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Abstract

The introduction of new guidelines and regulations on chemical production, use, treatment or disposal
demanded the development of greener alternatives to conventional products and methodologies.
This review briefly presents some of the most promising innovative systems applied in the cleaning
of cultural heritage - lasers, green solvents, microemulsions or micellar solutions, bacterial cells or
enzymes, ionic liquids and gels. Their advantages and drawbacks are discussed, along with further
improvements.
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Introduction

Owing to the growing awareness about climate change and the depletion of natural resources,
multiple industries were forced to adopt more sustainable production processes and rethink
strategies and products (Lancaster, 2002; Karagélge & Gur, 2016). Aiming at environmental
sustainability and safer health conditions for operators, they have implemented measures
to mitigate energy consumption, better resource use, reduce waste production and extend
materials’ usable life, among others (De Silva & Henderson, 2011). In the last few decades,
concern about the impact that environmental issues may have on the conservation of
cultural heritage has been raised by different entities involved in its preservation (Colette,
2007). Research studies predict that climate change will result in irreversible damage and
ultimately in the loss of «material heritage and the intangible dimensions with which it is
interwoven» (Hall et al., 2015, p.10) due to the development of more destructive forms
of bio-deterioration, climate changes (pollution, atmospheric moisture, temperature, pH,
wind), desertification and sea-level rise (Colette, 2007; Hall et al., 2015). Accordingly,
conservators have become more conscious about the effect that their short-term actions
(treatments and products used) may have in accentuating future heritage deterioration (De
Silva & Henderson, 2011; Hall et al., 2015). Moreover, concern has been raised about the
need to increase the resistance of cultural assets through ecofriendly solutions with higher
durability (De Silva & Henderson, 2011; Balliana et al., 2016; Wolbers, 2017a).
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Influenced by the principles that regulate green chemistry (Anastas & Warner, 1998; Inter-
national Union of Pure and Applied Chemistry, 2016 and Wolbers, 2017a), the field of cultural
heritage conservation has been improving its practices towards greener solutions based on
environmentally sustainable and safer procedures/materials (P. Baglioni, Chelazzi & Giorgi,
2015; Balliana et al., 2016; Wolbers, 2017a). Research groups and a few universities or
organizations have been promoting the development of strategies centered on biotechnology
or nanotechnology, that reduce the volume of reagents and waste, while simultaneously
increasing their compatibility with historic materials and efficiency in cleaning, consolidating
or protecting. Thus, toxic solvents are being replaced wherever possible by products and
protocols less harmful to the conservator or the environment and less invasive to cultural
heritage objects. Preference is also given to the use of multi-functional reagents and mate-
rials, as these allow “doing more with less” and reduce, in the long-term, the amount and
diversity of chemical interactions between heritage substrates and conservation materials
(Wolbers, 2017a).

In Portugal, these innovative approaches are frequently promoted and updated through
seminars and workshops (Universidade Catdlica Portuguesa, 2016, 2018a, 2018b, 2019a),
oral presentations in conferences such as the II Colloquium Investigations in Heritage
Conservation held in Faculdade de Belas-Artes da Universidade de Lisboa (Pérez Bento et
al., 2020), the 3 International Conference - Green Conservation of Cultural Heritage (UCP,
2019b) and the Symposium - Conservation of Cultural Heritage and Sustainability: challenges
and experiences (Faculdade de Ciéncias e Tecnologia-Universidade Nova de Lisboa, 2019),
or through publications of R&D projects such as BIO4MURAL (UCP, 2018c), PlasCO2 and
CleanART (FCT-UNL, 2021).

This review summarizes some of the research and critical analyses done on the most promising
available alternatives to conventional methodologies applied in heritage cleaning, given that
it is «commonly considered the most critical» operation in a conservation project (Balliana
et al., 2016, p.186). Undesired materials or layers vary greatly in composition (from soil to
natural or synthetic coatings) (P. Baglioni, Chelazzi & Giorgi, 2015; Palla & Barresi, 2017).
Therefore, the removal of these compounds, often deposited over textured, sensitive and
highly deteriorated surfaces, can be extremely time-consuming and demanding. Besides
being irreversible, cleaning is the operation most associated with the risk of deterioration
(Carretti et al., 2005; P. Baglioni et al., 2014; Palla & Barresi, 2017; Bonelli et al., 2019). The
cleaning action of the products used must be restricted and cause no physical or chemical
alteration that might induce further deterioration. Thus, knowledge about the cultural asset
itself (history, composition and technique) and the different alternatives available is crucial
to select a compatible cleaning system.

In this context, the separate or synergic use of green approaches - i.e. environmentally
sustainable and/or safer alternatives to both operator and historic materials — based on
the use of lasers, green solvents, microemulsions or micellar solutions, bacterial cells or
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enzymes, ionic liquids and gels, constitute promising alternatives to the excessive use of
organic solvents and toxic cleaning products. The properties, action mechanisms and advan-
tages of each method are discussed along with disadvantages and further improvements,
and then summarized in Table 1.

Laser

Laser systems are an alternative well-established method in cultural heritage preservation,
which has been used for cleaning purposes and improved for decades (Siano, 2008; Doehne
& Price, 2010; Balliana et al., 2016). It permits a less invasive removal of oxidized and
polymerized coatings, encrustations, pollutants or overpaints without the use of solvents
or harmful products and without any mechanical or chemical contact with historic materials
(Fotakis et al., 2007). The different types of commercially available lasers allow conservators
to select the most adequate for any specific conservation work. Hence, they achieve a con-
trolled and selective cleaning of a wide range of materials (e.g.: stone, wood, metal, paper
or canvas) without interfering with the surface or underlying substrate (Rodriguez-Navarro
et al., 2003; Siano, 2008; Siano et al., 2012; Lahoz et al., 2013).

In contrast to traditional methods, laser cleaning is an effective, precise and versatile
technique, suitable for the treatment of sensitive surfaces (noncontact system). Through
its combination with Laser-Induced Breakdown Spectroscopy (LIBS) or other analytical
techniques, its effectiveness can be monitored in real time, to better control its cleaning
action and to prevent any further deterioration (Rodriguez-Navarro et al., 2003; Fotakis et
al., 2007; Siano et al., 2012).

Though being a greener and non-invasive alternative, laser cleaning is still considered
not easily available and therefore inadequate for routine application in cultural heritage
conservation (Lahoz et al., 2013; Balliana et al., 2016). It is a more expensive method that
requires preliminary study and extensive knowledge about the interaction between the laser
and the materials to select the appropriate laser parameters (Fotakis et al., 2007; Siano
et al., 2012). Its misuse can induce further deterioration (e.g.: chromatic alterations) and
cause irreversible short- or long-term effects (Fotakis et al., 2007; Doehne & Price, 2010).

Green Solvents

Owing to the hazard posed by the use of mostly harmful solvents and in compliance with one
of the principles of green chemistry — the «use of harmless or non-toxic reagents» (Wolbers,
2017a, p.5) -, green solvents have been implemented and promoted in conservation as an
alternative cleaning approach (Volpi, 2017; Gongalves, 2018; Macchia et al., 2019; Ricci
et al., 2020).

Different organizations have made available guides classifying solvents according to their
impact on environment, health and safety (EHS), their life cycle assessment (LCA) and
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inherent energy costs of manufacture, application and reuse or disposal (Alfonsi et al.,
2008, F.P. Byrne et al., 2016 and Gongalves, 2018). However, these various guides differ
in compounds’ classification due to the influence of the companies’ individual preferences,
differences in the numerical calculation of the gradings and the diversity of type and number
of parameters considered. The collaborative project CHEM21, developed jointly by entities
that have written some of the previously mentioned selection guides, highlights this lack of
consensus (F.P. Byrne et al., 2016; Gongalves, 2018).

In most guides, a limited number of classes of organic solvents (only alcohols and esters)
are placed as green solvents, along with water (Alfonsi et al., 2008; F.P. Byrne et al., 2016;
Gongalves, 2018). Solvents of biological origin (produced with biomass) are also mentioned
as substitutes for different protic solvents, esters, ketones and ethers (F.P. Byrne et al.,
2016). However, none meet all the requirements of a “completely green” solvent (F.P.
Byrne et al., 2016; Hackl & Kunz, 2018). Most of the alternatives for non-recommended
solvents only address one of their negative properties (e.g.: they have lower toxicity, but the
energy consumption of their production equals that of the non-green solvent) (Gongalves,
2018). For instance, water generally gets the higher rating in solvent classification and, in
conservation, the use of aqueous methods instead of organic solvents is one of the mostly
used safe and “environmentally friendly” approach. Nevertheless, its complete sustainability
can be called into question if its high energy cost is taken into greater consideration (F.P.
Byrne et al., 2016; American Institute for Conservation, 2018). For example, the production
process of distilled water is extremely time-consuming, requires high amounts of energy
to produce small quantities and it represents about 95% waste of the initial quantity (AIC,
2018). Although, in some cases, distilled water can be substituted by deionized or tap
water, resorting to aqueous systems still can’t be considered completely sustainable due
to water scarcity.

Increasing the sustainability of a conservation treatment or minimizing toxicity without
simultaneously compromising effectiveness is often one of the most challenging aspects in
the development of greener products and processes. To select the most appropriate sol-
vent it is crucial to consider the properties of the surface in treatment and the layers to be
removed (Gongalves, 2018). Some alternative substances and solvents, although greener,
do not apply to the intended use, so a critical analysis of the substitute products determined
by the available guides is advised. To assist in solvent selection for heritage conservation
purposes, different databases were developed: for example, the Solvent Solver® program,
by the US National Archives and Register Administration (NARA, 2016; AIC, 2018); the
TriSolv® program, by Istituto Centrale per il Restauro (ICR, 2020); and the Modular Cleaning
Program®, by the Getty Conservation Institute in collaboration with California State Univer-
sity, Winterthur/University of Delaware Art Conservation Program and Winterthur Museum
Conservation Division (Conservation OnLine, 2009; Stavroudis & Doherty, 2013). They help
the conservator to tailor solvent mixtures, solvent gels or aqueous systems, adjust them to
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the same dissolving power as a more harmful product and be more compatible with each
case study (CoOL, 2009; Stavroudis & Doherty, 2013; NARA, 2016; AIC, 2018; ICR, 2020).

Nonetheless, this sustainable approach by itself does not solve one of the main drawbacks
of the use of organic solvents in cultural heritage conservation - the invasiveness of free-
fluid solvents, their impregnation and retention in the substrate. It needs to be combined
with systems structured by a 3D matrix capable of sustaining a liquid phase and releasing
it gradually (e.g.: gel).

Microemulsions and micellar solutions

Nanostructured fluids (microemulsions and micellar solutions) are considered one of most
valuable innovative strategies for cultural heritage conservation (P. Baglioni, Chelazzi &
Giorgi, 2015). Microemulsions and micellar solutions are both liquid dispersions stabilized
by aggregates of the surfactant’s amphiphilic molecules that form above the critical micelle
concentration. However, microemulsions are constituted by a dispersed phase that is insol-
uble in the continuous phase (solvent) (Carretti et al., 2005). Microemulsions are greener
and more efficient systems formed by a high percentage of water (75-99%) and a reduced
organic content (>0.5%-15% including both solvents and surfactants). They combine the
detergency properties of surfactants with the solvation action of organic solvents, requiring
smaller amounts of solvents in their formulation. Hence, the toxicity and environmental
impact of the cleaning treatment is reduced without compromising its action (Carretti et al.,
2005; P. Baglioni, Chelazzi & Giorgi, 2015; P. Baglioni et al., 2014, 2019).

These thermodynamically stable systems ensure selective cleaning of mainly wall paintings
and stone surfaces through the formation of a hydrophobic barrier that prevents impregnation
and retention of the solvent and limits its action to the surface (Balliana et al., 2016; P.
Baglioni & Giorgi, 2006). Their optical transparency acts as an additional aid in managing
its cleaning action (Carretti et al., 2005). The chemical and physical properties of these
solutions based on amphipathic molecules allow the removal of synthetic materials used in
previous conservation treatments, that were otherwise unremovable (Giorgi et al., 2010; P.
Baglioni et al., 2013, 2014; M. Baglioni et al., 2015; P. Baglioni, Chelazzi & Giorgi, 2015).
They optimize cleaning solution-undesired material interaction, increasing swelling/solubi-
lization rate and therefore facilitating removal. Once detached, the undesired hydrophobic
material is surrounded by a hydrophilic phase that prevents redeposition. Thus, research
groups have assessed their application on water-sensitive substrates (e.g.: canvas, paper,
wood) and found that loading them into hydrogels can enhance their performance (Gorel,
2010), allowing the controlled release of the liquid phase and cleaning agents (P. Baglioni,
Chelazzi & Giorgi, 2015).
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The main drawbacks of micelle-based systems are the lack of commercially available formu-
lations and the dissemination of most of the research via journals outside the conservation
field (Balliana et al., 2016).

Biocleaning

Another sustainable cleaning solution consists in biologically based systems that resort to
the action of microorganisms and enzymes (Silva, 2017). Most of the enzymes selected
are hydrolases, which can break down polymer structures (e.g.: proteinaceous materials,
starch paste, adhesives, acrylic coatings or drying oils). Commercial hydrolases such as
proteases, amylases, lipases and esterases (isolated from animal, vegetal and microbial
sources) are pointed out as safer alternatives to conventional acid- and alkaline-based
cleaning treatments (Palla & Barresi, 2017).

Biocleaning systems require a careful selection of the appropriate bioagent(s) in order to
ensure a good performance in the removal of undesired substances (e.g.: soluble salts, organic
matter, natural and artificial polymers, or graffiti) and avoid promoting further deterioration
(Fernandes, 2006; Bosch-Roig et al., 2014; Balliana et al., 2016). Thus, microorganisms’
selection must take into consideration a previous chemical and physical characterization of
the decay and give preference to non-pathogenic, environmentally-friendly strains (ideally
non-spore forming to simplify elimination after treatment) (Palla & Barresi, 2017).

Bioagents’ cleaning action can be optimized by loading them into a delivery system that
provides the right environmental conditions and nutrients, controls their interaction with the
surface (minimizing invasiveness) and facilitates formulation, application and removal (Palla
& Barresi, 2017; Silva, 2017). Enzymes or bacterial cells can be combined with ionic liquids
(Kuckova et al., 2014) and poultices or gels (Bosch-Roig et al., 2014; Balliana et al., 2016
and Bosch-Roig et al., 2017) to enhance their effectiveness, selectivity and compatibility
(Fernandes, 2006; Cremonesi, 2015; Palla & Barresi, 2017). Bacteria’s metabolism is then
able to easily dissolute the undesired materials with the complementary action of the gelled
systems (humidification and mollifying of layers) (Balliana et al., 2016). Their delivery in
cotton wool or Japanese paper has also been mentioned by Palla & Barresi (2017).

Biocleaning is classified has a highly versatile strategy with low impact on cultural assets,
the operator and the environment, that allows a more homogeneous, gradual and con-
trollable action. Several research groups consider it a viable remediation treatment for
historical architectural monuments, mural paintings, stone surfaces and sculptures, paper
and paintings (Bosch-Roig et al., 2014; Palla & Barresi, 2017; Silva, 2017). Nonetheless,
unlike other alternative approaches, biocleaning systems are not commercially available
in a large scale as a ready-to-use formulation (Balliana et al., 2016) and are still at an
early stage of application in case studies (Bosch-Roig et al., 2017). Bosch-Roig et al. also
refer application problems, such as the incorrect adherence of some delivery systems to

ECR - Estudos de Conservacao e Restauro — 2020 - N2 12 27



Available green conservation methodologies for the cleaning of cultural heritage:
an overview
Marta Gueidéo; Eduarda Vieira; Rui Bordalo; Patricia Moreira

irregular surfaces and «the need to maintain optimal temperature and relative humidity
for bacteria to metabolize [which] reduces the number of works that can withstand such
stress» (Bosch-Roig et al., 2017, p.119).

Ionic Liquids

Ionic liquids (ILs) have been recently introduced as a greener and safer approach to the
preservation of cultural heritage (Kozigdog & Wysocka-Robak, 2017). They are formed
exclusively by cations and anions, are recyclable, thermally and chemically stable and
non-inflammable, have generally higher viscosity (lower penetration rate) than conventional
solvents and the capacity to dissolve (in)organic or polymeric materials (Chowdhury et al.,
2007; Poole, 2004; Kozigdg & Wysocka-Robak, 2017; Lo Schiavo et al., 2020). Alterations
in the combination of its components allow the adjustment of viscosity, pH and melting
point according to surface and substrate’s properties (Balliana et al., 2016; Lo Schiavo et
al., 2020).

Research studies have mentioned ILs’ ability to remove calcium crusts from stained glass
or synthetic and natural varnishes (Lo Schiavo et al., 2020). Some have also assessed the
efficiency of commercially available ILs, alone (Pacheco et al., 2013) and in combination
with enzymatic solutions (Kuckova et al., 2014), for the removal of natural or artificial res-
ins and proteinaceous materials from polychrome surfaces. Lo Schiavo et al. characterize
ILs as solutions with «good antifouling activity on different stone substrates» and refer to
them as possible contributions «to the production of new formulations of antifouling and
antimicrobial surface coatings, developed as gel materials and other forms» (Lo Schiavo et
al., 2020, p.13). ILs’ variety of combinations and capacity to inhibit microbial activity and
buffer pH have also placed them as potential deacidification, disinfection (biocolonization)
and disinfestation (insects and rodents) methods for paper heritage preservation (Kozigdg &
Wysocka-Robak, 2017; Dimitri¢ et al., 2019). Schmitz et al. mention that «the persistence
of growth-free halos around IL inoculation sites throughout the observation period of four
weeks indicated long-term stability and inertness of the tested ILs towards fungal decay or
abiotic factors» (Schmitz et al., 2019, p.9), referring to ILs as possible solutions for long-
term biocolonization inhibition in archived documents.

This alternative approach has showed good results in terms of versatility, compatibility,
selectivity and cleaning action. Nonetheless, concerns were risen regarding its cost and
the detection of residues attributed to its extremely low vapor pressure and consequent
difficult removal, which can promote or induce deterioration (Balliana et al., 2016). Further
research is needed regarding its application in case studies with different substrates, its
biodegradability and compatibility with traditional materials, solubility parameters and
kinetics of deterioration (Balliana et al., 2016; Lo Schiavo et al., 2020).
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Gels

Gels are used not only as delivery systems for many of the cleaning solutions listed above but
also as sustainable cleaning methods (Gulotta et al., 2014; Carretti & Dei, 2006; P. Baglioni
et al., 2009; Carretti et al., 2009; M. Baglioni et al., 2012; Kavda et al., 2017; Chelazzi
et al., 2018; Al-Emam et al., 2019). A gel is defined, according to IUPAC, as a «non-fluid
colloidal network or polymer network that is expanded throughout its whole volume by a
fluid» (Jones, 2007, p.1806); i.e. it is formed by the transition from liquid to a disordered
solid (Dudukovic, 2015; Volpi, 2017), through the formation of a 3D matrix of polymeric
chains - that are crosslinked (covalent polymer network) or “physically aggregated” «by
hydrogen bonds, crystallization, helix formation, complexation, etc.» (Jones, 2007, p.1806)
— dispersed in a continuous phase (Bertasa et al., 2017).

Gels stand out for their capacity to «retain large amounts of liquid» (P. Baglioni et al., 2019,
p.183) in a matrix that releases them gradually and incorporate «different liquid media like
organic solvents, micellar solutions, o/w microemulsions, or aqueous solutions containing
enzymes or chelates» (P. Baglioni et al., 2014, p.365). Therefore, they are considered one of
the most efficient materials in the controlled and non-invasive cleaning of cultural heritage
(P. Baglioni et al., 2014; P. Baglioni, Chelazzi & Giorgi, 2015; Bonelli et al., 2019). Despite
being a promising greener methodology, the cost of some gelator components hinders its
extensive use and further studies need to be carried out to improve their compatibility,
selectivity and retentiveness. (Balliana et al., 2016).

The need for versatile cleaning methods highlighted by the generally complex chemical
nature of the materials to be removed is matched by the wide variety of gel formulations.
Researchers have established different classes and types of gelled systems according to
their chemical and physical properties and the advances in the field (P. Baglioni, Chelazzi
& Giorgi, 2015; Volpi, 2017; Vazquez Pérez, 2018; Bonelli et al., 2019). P. Baglioni et al.
(2014, 2019) divide them into traditional thickeners and physical gels, introduced by Wolbers
in the 1990s (Carretti et al., 2008), and innovative nanostructured gels or gel-like systems
(responsive gels and peelable systems).

Traditional thickeners and gels

Soft solvent gels were one of the first high-viscosity cleaning methods used in cultural
heritage conservation and, therefore, are classified as traditional thickeners and physical
gels. They combine or intensify the action of miscible solvents and are generally formed by
natural (cellulose-derived ethers) or synthetic (polyacrylic acid, PAA) water-soluble polymers/
macromolecules (P. Baglioni et al., 2014), that act as thickeners and viscosity modifiers
reducing the fluidity of a solvent and/or solution and decreasing the diffusion rate (A. Byrne,
1991; Volpi, 2017). Cellulose-derived ethers (methyl, hydroxypropyl, methylhydroxypropyl
cellulose) are miscible and soluble in water or polar organic solvents, forming a poultice
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widely applied in conservation due to their low cost and practical formulation (Volpi, 2017). In
turn, PAA-based cleaning systems are activated by adding a weak basic non-ionic surfactant
that causes a neutralization reaction and enhances their thickening properties through the
formation of a salt (P. Baglioni et al., 2014; Volpi, 2017).

Soft gels have a greater tendency to leave solid residues (mainly gelling polymer) after
removal due to the weaker bonds established between polymer chains (Carretti et al., 2008).
The required additional rising solutions and/or mechanical action have showed to produce
alterations similar to those observed in non-confined solvent applications (P. Baglioni et
al., 2019). Since the complete removal of some residues «is not achieved even using rising
solvents and mechanical action» (Bonelli et al., 2019, p.340), gelled systems formed by
these thickeners or viscosity modifiers should be avoided in textured or irregular surfaces
(P. Baglioni et al., 2014; Bonelli et al., 2019).

Other traditionally applied physical gels are based on biodegradable natural polysaccharides
(e.g.: gellan gum and agar) that aim at minimizing the impact of water application on highly
sensitive and porous substrates (P. Baglioni et al, 2014; Volk & Van den Berg, 2014; Royo
Fraguas et al., 2015; Cremonesi & Casoli, 2017; Maranesi, 2017; Puoti et al., 2017; Kanth et
al., 2018). These semi-rigid, hydrophilic gels are structured in a 3D mesh of double-helices,
interlinked via secondary interactions, such as hydrogen bonds or Van der Waals forces (P.
Baglioni et al., 2014, 2019; Bertasa et al., 2017; Wolbers, 2017b).

The resulting cleaning system is an extremely useful and versatile tool widely applied in
conservation due to its thermoreversible 3D network junction points - i.e. its non-covalent
interactions can be broken or re-established by heating or cooling, returning to a fluid
solution or re-hardening (Armisén & Galatas, 2009; Zucca et al., 2016; Wolbers, 2017b).
Thus, it can be applied directly onto the surface in rigid or viscous form and easily removed
in solid state at room temperature. This guarantees full coverage of textured surfaces
and minimizes the risk of deterioration with subsequent chemical or mechanical action (P.
Baglioni et al., 2019; Bertasa et al., 2017). The efficiency and invasiveness of its cleaning
action varies according to the concentration of the gelator (Tortajada Hernando & Blanco
Dominguez, 2013) and the addition of reagents - solvents, enzymatic solutions, non-ionic
surfactants or weak chelating agents can be loaded into the hydrogel without compromising
its retentiveness (Gorel, 2010; Scott, 2012; Cremonesi, 2015, 2016). However, incorrect
manipulation can lead to various forms of deterioration. Its light extraction power may
cause the migration of components from different layers or the substrate and its use at an
excessively high temperature may create surface staining or cause the decomposition of
agar solutions («resulting in a net lower gel strength after temperature decrease and gel
formation», Wolbers, 2017b, p.381). The presence of solid residues after removal (due to
its application with reduced thickness) may also induce biological colonization (Tortajada
Hernando, 2011; Tortajada Hernando & Blanco Dominguez, 2013; Wolbers, 2017b).
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Innovative gels and gel-like systems

Owing to the disadvantages of traditional gels, scientific research focused on the formulation
of alternative gelled systems. P. Baglioni et al. (2014) subdivide innovative nanostructured
gels or gel-like systems into responsive gels and peelable systems, both having chemical
and physical properties that allow the minimization or complete elimination of analytically
detectable residues.

Responsive gels’ chemical structure allows a «rapid, complete and non-invasive removal

Ill

via a response to “chemical” or to “physical” stimuli» (P. Baglioni et al., 2014, p.366).
They include rheoreversible gels based on polyamines and nanomagnetic sponges with a

polyacrylamide network.

Polyallylamine or polyethyleneimine solutions are easily transformed into gels upon reacting
with CO, and forming a 3D polymeric structure (Carretti et al., 2003, 2004, 2008; Suzuki
& Hanabusa, 2010; P. Baglioni et al., 2014, 2019). These gels can in turn be completely
removed with cotton swabs, after adding a few drops of a weak acid solution (mineral or
organic), and converting them into a liquid (Carretti et al., 2010; P. Baglioni et al., 2019).
Although this rheoreversible system can be highly effective, it is still scarcely applied and in
need of further improvements: its intrinsic thixotropy hampers its correct handling and control
(P. Baglioni et al., 2014) and its removal method restricts its use to less porous artefacts.

Nanomagnetic sponges are «obtained by functionalizing an acrylamide-based polymer net-
work with ferrite nanoparticles» (P. Baglioni et al., 2019, p.187). This enhances the hydrogel
elasticity and makes it responsive to magnetic fields, enabling its complete removal by
simply lifting it with a permanent magnet (P. Baglioni et al., 2014). Hence, they are a safe
cleaning approach with a non-invasive removal method that can be applied onto surfaces
with high sensitivity to mechanical stress (Carretti et al., 2010; P. Baglioni et al., 2019).
The micrometric porosity of these gel-nanoparticle systems allows the controlled release
of cleaning agents such as aqueous solutions, micellar systems or o/w microemulsions
(Carretti et al., 2010).

Another innovative cleaning system based on poly(methyl methacrylate) (PMMA) organogels
has been studied in order to assess its potential in cultural heritage conservation. MMA
form a «solid system, non-crystalline, thermoreversible (thermoplastic) and viscoelastic»
gel (Pianorsi, 2017, p.100) with a wide range of pure organic solvents (Suzuki & Hanabusa,
2010). Its properties can be tuned by adjusting «the amount of cross-linker and the mon-
omer-solvent phase ratio during the synthesis of the gel» (Pianorsi, 2017, p.78; P. Baglioni
et al., 2019). Since organogels are «chemical networks where the confined liquid phase is
composed of organic solvents» (P. Baglioni et al., 2015, p.858) and «the loaded solvents
have lower polarity that those typically confined in hydrogels» (P. Baglioni et al., 2019,
p.190), they represent a versatile cleaning method capable of swelling and dissolving a
large variety of materials (e.g.: adhesives, wax, natural and synthetic coatings) from canvas
paintings and paper artifacts (P. Baglioni et al., 2015, 2019; Pianorsi, 2017; Pianorsi et al.,
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2017). PMMA organogels can be applied directly onto the surfaces and easily removed with
light mechanical action using cotton swabs (leaving no detectable residues). Their optical
transparency aids in the control of its cleaning action during application (P. Baglioni et al.,
2015; Pianorsi, 2017).

According to P. Baglioni et al., peelable systems are formulations with «high intrinsic elastic-
ity» (P. Baglioni et al., 2014, p.366) that enables their easy removal from sensitive surfaces
residue-free through a peeling action (Carretti et al., 2010). They include highly viscous
polymeric dispersions (HVPDs) based on polyvinyl alcohol (PVA) and semi-interpenetrated
polymer networks (semi-IPNs) based on polyvinylpyrrolidone (PVP) and polyhydroxyethyl
methacrylate (pHEMA) (P. Baglioni et al., 2014, 2019; Bonelli et al., 2019).

The most commonly used HVPD results from a condensation reaction between PVA's
hydroxyl groups and borax (Natali et al., 2011; Riedo et al., 2015; Riedo et al., 2017). Its
efficiency and invasiveness are regulated by the concentration of both components, pH and
temperature, degree of PVA hydrolysis, and «the composition of the continuous embedded
aqueous phase» (P. Baglioni et al., 2014, p.369; Baglioni et al., 2019; Angelova et al.,
2017; Fialova & Kotlik, 2017; Varadinova-Papadaki, 2017). Significantly high quantities
of organic solvents can be added to alter its viscoelastic properties without compromising
thermodynamic stability (P. Baglioni et al., 2014). PVA/borax HVPD'’s transparency and its
simply adjustable mechanical and viscoelastic properties grant more control and selectivity
to its cleaning action.

Bonelli et al. (2019) assessed another cleaning system formed by adding PVP (highly
hydrophilic) to PVA-based hydrogels, influencing their hydrophilicity, porosity and rheo-
logical behavior. PVA/PVP formulations show high mechanical resistance and the ability to
completely remove soil from textured polychrome layers due to an enhanced adhesion to
irregular surfaces.

As a (semi-IPN)-based cleaning approach P. Baglioni et al. (2014, 2019) refer to a biphasic
chemical hydrogel system formed by PVP and pHEMA, that combines polymeric substances
with different polarity, the hydrophilicity of one component and the mechanical strength
of the other. The retentiveness, porosity, viscoelastic behavior and hydrophilicity of this
semi-IPN can be tailored to the substrate or surface in treatment by altering its formulation
(P. Baglioni et al. 2014, p.369; Giorgi et al., 2013). Several organic solvents with different
solubility parameters and aqueous cleaning agents (e.g.: enzyme or micellar solutions
and o/w microemulsions) can also be added to promote the removal of different materials
(soil, varnish, adhesives, other aged conservation materials) in water-sensitive artifacts
(Domingues et al., 2013a, 2013b, 2014; P. Baglioni et al., 2014; Sun et al., 2015; Eriksson
et al., 2017). Semi-IPN have a higher peelability, optical transparency and water-retention
than traditional rigid gels (Domingues et al., 2013b; P. Baglioni et al., 2014, 2019).
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Green Cleaning Methodologies

Advantages

Less invasive

No use of solvents

No mechanical or chemical contact with artefacts
Different types are commercially available

Suitable to clean wide range of materials

Laser No alteration to the surface or underlying substrate
Controlled and selective cleaning action

Can be monitored in real time

Disadvantages
Expensive method
Requires preliminary study and extensive knowledge on the technique

Advantages

Reduced impact on EHS

LCA taken into account

Programs to assist in solvent selection and mixture are available

Green Disadvantages
Solvents | Disparity in classification
Limited number of solvents considered green
Some alternatives do not apply to intended use
Free-fluid solvents invasiveness
Possible impregnation and retention in substrate
Need to be combined with other systems

Advantages

Require smaller amounts of solvents

Reduced impact on EHS

Thermodynamically stable throughout wide range of environments
Prevent impregnation and retention of solvents

Microemul- )
. Optical transparency
sions and )
. Can be loaded into hydrogels
micellar . S
. Increased swelling/solubilization rate
solutions

Prevent redeposition of undesired materials

Disadvantages
Lack of commercially available formulations
Off-target dissemination of research
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Green Cleaning Methodologies

Advantages

Safer than conventional acids and alkaline-based cleaning treatments
Can be loaded into delivery system (facilitate formulation, application and
removal; optimize cleaning action; and control interactions with surface)
Possible synergistic cleaning action with delivery system

Highly versatile, effective and selective strategy

Low impact in heritage artifacts

. . More homogeneous, gradual and controllable cleaning action
Biocleaning
Disadvantages

Require careful selection of appropriate bioagents

Not commercially available in a large scale

Still in preliminary stages of application to case studies

Application problems (adherence to overly textured surfaces)

Need to maintain optimal hygrothermal conditions for bioagents to remain
viable

Advantages

Can be used as delivery system or as cleaning method alone
Recyclable

Thermally and chemically stable

Formed exclusively by cations and anions
Non-inflammable

Lower penetration rate (high viscosity)
Adjustable mechanical and chemical properties
Antimicrobial activity

pH buffer capacity

Long-term stability and inertness
Commercially available formulations

Versatile, compatible and selective

Ionic
Liquids

Disadvantages

High cost

Detection of residues

Difficulty in removal (can promote or induce deterioration) processes
Need of more research regarding application in different substrates
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Green Cleaning Methodologies

Advantages

Can be used as delivery system or as cleaning method alone

Can be loaded with different classes of liquid media

Capable to retain large amounts of fluid

Ability to retain liquid in matrix and release it gradually

Decreased diffusion rate

Reduced impact of water on highly sensitive and porous substrates
Efficient, controlled and non-invasive cleaning action

Versatile cleaning system (wide variety of gelled systems)

Tunable chemical and mechanical properties

Advances in research to overcome traditional thickeners and physical gels’
disadvantages (facilitate removal and enhance compatibility)

Gels Innovative gels or gel-like systems can be removed residue-free and with
no impact on surfaces

Optical transparency of some systems allows better control of cleaning action

Disadvantages

Need to improve compatibility with some materials, selectivity and
retentiveness

High cost of some gelator components

Problems with complete removal (traditional thickeners and physical gels)
Problems with complete adherence to irregular surfaces (traditional thick-
eners and physical gels)

Some innovative gels or gel-like systems are still scarcely applied and need
further improvements

Table 1 - Comparison of green conservation methodologies for cultural heritage cleaning.

Conclusion

Over the last few decades, several scientific studies have been carried out to develop inno-
vative cleaning methodologies or greener suitable materials that provide greater safety for
the conservator, the environment and the cultural heritage artefacts (summary in Table 1).
These alternative systems aim at the decrease of diffusion and retention rates, the reduc-
tion of reagent volume, the optimization of cleaning action and the increase of operational
time. They have proven to be more efficient, controllable and compatible than conventional
methodologies based on organic solvents or harmful products and can be tailored to meet
specific demands (Wolbers, 2017a).

Though potentially more effective and non-invasive, most sustainable cleaning solutions
require specialized professionals and significant knowledge about the technique in order
to be formulated and used safely in cultural heritage conservation (Balliana et al., 2016).
Thus, parallel to the development and the improvement of greener treatments, it is crucial
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to invest in dissemination and training for conservators on their preparation and application
methods, through the collaboration between operators, companies, and researchers.

The frequent off-target dissemination of information and the reduced amount of commer-
cially available alternatives also hinder their widespread use (Balliana et al., 2016). Many
of these innovative methodologies are not easily accessible, not marketed in ready-to-use
formulations or do not even reach the production phase (they are deemed economically or
industrially nonviable). Further investigation needs to be carried out to improve technical
difficulties in preparation, optimize and simplify formulation and make them practical and
easy to use.
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