ultraviolet (UV) ageing and to the action of
solvents, such as water, as well as acids and alkalis. As a result, these formulations rapidly
replaced external plasticised resins and paints [30,51]. However, some modern vinyl paint
formulations remain plasticised and use both external and internal plasticisers [61].
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Figure 4. Some physical processes encountered in poly(vinyl acetate) films: (a) plasticiser migration
and loss (the arrows indicate the direction of plasticiser migration) and (b) film drying and formation.
(b) is adapted with permission from Zumbühl et al. [62]. © 2007 J. Paul Getty Trust.

As with the other polymers used as binding media in art, such as acrylics, the solution
and emulsion forms of poly(vinyl acetate) paints exhibit different properties [1,36]. The
first difference is the interaction between the polymer and the solvent medium and the
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associated drying mechanism. In the solution form, polymer chains are dissolved in a
solvent, which is most often an organic solvent, such as an alcohol. A vinyl solution paint
of conservation-grade is being produced by the aforementioned Golden Artist Colors. A
paint film is formed from the solution through solvent evaporation. This creates a dry film
that can be re-dissolved in the same solvent [2,34]. Poly(vinyl acetate) solution paints are
often touch dry after a few hours. In contrast, for the emulsion forms, the polymers are
dispersed in water as spherical particles where various surfactants are added to stabilise
the emulsions. Emulsion paints have several advantages over solution products, such as
low emissions of volatile organic compounds. Furthermore, the use of water makes them
more environmentally friendly; in addition, emulsions are modifiable and can be produced
as versatile products with varied properties [27]. The film-drying process of emulsions
and emulsion paints is complex, multi-phased, and known as coalescence (Figure 4b).
Initially, the rate of the film-drying process is entirely controlled by water evaporation.
The polymer molecules move closer together through Brownian motion in parallel with
water evaporation [63]. In the second phase, as water evaporation progresses further, the
polymer molecules become even more concentrated, stay in close contact, and start to
deform, coalesce, and entangle together to form a solid film. The remaining water diffuses
through the polymer matrix to the surface, which is a much slower process than the
initial water evaporation step. This marks the final step of the drying process [1,62,64,65].
However, because both acrylic and poly(vinyl acetate) waterborne (emulsion) paints contain
hydrophilic additives, some water remains in the system even after coalescence. Owing to
the presence of water, added plasticisers, and hydrophilic additives, the polymer particles
can create small channels between them during the drying process. Through these channels,
the remaining water and other materials can move in and out of the film [66], which is
likely to form the key mechanism behind the swelling of dried paint films with water and
other polar solvents.

The drying process can last for longer periods, such as several years after the initial
film application, and several researchers noted a weight change in touch dry emulsion
paint films, including poly(vinyl acetate), over time [51,67]. This was explained through
the loss of residual water and slower evaporating additives, such as a coalescing solvent,
which is usually a glycol-type solvent added to temporarily lower the film glass transition
temperature during the early stages of drying.

Different mass-transfer models describe the drying process of various emulsion
paints [68–70]. The potential to study the film formation mechanism in polymer emulsion
paints, using analytical techniques such as dynamic light scattering, has mostly been em-
ployed for acrylics, styrene, and styrene–acrylic aqueous emulsions [71–75]. Ferreira et al.
reported using this technique to monitor the photodegradation of poly(vinyl acetate) resins
and paints to determine particle size and to explore whether this has any influence on
the cross-linking of polymer chains [13,16]. This method is used to measure particle size
distribution during polymerisation and film drying, as well as the interactions between
polymers and other particles present in emulsions, such as inorganic pigments (TiO2) and
surfactants [72,76]. This technique measures the rate of Brownian motion of the particles
present in the emulsion using a monochromatic light source, where changes in the intensity
of the light scattered from these particles are monitored [77], providing information on paint
coalescence and the film formation process, as well as the ongoing stability of emulsions.

As with the solutions, poly(vinyl acetate) emulsions become touch dry in a very
short time; however, they cannot be re-dissolved in water after drying (as with the acrylic
emulsion paints). The solution and emulsion as unpigmented media also differ in their
visual appearance, where the unpigmented poly(vinyl acetate) solution is transparent
and the unpigmented emulsions are, unsurprisingly, more opaque [2]. Furthermore, the
solution forms of paints exhibit a lower degree of polymerisation and molecular weights
at 50,000–100,000, compared to the emulsion paints with molecular weights which are
sometimes over 1,000,000 [5,78–80]. This in turn influences some of the dry film physical
properties; e.g., vinyl paints produced through emulsion polymerisation exhibit improved
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mechanical properties due to higher chain entanglement and higher viscosity due to lower
molecular mobility [81]. In addition, the glass transition temperature is higher for emulsion
paints compared to the solution paints, due to their higher molecular weight [82].

4. Additives

As mentioned, poly(vinyl acetate) waterborne emulsion paints are complex mixtures
of vinyl binders, pigments, fillers, extenders, and other additives [2,27,61,83]. These can
be added during the synthesis of poly(vinyl acetate) resins or paint production. The main
types of additives used in poly(vinyl acetate) paint formulations are identical to those used
in acrylic emulsion paints, such as surfactants, antifoam agents, thickeners, coalescing
agents, pH buffers, biocides, wetting agents, pigment dispersants, and freeze–thaw agents.
The additives are used in order to modify the working properties of wet paints as well as
the physical properties of the final product by influencing processes such as film formation.
Furthermore, certain additives can play more than one role in a paint formulation; for
example, cellulose derivatives are used as both thickeners and protective colloids, i.e.,
they improve polymer solubility, influence rheology, and sterically stabilise poly(vinyl
acetate) paints. The main types of additives present in modern paints, including vinyl
paints, as well as their roles and examples of compounds typically used, are listed in Table 1.
Even if present at low concentrations, generally below 5%, the additives in vinyl paints
can influence the final properties of the product, as well as ageing behaviour, physical
properties, and vulnerability to conservation treatments such as cleaning [2,51]. Thus
far, relatively little research has been conducted on the effects of various additives on
the properties of poly(vinyl acetate) paints. The majority of the published studies have
focused on external plasticiser loss in aged vinyl paint and resin films and the consequent
deterioration of the mechanical properties of the films [61,84,85]. A few other researchers
have also investigated the effects of simulated wet surface treatments on the leaching of
plasticisers and surfactants [9,22,58].

Table 1. The list of additives present in the emulsion paints.

Additive Role in the Emulsion Paints Chemical Compounds Added to the Emulsion
Paints [5,9,51,86–91]

Antifoam agent Prevents the development of air bubbles
during paint handling

Mineral and silicone oils
Octanol

Polydimethylsiloxane

Biocide
Prevents biological contamination of the

paints during storage

Tin oxide
Zinc oxide

Mercury-based compounds
Acrylamide

2-n-octyl-4-isothiazolin-3-one

Coalescing agent
Improves the coalescing process between

polymer molecules during the
drying phase

Ester alcohols
Benzoate esters

Glycols
Glycol ethers

N-methyl-2-pyrrolidone

Fillers
Reduces the cost of paint production and

improves the handling of the paint

Calcium carbonate

Hydrated magnesium silicate

Freeze–thaw agent Prevents the freezing of the paints when
exposed to cold temperatures

Ethylene glycol

Propylene glycol

pH buffer
Modifies paint pH to make it optimal for all

the paint components (optimal between
pH 8 and 10)

Ammonia
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Table 1. Cont.

Additive Role in the Emulsion Paints Chemical Compounds Added to the Emulsion
Paints [5,9,51,86–91]

Pigment dispersant Improves the dispersion of the solid
pigment particles

Oligophosphates (calcium and potassium salts)

Polyacrylic acids (sodium and ammonium salts)

Plasticisers
Improves the flexibility of the

homopolymer

External
Dibutyl phthalate
Diethyl phthalate
Isobutyl phthalate

Bis (2-Ethylhexyl) phthalate
Dipropylene glycol dibenzoate
Diethylene glycol dibenzoate

Triphenyl phosphate
Internal

Vinyl versatates
N-butyl acrylate

2-ethyl hexyl acrylate

Protective colloids
Improves the polymer solubility and
sterically stabilises emulsion paints

Hydroxyethyl cellulose
Methyl cellulose

Poly(vinyl alcohol)

Surfactants
Disperses polymer and pigment molecules

in water and electrostatically stabilises
emulsion paint

Ethoxylated alkyl alcohols and phenols
Alkyl sulphonates and sulphates

Ethoxylated sulphonates and sulphates
Phosphates

Thickener
Increases the paint viscosity (thicker paint)

and improves the paint’s workability

Hydroxyethyl cellulose
Methylcellulose

Hydrophobically modified carboxymethylcellulose
Hydrophobically modified ethoxylated urethane

Polysaccharides (xanthan and guar gums)

Wetting agent
Reduces the surface tension around the

pigment particles and increases
their wettability

Alkyl phenol ethoxylates
Acetylenic diols

Alkyl aryl sulfonates
Sulfosuccinates

5. Ageing Behaviour and Material Degradation

Some modern plastic-type materials, including polymer-based paints, are believed
to be more prone to rapid degradation relative to some of the traditional materials in
collections [54,55]. Poly(vinyl acetate) can degrade in several different ways, including
chemical degradation (hydrolysis and oxidation), physical degradation (UV light ageing),
and biological degradation (microbial attack) [92–97]. However, due to the relative newness
of these materials and their complex chemical composition, there is a limited body of
knowledge regarding the degradation mechanism of poly(vinyl acetate) paints and the
environmental parameters which may influence the degradation processes. In addition, it
is also not certain how these different degradation mechanisms, such as hydrolysis and
light ageing, may influence each other, and which mechanisms become dominant under
which environmental conditions. Consequently, there are some visible signs of degradation
in many artworks made of poly(vinyl acetate) paints [55]. These signs of degradation
may consist of colour shifts, surface changes caused by plasticiser and surfactant deposits,
craquelure, and the release of volatile compounds, such as acetic acid. In the past decade,
several researchers have carried out various forms of accelerated and natural ageing to
study the different degradation mechanisms of poly(vinyl acetate) paints and resins, with
the aim of predicting how these paints change in order to help professionals make informed
decisions about optimal storage, display, and treatment conditions.
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The three main degradation pathways of poly(vinyl acetate) are presented in more
detail in the following subsections.

5.1. Hydrolysis

Most modern polymers are susceptible to degradation when exposed to water, as
some functional groups in the polymer chain, such as the ester groups in vinyl paints,
can be hydrolysed in the presence of water [51]. Consequently, this can cause the break-
age of the polymer chain and the release of hydrolysed monomer units as well as small
molecules from the side chains. When the poly(vinyl acetate) polymer chain is hydrolysed,
it forms poly(vinyl alcohol) (PVOH) and releases acetic acid as a side product [95,96,98].
This hydrolytic reaction was first discovered by Hermann and Haehnel in the 1920s when
the acetate groups were hydrolysed by alcohols, such as methanol, in the presence of
alkali catalysts. The acetate groups can be hydrolysed to various degrees under alkaline
conditions, and newly synthesised poly(vinyl alcohol) is then precipitated, washed, and
dried [95,99,100]. In the 1930s, several authors studied poly(vinyl acetate) chemical degra-
dation upon hydrolysis and repeated acetylation. They discovered that this degradation is
mostly manifested through the loss of the poly(vinyl acetate) molecular weight and viscos-
ity, due to the presence of impurities or the side chain reactions which created branched
acetals [25,96,101].

To date, only a few heritage studies have focused on the effects of moisture on
poly(vinyl acetate) paints. Ferreira et al. monitored the formation of poly(vinyl alcohol)
during the degradation process using spectroscopic techniques, such as Fourier transform
infrared spectroscopy (FTIR), and computational methods in order to predict the develop-
ment of poly(vinyl alcohol) during acid hydrolysis [102,103]. Furthermore, some authors
noted the visible signs of degradation, such as a strong acidic smell from the released acetic
acid, of poly(vinyl acetate) emulsion paints that were stored in tightly closed containers,
such as paint cans [8,13,37]. They attributed this effect to the acid-catalysed hydrolysis of
poly(vinyl acetate) in water, which results in the development of poly(vinyl alcohol). To
the best of the authors’ knowledge, the effect of fluctuating relative humidity on poly(vinyl
acetate) paint films has not been studied, though they are likely to respond similarly to
acrylic emulsion paints, i.e., causing changes in the paint’s mechanical properties such as
stiffness, and may also promote the movement of additives within films [104–110].

5.2. Photochemical and Oxidative Degradation

In addition to hydrolytic degradation, poly(vinyl acetate) is sensitive to other envi-
ronmental parameters, such as excessive levels of light, especially in the ultraviolet region,
and/or oxygen. Research on the photodegradation of poly(vinyl acetate) began in the 1970s
when David et al. discovered that poly(vinyl acetate) resin becomes partially insoluble in
benzene after exposure to UV light [111]. The authors explained this behaviour as being a
consequence of the cross-linking and chain scission reactions of the polymer. In addition,
they observed that in the presence of oxygen, the rate of the photodegradation of poly(vinyl
acetate) was reduced. Several authors also calculated the quantum yield of volatile species
formation, e.g., acetic acid, carbon monoxide and dioxide, and methane, after the UV light
exposure of poly (vinyl acetate) thin films. The measurements were conducted in both air
and a vacuum and at room temperature and higher (45 ◦C) [112,113]. Buchanan et al. also
noted aldehyde formation and changes in the molecular mass distribution between the
soluble fraction and the gel formation of photoaged poly(vinyl acetate), indicating that
both cross-linking and chain scission influence the poly(vinyl acetate) photodegradation to
similar degrees [114]. Consequently, they proposed two poly(vinyl acetate) photodegra-
dation mechanisms, which accounted for the aldehyde formation [115]. Vaidergorin et al.
also monitored the UV light degradation of poly(vinyl acetate) films of various molecular
weights in a vacuum using infrared and UV spectroscopy [116]. They concluded that the
degradation proceeds through side chain acetate group elimination and the formation of
polyenes, in addition to cross-linking and main chain scission. For oxidative degradation,
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the reported studies are much more rare. Madras et al. investigated the oxidative degrada-
tion of poly(vinyl acetate) in solution using benzoyl peroxide. A comparison of molecular
weights indicated that oxidative degradation occurs primarily through the chain scission
mechanism [117].

At present, it is presumed that the photochemical degradation of poly(vinyl acetate)
degradation occurs through the Norrish II mechanism [54,118–120], where chain scission
is the main reaction pathway. As the reaction proceeds, volatile species such as acetic
acid, methane, carbon dioxide, and monoxide are formed and released, and double –C=C–
bonds in the main polymer chain are formed [16,51,121]. The loss of acid, in addition to the
plasticiser loss, leads to physical changes in the poly(vinyl acetate) material, such as changes
in colour (yellowing and loss of transparency) and the loss of mechanical properties, which
causes the material to become brittle and or powdery [85]. Toja et al. discovered that
thermal ageing at 60 ◦C has a more pronounced effect on polymer degradation, leading
to the rapid loss of (external) phthalate plasticisers and deacetylation, which causes the
formation of –C=C– bonds in the polymer backbone [54]. For photooxidative (light) ageing,
the deacetylation process was not observed, and the plasticiser loss occurred less rapidly,
with some residual plasticiser remaining detectable in the polymer after ageing.

Several researchers have observed a different response to ultraviolet (UV) photoageing
between different poly(vinyl acetate) products, such as pure poly(vinyl acetate) homopoly-
mers, resins, and a range of paints [9,16,18]. The results suggested that the pure vinyl
homopolymers tended to be very resistant to light ageing, with no colour change observed.
The poly(vinyl acetate) resins based on copolymers and external plasticisation, however,
showed a slight yellowing effect and a loss of plasticiser. Other groups noted that the
morphological changes in poly(vinyl acetate) paint films were minimal and that these
paints showed noticeable resistance to light ageing [51,53]. Silva et al. concluded that
different poly(vinyl acetate) paints and resins react differently to photodegradation [51].
While the Lefranc and Bourgeois artists’ Flashe paints, which contained vinyl versatates as
a copolymer, did not show loss of mechanical properties after UV ageing, pure poly(vinyl
acetate) resins with the addition of dibutyl phthalate plasticiser, such as Conrayt, or those
copolymerised with butyl maleate, such as Mowilith DMC2, showed significant changes
in mechanical properties. This resulted in either increased stiffness of the paint films
due to plasticiser loss and chain scission for Conrayt or polymer chain cross-linking for
Mowilith DMC2.

Several studies focused on finding the dominant degradation pathway that occurs
during light degradation; however, they arrived at different conclusions. In two studies
conducted by Ferriera et al., it was noted that the dominant degradation pathway under
the experimental degradation conditions, i.e., light exposure at λ ≥ 300 nm, was chain
scission, without observable side group elimination [13,16]. Another study found that
poly(vinyl acetate) paints degraded through both main chain scission and side chain
reactions [116,122]. Wei et al. noted an increase in acetic acid and the loss of plasticisers
after the photoageing process [119]. Down et al. carried out a comparison of light and dark
(thermal) ageing between acrylics and poly(vinyl acetate) adhesives, where the poly(vinyl
acetate) was more susceptible to degradation [39]. This group also observed that poly(vinyl
acetate) adhesives tended to become more acidic, release larger amounts of acid volatiles,
show less flexibility, and yellow more rapidly. In addition, several authors reported that
the migration and loss of paint additives, such as poly(ethylene oxide) (PEO) surfactants
and phthalate plasticisers, were also observed during UV light ageing [9,53,122,123].

The photodegradation mechanism of pigmented vinyl acetate paints can cause a
visible colour change, such as colour fading. Therefore, several studies have focused
on the influence of other paint components, such as inorganic and organic pigments, on
the photodegradation of poly(vinyl acetate) paints. There are some inconsistencies in
the outcomes of these studies, and the clear effect of pigments on the photostability of
poly(vinyl acetate) paints has not been fully established. Doménech-Carbó et al. reported a
more noticeable polymer degradation for poly(vinyl acetate) paint formulations containing
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organic pigments, such as Senegal yellow (monoazo pigment yellow 3) [122]. Melchiorre
Di Crescenzo et al. found that poly(vinyl acetate) formulations containing ultramarine blue
pigment showed earlier signs of photodegradation [120]. The presence of other pigments in
poly(vinyl acetate) paints and resins, such as the lithopone and calcium carbonate mixture,
burnt umber, cobalt blue, cadmium red dark, and titanium white, were all reported to have
a destabilising effect [9,119].

Several other authors reported that there were no observable effects on the photodegra-
dation of poly(vinyl acetate) from the presence of pigments. The influence of metals arising
from inorganic pigments on the degradation of poly(vinyl acetate) was studied by Fer-
reira et al. [16]. The authors noted that the presence of pigments on the photostability of
poly(vinyl acetate) does not have a large effect, even when using photocatalytic pigments,
such as TiO2 and Fe2O3, in formulations. Another study conducted by Silva et al. came
to a similar conclusion, indicating that there was no observable influence of a range of
different pigments on the loss of the mechanical properties of poly(vinyl acetate) paints
exposed to UV light ageing [51]. However, this effect is not clear, as other researchers
noted that the presence of some pigments can have a stabilising effect on the photothermal
ageing of poly(vinyl acetate)-based paints [9,53,119]. De Sá et al. reached this conclusion,
finding that the presence of TiO2 pigment in its rutile form reduces the loss of surfactants
from photoaged vinyl films [53]. This is the opposite behaviour to that of acrylic paints,
as reported by Naude et al. [124]. Pereira also noted that paint formulations with TiO2
were more stable during photoageing [9]. Wei et al. detected that poly(vinyl acetate) mixed
with nickel azo yellow pigments showed higher resistance to photodegradation compared
to the formulations that contained pigments such as cadmium red, cobalt blue, titanium
white, and burnt umber [119]. It is clear that for vinyl emulsion paints, the relationships
between the solids content, type, and amounts, as well as between the additive types and
amounts, on both paint film quality and ageing behaviour, clearly requires further research,
in addition to investigations as to how this may influence the response to cleaning of a
given paint film.

5.3. Thermal Degradation

In addition to photochemical degradation, poly(vinyl acetate) is known to degrade when
exposed to high temperatures [38,125–127]. The influence of temperature on the thermal degra-
dation of poly(vinyl acetate) under a vacuum was first reported by Grassie et al. [126,127].
They noted that the initial degradation of the vinyl polymer chain generally starts in the
temperature range from 190 to 300 ◦C and that the mechanisms of thermal degradation are
side chain scission and the loss of acetic acid, which causes the formation of double bonds
(polyene) in the main polymer chain [128]. Bataille et al. concluded that the release of acetic
acid subsidies at temperatures higher than 350 ◦C, while at higher temperatures the degra-
dation of acetic acid to methane and carbon dioxide occurs [129]. This reaction occurs in the
absence of free radicals. At temperatures above 400 ◦C, the polymer backbone starts to decom-
pose with a subsequent release of various aromatic hydrocarbon species [125]. Servotte et al.
noted that the release of acetic acid is followed by the cross-linking of the remaining polymer
chains [128]. Later on, Ballistreri et al. reported a two-step thermal degradation mechanism:
at temperatures below 310 ◦C, the mechanism is dominated by the release of acetic acid,
while at higher temperatures there is a dominant release of aromatic hydrocarbons due to
the polyene degradation [130]. While Grassie and Bataille noted that the rate of thermal
degradation depends on the intrinsic properties of poly(vinyl acetate), such as molecular
weight, Servotte et al. did not observe any difference in the degradation rates between the
poly(vinyl acetate) resins of different molecular weights. There are several theories as to how
the thermal degradation reaction is catalysed after the release of acetic acid. Several authors
have stated that the newly formed double bonds have an autocatalytic effect on poly(vinyl
acetate) degradation, which initiates the further release of acetic acid and the formation of
double bonds [125,126]. However, some pose that the presence of released acetic acid has an
autocatalytic effect on further poly(vinyl acetate) degradation [131–133]. Although the effect



Polymers 2023, 15, 4348 13 of 26

of temperature fluctuation on vinyl paints is not widely explored, temperature fluctuations
affect vinyl paint mechanical properties as expected: above Tg, paint films become soft and can
attract dirt and dust, while below Tg paint films become brittle and susceptible to cracking [9].

6. Analytical Methods for the Characterisation of Poly(Vinyl Acetate) Materials

Several groups have focused on the analysis of poly(vinyl acetate) products and their
properties, including pure resins and paints [18,58,61,84,85,91,123,134–136]. Most of these
studies included a multi-analytical approach to obtain comprehensive information on paint
and resin formulations. As noted, modern paints, including poly(vinyl acetate), are known
for their complex chemical compositions, which are often proprietary in nature, and many
of the constituents are present in low amounts, which can prove analytically challeng-
ing. Many techniques have been employed to detect the chemical composition of modern
poly(vinyl acetate)-based paints; however, the two most widely used are Fourier trans-
form infrared (FTIR) spectroscopy and pyrolysis–gas chromatography–mass spectrometry
(PyGCMS) [5,137]. These two techniques are considered standard for analysing polymeric
materials and have been widely employed for the analysis of plastics, various modern
paints, and oil paints. These methods provide information on polymer composition and
additives and facilitate the monitoring of degradation products and the exploration of the
effects of conservation treatments through the analysis of paint extracts and other fractions.

FTIR is generally suitable and is used for detecting primary polymer composition
as well as the presence of inorganic and organic pigments, extenders, and additives (e.g.,
waxes and plasticisers) [5,138]. In the past, FTIR has been employed in many different
modes, such as attenuated total reflectance (ATR) [9,18,22,34,51,54,91,119–123,134,139],
micro-FTIR [8,9,16–18,31,32,62,102,123,140], thermal analysis FTIR [125], and the exter-
nal reflectance mode [10,18], to analyse artistic materials and/or works of art made of
vinyl paints.

PyGCMS facilitates the separation and detection of various polymeric components,
as well as some pigments and a range of additives, all of which are generated through
the thermal degradation of the sample, and it is the global method of choice for studying
different additives in paints and resin formulations. Poly(vinyl acetate) can be differenti-
ated from other polymers by the presence of two characteristic PyGCMS peaks: acetic acid
(m/z = 43, 45, and 60) and benzene (m/z = 78) [5,141]. The presence of both peaks needs
to be established in order to be certain that the analysed material is poly(vinyl acetate),
as acetic acid is also a pyrolytic product of other polymers, such as cellulose acetate [5].
These two compounds are created through side chain scission and polymer backbone
rearrangement during thermal degradation. The acetic acid and benzene peaks are easily
differentiated; while acetic acid shows a strong fronting peak, the benzene peak elutes
slightly later and appears sharper. In addition to the key polymer degradation markers,
the presence of some additives, such as plasticisers (both internal and external), surfactants,
and organic colourants, can be detected via PyGCMS. Using this method, the external
plasticisers presented in Table 1, such as dibutyl phthalate (DBP), diethyl phthalate (DEP),
diisobutyl phthalate (DIBP), bis(2-ethylhexyl) phthalate (DEHP), dipropylene glycol diben-
zoate (DPGDB), diethylene glycol dibenzoate (DEGDB), and triphenyl phosphate (TPP),
and internal plasticisers, such as vinyl versatates (VeoVa), have been detected in poly(vinyl
acetate) paints and resins [18,58,61,61,84,85,91,135].

Raman spectroscopy has been an established method to analyse the organic and
inorganic pigments and extenders present in modern paints [8,10,11,142–145]. The binding
media analysis and identification by Raman is, however, often not easily possible due to
the high fluorescence effect [10,146]. However, several Raman techniques, such as surface-
enhanced Raman spectroscopy and surface-enhanced resonance Raman spectroscopy,
have been employed in the last decade to analyse highly fluorescent paint materials [146].
Furthermore, several authors used Raman spectroscopy to monitor the light degradation of
poly(vinyl acetate) resins and also to detect plasticizers in poly(vinyl acetate) resins [18,91].
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Several researchers have used other standard polymer investigative techniques to
characterise poly(vinyl acetate) paints, to analyse degradation products, and to assess
the effects of surface treatments on paint films. These include the use of size exclusion
chromatography [16,18] and gel permeation chromatography [34] to study changes in
the molecular weight of vinyl polymers during photochemical ageing; mechanical test-
ing [22,34,51,61,62,122] to explore properties such as paint stiffness/flexibility; thermal
analysis (thermogravimetric analysis, differential scanning calorimetry, and dynamic me-
chanical analysis) [54,125] to explore physical properties such as glass transition tem-
perature; dynamic light scattering to determine vinyl particle size [13,16]; atomic force
microscopy [9,22,53,122,140] and scanning electron microscopy for surface morphology and
scanning electron microscopy with energy-dispersive X-ray spectroscopy for pigment iden-
tification; and UV–Vis spectroscopy [16,122], fluorescence spectroscopy [54], laser-induced
fluorescence (LIF) [11], and nuclear magnetic resonance [54,147,148] for the chemical char-
acterisation of vinyl polymer, pigments, and/or plasticisers. The key techniques used in
these studies are presented in more detail in Table 2.

Table 2. Summary of analytical techniques employed for the investigation of poly(vinyl acetate)
materials.

Material Aspect
Investigated Techniques Employed Research Aims References

Polymer, colourants,
and additives
identification

Fourier transform
infrared spectroscopy

(FTIR)

Chemical characterisation of the vinyl
binder, colourants, and additives

Monitor photooxidative and thermal
degradation of vinyl polymer

Monitor polymer or additive
extraction during cleaning treatments

Ferreira et al. [8,16,32,102]
Pereira et al. [9]

Mancini et al. [10]
Carter et al. [17,31]

Viana [18]
Doménech-Carbó et al. [22,122]

Alderson et al. [34,139]
Silva et al. [51]

Toja et al. [54,123]
Zümbuhl et al. [62]

De Sá et al. [91]
Wei et al. [119]

Melchiorre Di Crescenzo et al. [120]
Pintus et al. [121]

Holland et al. [125]
Izzo et al. [134]

Ormsby et al. [140]

Pyrolysis–gas
chromatography–mass

spectrometry (PyGCMS)

Chemical characterisation of vinyl
binder, colourants, and additives

(plasticisers, surfactants)

Ferreira et al. [8]
Pereira et al. [9]

Carter et al. [17,31]
Viana [18]

Doménech-Carbó et al. [22]
Silva et al. [51,58,61,85]

Doménech-Carbó et al. [84,97,122]
Wei et al. [119]

Pintus et al. [121,135]
Toja et al. [123]
Izzo et al. [134]

Schossler et al. [136]
Ormsby et al. [140]

Learner [149]
Peris-Vicente et al. [150]
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Table 2. Cont.

Material Aspect
Investigated Techniques Employed Research Aims References

Polymer, colourants,
and additives
identification

Nuclear magnetic
resonance (NMR)

Monitor structural changes in polymer
backbone during thermal and

photooxidative ageing
Toja et al. [54]

Chemical characterisation of the
poly(vinyl acetate) restoration layer Kehlet et al. [147]

Structural characterisation of
commercial poly(vinyl acetate)

products
De Souza and Tavares [148]

Raman spectroscopy

Chemical characterisation of
poly(vinyl acetate) paints

(pigments, extenders)
Ferreira et al. [8]

Chemical characterisation of
poly(vinyl acetate) paintings (organic

and inorganic pigments)
Mancini et al. [10]

Chemical characterisation of
poly(vinyl acetate) paintings (organic

and inorganic pigments)
Spizzichino et al. [11]

Chemical characterisation of
poly(vinyl acetate) resins after

light ageing
Viana [18]

Chemical characterisation of
poly(vinyl acetate) homopolymer, and
plasticised and non-plasticised resins

(polymer and plasticisers)

De Sá et al. [91]

Ultraviolet–visible
(UV–Vis) spectroscopy

The reflectance spectrum of the
light-aged poly(vinyl acetate)

paint films
Ferreira et al. [16]

The reflectance spectrum of the
light-aged poly(vinyl acetate)

paint films
Doménech-Carbó et al. [122]

Fluorescence
spectroscopy

Fluorescence emission of poly(vinyl
acetate) films after thermal-oxidative

and photooxidative ageing
Toja et al. [54]

Laser-induced
fluorescence (LIF)

Chemical characterisation of
poly(vinyl acetate) paintings (vinyl

binder and pigments)
Spizzichino et al. [11]

Scanning electron
microscopy energy

dispersive X-ray
spectroscopy (SEM-EDX)

Elemental analysis of the poly(vinyl
acetate) paint films Melchiorre Di Crescenzo et al. [120]

Elemental analysis of the poly(vinyl
acetate) paint films Doménech-Carbó et al. [122]

Physical properties Mechanical (tensile)
testing

The effect of different cleaning
strategies (immersion, swabbing, gels,

and microemulsions) on the tensile
properties of the paint films

Doménech-Carbó et al. [22]

Mechanical testing of the poly(vinyl
acetate) paint films after light ageing

(λ = 340 nm)
Alderson et al. [34]

Mechanical testing of the daylight-
and UV light-aged poly(vinyl acetate)
paint films, and the effect of cleaning

Silva [51]

Mechanical testing of the poly(vinyl
acetate) paint films and its dependence

on the paints’ additives
Silva et al. [61]
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Table 2. Cont.

Material Aspect
Investigated Techniques Employed Research Aims References

Physical properties

Mechanical (tensile)
testing

Mechanical testing of the poly(vinyl
acetate) paint films and the effect of

cleaning treatments
Zumbühl et al. [62]

Mechanical testing of the daylight-
and UV light-aged poly(vinyl acetate)

paint films
Doménech-Carbó et al. [122]

Thermal analysis
(thermogravimetric
analysis, differential

scanning calorimetry, or
dynamic

mechanical analysis)

Monitor glass transition temperature
during photooxidative (λ ≥ 290 nm)

and thermal-oxidative ageing
(60 ± 2 ◦C) of plasticised and

unplasticized poly(vinyl acetate) films

Toja et al. [54]

Monitor mass loss during thermal
degradation of poly(vinyl

acetate) films
Holland and Hay [125]

Dynamic light
scattering (DLS)

Determination of particle size and its
influence on the cross-linking of

polymer chains
Ferreira et al. [13,16]

Size exclusion
chromatography (SEC)

Determination of Mw of poly(vinyl
acetate) paints and its change

during ageing
Ferreira et al. [13,16]

Determination of Mw of poly(vinyl
acetate) resins and its change

during ageing
Viana et al. [18]

Gel permeation
chromatography

Determination of Mw of poly(vinyl
acetate) resins Alderson et al. [34]

Surface analysis

Atomic force microscopy
(AFM)

Surface analysis of poly(vinyl acetate)
resins and paints after light ageing and

cleaning treatments
Pereira [9]

Surface analysis of poly(vinyl acetate)
paints before and after cleaning

treatments
Doménech-Carbó et al. [22]

Surface changes of pure poly(vinyl
acetate), resin, and white paint after

light ageing (λ ≥ 300 nm)
De Sá et al. [53]

Surface changes of the poly(vinyl
acetate) paint films after daylight and

UV light ageing
Doménech-Carbó et al. [122]

Scanning electron
microscopy (SEM)

Surface morphology of the poly(vinyl
acetate) paint films exposed to

daylight and UV light ageing and after
cleaning treatments

Doménech-Carbó et al. [22,122]

Surface morphology of the poly(vinyl
acetate) paint films during immersion

and solvent cleaning
Silva [51]

Surface morphology of the poly(vinyl
acetate) paint films during immersion

and solvent cleaning
Zumbühl et al. [62]

Surface morphology of poly(vinyl
acetate) paint films after light ageing

(295 < λ < 370 nm)
Melchiorre Di Crescenzo et al. [120]

7. Conservation Issues and Cleaning Effects

Over the last two decades, the effects of different cleaning treatments on the properties of
modern paints have been a key area of heritage scientific research. There remain, however, a
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variety of challenges encountered in the conservation of modern painted works of art, and the
risks associated with cleaning procedures can still prohibit treatment [5,90,104,140,151–154].
These painted works are often unvarnished and intentionally unprotected, and they can
be made with several types of paint/material, all of which can include complex chemical
compositions and represent a range of possible degradation pathways. In particular, the
sensitivity of waterborne modern paints to cleaning solvents, including water, and to excessive
soiling and dust accumulation, due to their inherently soft nature (low Tg), as well as the
associated unwanted changes in gloss, texture, and surface quality during the cleaning
process, represent particular challenges in the cleaning of modern and contemporary works
of art [90,153,155–157].

The current cleaning strategies for poly(vinyl acetate) paints are generally comparable
to those used on modern oils and acrylic emulsions. This includes a range of dry methods,
as well as ‘simple’ aqueous systems (adjusted and buffered waters, surfactants, chelating
agents) applied with cotton swabs or sponges, as well as some low-swelling organic sol-
vents, such as hydrocarbons, alcohols, and silicones [158–160]. In the last decade or so,
there has been an increase in the use of microemulsions and gel systems for the cleaning of
solvent-sensitive surfaces, including modern paints [161–163]. The assessment of the clean-
ing results can include visual observation, microscopic and surface observations using SEM
and AFM, colour and gloss measurements, mechanical testing, chemical characterisation of
the surfaces before and after cleaning (FTIR and PyGCMS), water absorption tests, and the
use of star diagrams to capture valuable empirical and haptic observations [153,164,165].

Compared to acrylic emulsion paints, however, the research into the effects of solvents
on poly(vinyl acetate) paints remains relatively lean. To date, the studies have focused on
exploring the effects of different solvent systems, including immersion testing and swab
rolling [9,18,22,51,62]. Zumbühl et al. evaluated 50 different solvents and their effects on
poly(vinyl acetate)-VeoVa paints, using immersion methods for 1 and 15 min [62]. The
effect of the solvents on the film surface morphology was observed using scanning electron
microscopy, and the paint extracts were chemically characterised using FTIR spectroscopy.
The results indicated that highly polar solvents, such as water, methanol, and formamide
can cause the swelling of poly(vinyl acetate) paints copolymerised with VeoVa; this is due
primarily to the presence of soluble polar additives. Except for methanol, most other alcohol
solutions did not show a swelling effect on the vinyl paints assessed [62]. In addition, the im-
mersion process for polar solvents, such as water and formamide, resulted in the extraction
of some additives, such as the poly(ethylene oxide)-based surfactants, as has been repeat-
edly shown for acrylic emulsion paints [104,151,166]. The solvent immersions also caused
the films to become slightly more elastic compared to the untreated poly(vinyl acetate)-
VeoVa paint film, which showed poor mechanical properties due to the high amounts
of additives, which inhibited the film formation. The most probable explanation for this
increase in the elasticity of paint films is the plasticising effect of some solvent systems, such
as the water-based ones [151]. However, some authors reported different observations for
this type of poly(vinyl acetate) paint. Silva et al. reported that the lower detected amounts
of PEO-type surfactants in poly(vinyl acetate)-VeoVa paint formulations correlated with the
higher flexibility of paint films and vice versa [61]. Doménech-Carbó et al. explained this
inherent stiffness of the commercial poly(vinyl acetate)-VeoVa paints due to their higher
pigment content [122]. It is clear that the effect of solvent treatments on poly(vinyl acetate)
paints and their additives and the subsequent changes in the paint’s mechanical properties
is not entirely clear, and this needs more research. In addition, it is generally accepted that
paints which have been extracted using solvent systems tend to be stiffer, as established for
oil and acrylic paints; therefore, the conclusions from these studies are not definitive [151].
Except for water and formamide, the immersion in other solvents led to a further decline in
the mechanical properties of poly(vinyl acetate)-VeoVa paints, as measured through tensile
testing, when compared to untreated poly(vinyl acetate) paints [30,62]. In comparison,
non-polar and hydrocarbon solvents, such as mineral spirits and ligroin, did not cause
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swelling; however, the longer evaporation times of these solvents caused a plasticising
effect on the paint film [22,62].

As is the case for acrylic emulsion paints, poly(vinyl acetate) films remain sensitive to
aqueous and polar solvents due to the nature of the film formation process, the inherent
softness of wetted paint films, and the presence of additives, many of which, such as
plasticisers and surfactants, have some solvent solubility. The solubility of some common
additives found in vinyl products is presented in Table 3, which suggests that although
phthalate plasticisers have low solubility in water, PEO-surfactants are, as expected, much
more vulnerable to extraction with water. In addition, both plasticisers and surfactants
show solubility in numerous organic solvents. Several authors have reported the loss of
various additives, such as polyethylene oxide (surfactants), poly(vinyl alcohol) (protective
colloid), and cellulose ether (thickener), as well as vinyl chains, during immersion studies
(5, 10, 20 min, and 12 h) using water and organic solvents [9,22]. The presence of extracted
additives was observed using FTIR and PyGCMS methods [9,22]. A subsequent decline in
the mechanical properties after immersion testing was also noted, demonstrating a potential
plasticising effect of these additives (in addition to the water itself) on the poly(vinyl acetate)
paint films [9,22,58,107,167]. However, this could also be caused by the leaching of polymer
chains; visible changes in mechanical and surface properties were observed in the samples
immersed in solvents such as acetone and ethanol—and caused the extraction of polymer
chains and phthalate plasticisers [9,22]. Pereira et al. also noted that light-aged poly(vinyl
acetate) white (lithopone) paint was more resistant to water immersion than unaged
poly(vinyl acetate) white paint [9].

Table 3. Solubility properties of the common additives found in poly(vinyl acetate) products.

Additives Solubility in Water at 25 ◦C (g/L) Solubility in Other Solvents
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To date, a limited number of studies have focused on the use of gels and microemul-
sions in the cleaning of poly(vinyl acetate) paints, including Vanzan (xanthan gum), Klucel
G (modified cellulose), Gellan, Agarose, Agar-agar, and Nanorestore Peggy gels, and an
emulsion mixture of ligroin in water with nonionic polyoxyethylene surfactant [12,18,22,51].
In addition to the assessment of the conservation treatment risk and effects, the long-term
stability of poly(vinyl acetate) paints is also widely unknown, with only a few general
statements available, discussing how vinyl paints are more prone to weathering than
acrylic paints [5,18]. Thus far, the effects of environmental conditions on the degradation
pathways of poly(vinyl acetate) resins and paints have focused mostly on light (visible and
UV) ageing, while the influence of relative humidity and temperature fluctuations (and
combinations of these), as well as the effects of pollutants, on film stability has not been the
subject of extensive study.

8. Conclusions

The development of modern synthetic polymer paints and their use by artists has led
to increased interest in the degradation and conservation of works of art containing these
paints. However, for poly(vinyl acetate) paints, the knowledge of paint properties and the
tailoring of conservation strategies remain relatively limited when compared to acrylic
emulsion and modern oil paints (though these paints also require further research).

Poly(vinyl acetate) as a resin and unpigmented emulsion is vulnerable to light, thermal
degradation, and hydrolysis, and poly(vinyl acetate) paints are also highly sensitive to
changes in colour and gloss when exposed to light and are vulnerable to a range of solvents.
Most of the published scientific research has focused on polymer characterisation, light
ageing, and the effect of pigments on the ageing process. Thermal and hydrolytic ageing
and microbial attack have been the focus of only a handful of studies, and the assessment
of cleaning effects and the development of low-risk strategies for the cleaning of poly(vinyl
acetate) painted works of art remain a priority. Poly(vinyl acetate) paints are vulnerable to
polar solvent systems, including water; this is partly due to the presence of hydrophilic
additives in paint formulations. Non-polar solvents tend to cause lower swelling; however,
some of the paint additives may also be vulnerable to extraction with these solvents. The
use of gels and other ways of confining solvent volume and diffusion into paint films is
likely to prove beneficial for the cleaning of poly(vinyl acetate) paints, as has been the case
for acrylics, oils, and other modern paints.

In contemporary conservation, contributing to the development of low-risk conserva-
tion and preservation strategies necessarily involves the characterisation of paint compo-
nents, contextual and historic studies, and the assessment of cleaning systems and ageing
effects, as well as the development, modification, and assessment of cleaning systems and
their use on case study works of art. It is hoped, therefore, that this review provides a
helpful assessment of the current knowledge of poly(vinyl acetate) paints and forms a basis
for new research and innovations in conservation practice.
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Abbreviations

AFM atomic force microscopy
DBP dibutyl phthalate
DEP diethyl phthalate
DEHP bis(2-ethylhexyl) phthalate
DIBP diisobutyl phthalate
DLS dynamic light scattering
FTIR Fourier transform infrared spectroscopy
LIF laser-induced fluorescence
Mw molecular weight
NMR nuclear magnetic resonance
PEO poly(ethene oxide)
PVAc poly(vinyl acetate)
PVOH poly(vinyl alcohol)
PyGCMS pyrolysis–gas chromatography–mass spectrometry
SEC size exclusion chromatography
SEM scanning electron microscopy
SEM-EDX scanning electron microscopy energy dispersive X-ray spectroscopy
Tg glass transition temperature
TPP triphenyl phosphate
UV ultraviolet
UV–Vis Ultraviolet–visible spectroscopy
VeoVa vinyl versatate esters
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