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New perspectives on green and sustainable wet
cleaning systems for art conservation

David Chelazzi, 22 Romain Bordes, {2 Andrea Casini,“ Rosangela Mastrangelo,®
Krister Holmberg (2 ° and Piero Baglioni {2 *©

The field of cultural heritage conservation science has seen significant advancements over recent decades,
particularly through the application of soft matter and colloid science. Gels, nanostructured fluids,
nanoparticles, and other advanced functional materials have been developed to address challenges in
cleaning, consolidation, and protection of art. More recently, the focus has shifted toward “green”
materials and sustainable practices, aligning with broader trends in science and technology. This emphasis
on sustainability has revealed the immense potential for cross-disciplinary exchange between conservation
science and fields like drug delivery, the food industry, tissue engineering, and more. A clear example of
this synergy is seen in the cleaning of artworks, where bio-derived surfactants and biomaterials are
increasingly incorporated into microemulsions and gels. These innovations not only enhance cleaning
efficacy but also align conservation practices with sustainable principles, drawing parallels to research in
cosmetics, pharmaceuticals, and detergents. The examples and materials discussed in this contribution
illustrate how advancements in art conservation science can foster mutual technological transfer with
other industries. By leveraging the central role of soft matter and colloids, these collaborations produce
sustainable solutions that can address critical societal, environmental, and economic challenges.
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In an era where economic re-growth and resilience are central
tasks to be pursued, Cultural Heritage (CH) represents a crucial
socioeconomic resource that needs to be preserved and trans-
ferred to future generations." However, this is a challenging
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task owing to the numerous degradation processes that
affect works of art and monuments, exacerbated by climate
changes and even by detrimental, serendipitous restoration
approaches. In addition to the social and economic advan-
tages provided by well maintained and accessible CH, art
conservation science has large potential since it can also link
to other scientific and technological sectors by addressing two
fundamental issues: (1) the development of functional,
advanced materials with enhanced performance as cleaning,
consolidation, protection, and sensing systems;>” (2) the use
and support of a Safe and Sustainable by Design approach
(SSbD) to devise the new materials.®® The potential impact
of colloids for conservation of CH was already highlighted
about 20 years ago in a review article on “Soft and hard
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nanomaterials for restoration and conservation of cultural
heritage”” published on Soft Matter.'®

Materials like gels, microemulsions, nanoparticles, coatings
and composites, are not only beneficial to art conservation, but
can also be potentially transferred to fields like detergency,
cosmetics, the food industry, agriculture, tissue engineering,
coatings/adhesives, textiles, and others. Regarding SSbD, CH
conservation science offers a hub where this approach can be
efficiently developed, put to test, implemented, and then trans-
ferred to other applications.

The scope of this article is indeed to illustrate a represen-
tative example of how soft matter and material science
are contributing to develop sustainable materials for art
conservation, focusing on systems for the wet cleaning
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of works of art, and how this effort links with the
industry.

Cleaning, i.e. the removal of undesired layers (soil, aged
coatings, grime, vandalism) from the surface of artworks, is
a representative and fundamental case in the conservation
practice, and a challenging task owing to the interplay between
intermolecular forces, e.g., hydrogen bonding, polar and van
der Waals forces, within a substance in the artwork (cohesive
forces), and between the undesired layers and the underlying
original artwork’s components (adhesive forces). With most
artistic surfaces being sensitive to aqueous solutions and
organic solvents, the need to devise selective cleaning systems
has driven research over the last decades, leading to the
development of soft matter systems like hydrogels, organogels,
and different kinds of nanostructured cleaning fluids.'""?
While several systems have proven highly effective in the
restoration of iconic masterpieces from the classic and mod-
ern/contemporary artistic production (e.g., mural and easel
paintings),**** research is far from concluded. A “green” tran-
sition has only recently been initiated,">'® aimed at re-writing
the most effective systems using non-toxic bio-derived or syn-
thetic components, or developing completely new formulations
for remedial conservation.

In this framework, surfactants play a key role. The use
of surface-active compounds in restoration, in particular in
cleaning operations,'® tracks back to ancient practices, when
conservators employed soaps and even different natural
materials like food (wine, garlic, bread, oil) and biological
fluids (saliva, bile, and urine). However, a systematic classifica-
tion of useful surfactants for cleaning of works of art originates
from the 1980s, with guidelines on the formulation of
micellar solutions, regular emulsions and ‘solvent-gels”
(polymer-thickened solvents and surfactants blends),"”*® or
with pioneering works on the use of oil-in-water (o/w)
microemulsions.® As a matter of fact, o/w nanostructured
fluids, either non-confined or uploaded in gels, still represent
the most sophisticated approach to selective cleaning
of art objects.'> However, research is now addressing the
formulation of fluids using “green” solvents and bio-based
surfactants.

Our aim with this contribution is to highlight new possibilities
and transversal ideas that can link the design of new sustainable
art cleaning formulations with research in large industries like
cosmetics, food and pharmaceutics, in an “outside the box”, non-
limited approach, rather than exclusively review past and current
art restoration solutions.

First, an overview will be given on bio-based surfactants, an
area subject to considerable efforts in the surfactant industry and
of potential use also in CH conservation. Metrics and regulations
to classify “green” surfactants will then be illustrated, including
those currently used in art cleaning formulations. Then, the
advantages and limitations of some novel ‘“green” surfactants
will be discussed, as potential candidates for industrial use and
CH restoration. Finally, systems for the wet cleaning of art will be
discussed, from the traditional practice to current sophisticated
systems and future perspectives.

This journal is © The Royal Society of Chemistry 2025
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Bio-based surfactants: an overview

As the single largest class of specialty chemicals, surfactants are
consumed in very large quantities in our daily life and in many
industrial areas, in addition to their use in art cleaning
formulations.

The world-wide annual production is around 30 million
metric tons, and the market value of surfactants is around
50 billion US dollars. In the past, the attention was focused
entirely on technical performance. However, starting from the
1970’s and 80’s, surfactant related environmental concerns have
become the main driving force to upgrade surfactant production
technology to make more benign or “greener” products. More
recently the origin of the raw materials that are used for the
synthesis of surfactants has also become very important. Particu-
larly in the personal care sector and other consumer markets, the
customers prefer surfactants made from renewable raw materials.

In principle, surfactants can be synthesized entirely from
natural raw materials. Such surfactants are referred to as bio-
based (or oleochemically based) and sugar esters of fatty acid
are well-known examples. Surfactants can also be made entirely
from petrochemical starting materials. Alkylbenzene sulfo-
nates, the largest single type of surfactant, is one example out
of many. However, many surfactants are neither fully bio-based
or fully petrochemically based; instead, they are hybrids, made
from one natural and one petrochemical raw material. Normal
nonionic surfactants made by ethoxylation of a natural fatty
alcohol are typical examples. If the ethylene oxide originates
from bioethylene, which in turn comes from bioethanol, then
the surfactant is fully bio-based. However, that is still rare. This
has triggered some confusion in the classification of surfac-
tants, and in order to formalize the classification the European
Commission for Standardization has defined a bio-based sur-
factant as follows:"®

- Wholly bio-based: >95% bio-based carbon; surfactants
where all raw materials can be considered as bio-based.

- Majority bio-based: 95-50% bio-based carbon; surfactants
where the majority of the raw material is bio-based.

- Minority bio-based: 50-5% bio-based carbon; surfactants
where a minor part of the raw material is bio-based.

- Non bio-based: <5% bio-based carbon; surfactants where
no raw material is bio-based.

The percentage of bio-based carbon is usually calculated
based on data from the surfactant supplier but can also be
determined experimentally by isotope analysis. The isotope
composition of carbon in nature is 99% '°C, 1% °C, and a
tiny amount (1 per 10> carbon atoms) of **C. The '*C isotope is
radioactive with a half-life of 5730 years. This means that in
fossil petroleum there is virtually no radioactivity. Thus, an
isotope analysis of the carbon in a linear alcohol made by
oligomerization of ethylene will show negligible amount of *'C
while the same alcohol obtained from a triglyceride by metha-
nolysis followed by hydrogenation of the methyl ester will give
an abundance of **C of 1 per 10" carbon atoms. In archaeology
this method of dating organic artefacts is referred to as radio-
carbon dating or carbon-14 dating.

Soft Matter, 2025, 21, 4165-4176 | 4167
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During the last decades there has been a steady increase in
the relative amount of bio-based raw materials in surfactants
for consumer products such as personal care, food, and house-
hold cleaning. The trend is less clear for surfactants for
industrial applications. That segment is still very much domi-
nated by raw material prices and the relative volumes of bio-
based and petrochemically based raw materials tend to follow
the price fluctuations of the oleochemical and petrochemical
feedstock.

A fully bio-based surfactant is likely to be more environmen-
tally benign and have a lower carbon footprint than a petro-
chemically based amphiphile used for the same purpose.
However, also surfactants made from natural starting materials,
such as fatty alcohols or fatty acids as hydrophobe and a sugar or
oligomerized ethylene oxide from bioethylene as polar headgroup,
are not natural compounds. Their synthesis requires many steps.
Take fatty alcohol ethoxylates made from bio-ethylene oxide as an
example. The fatty alcohol is normally made by catalytic hydro-
genation of a fatty acid methyl ester, which in turn is made by
methanolysis of a triglyceride. The bio-ethylene oxide is made by
oxidation of bioethylene using a silver catalyst and the bioethylene
is obtained by dehydration of ethanol obtained by sugar fermenta-
tion. Taken together, four organic chemical reactions and one
fermentation is required to produce the two starting materials,
which are combined in a fifth reaction, the ethoxylation, to give the
nonionic surfactant. Fig. 1 shows the reaction sequence. Whether
such a surfactant is really “green” may be a matter of debate.

Biosurfactants, also called natural surfactants, may be the
ultimate solution. These are amphiphiles produced by macro-
or microorganisms without any synthetic chemistry involved.
Examples of natural surfactants produced by macroorganisms are
saponins and phospholipids such as lecithin. Examples of such
products produced by microorganisms include rhamnolipids,
sophorolipids, and mannosylerythritol lipids. Such natural sur-
factants are highly surface active with values of critical micelle
concentration (CMC) and surface tension at the CMC that match
the values of synthetic surfactants. These natural surfactants are
commercially available, but the volumes produced today are

R
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Fig. 1 Synthesis of fatty alcohol ethoxylate based on a natural fatty
alcohol and bio-ethylene oxide. The fatty alcohol is produced in two steps
from a triglyceride (where R is a hydrocarbon group of variable length and
degree of unsaturation) and the bio-ethylene oxide is also made in two
steps from bioethanol, which is produced by fermentation of sugar.
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Fig. 2 Structure of representative biosurfactants.

relatively small and the price level is much higher than that of
surfactants produced by organic synthesis from petrochemically
or oleochemically based starting materials.’>*' Fig. 2 shows
structures of important natural surfactants.

Metrics and regulations to classify
“green” surfactants

The environmental impact of surfactants has gained significant
attention due to their widespread use in industrial and domestic
applications. Assessing their sustainability demands a multidisci-
plinary approach that encompasses their entire lifecycle, ecologi-
cal interactions, and chemical properties.*” In particular, life cycle
assessment (LCA) provides a robust framework for analysing the
environmental impact of surfactants from production to disposal.
By quantifying key metrics such as energy consumption, green-
house gas emissions, and water usage, LCA identifies environ-
mental hotspots and supports the development of sustainable
alternatives.”® Standardized under ISO 14040:2006, this approach
has proven particularly effective in comparing petroleum-based
surfactants with bio-based counterparts derived from renewable
resources like vegetable oils, which generally exhibit lower envir-
onmental impacts.**** The cradle-to-grave perspective of LCA
ensures that all stages of a surfactant’s lifecycle are considered,
revealing opportunities for optimization in production processes
and end-of-life strategies.>®

Ecotoxicity assessments are another critical component of
environmental evaluation, focusing on the potential harm surfac-
tants can inflict on aquatic life, soil organisms, and microbial
communities. Standardized testing protocols, such as those in the
OECD Guidelines for Testing of Chemicals, assess both acute and
chronic toxicity, providing essential data for regulatory decision-
making and risk management. These evaluations are instrumen-
tal in identifying high-risk surfactants and informing about the
development of less toxic formulations.”*® Advances in high-
throughput ecotoxicity testing have significantly improved the
understanding of surfactants’ long-term effects on biodiversity

This journal is © The Royal Society of Chemistry 2025
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and ecosystem health, particularly in sensitive environments
prone to bioaccumulation.>® Complementing ecotoxicity stu-
dies, biodegradability testing determines the rate at which
surfactants break down in natural environments. Tests like
OECD 301 offer critical insights into persistence and bioaccu-
mulation potential, particularly within aquatic and terrestrial
ecosystems.”” Accordingly, surfactants with biodegradable
headgroups or hydrophobic chains derived from natural
sources have demonstrated promise in minimizing environ-
mental persistence, aligning closely with green chemistry
principles.>®?%?

Quantitative  structure-activity relationship modelling
(QSAR) represents a predictive tool for assessing surfactants’
environmental behaviour, toxicity, and biodegradability based
on their molecular structure.**>* By leveraging molecular data,
QSAR models enable early-stage identification of hazardous
properties, thereby reducing dependence on extensive experi-
mental testing. Incorporating machine learning algorithms has
further enhanced QSAR systems’ predictive accuracy, facilitat-
ing the design of environmentally benign surfactants that
balance efficacy and safety.>*~>°

The application of advanced analytical techniques, such as
mass spectrometry and nuclear magnetic resonance spectroscopy,
represents an interesting alternative for the detailed characterization
of surfactants and their degradation byproducts.’” These tools can
elucidate degradation pathways and assess risks associated with
stable byproducts, which are frequently observed in wastewater.
High-resolution mass spectrometry has revealed the formation of
persistent byproducts, underscoring the necessity for improved
surfactant design and wastewater treatment technologies.***°

Finally, computational chemistry tools, including molecular
dynamics simulations and density functional theory calculations,
offer powerful methods for predicting the environmental fate of
surfactants. These simulations provide detailed insights into
molecular interactions with soil, water, and organic matter, guid-
ing the rational design of surfactants with minimal environmental
footprints.’®*! Recent advancements have successfully employed
computational models to optimize amphiphilic structures for
enhanced performance and sustainability, demonstrating their
potential in green surfactant innovation.**** These diverse meth-
odologies tackle various aspects of surfactants’ environmental
sustainability, encompassing lifecycle impacts, toxicity, and mole-
cular design. However, despite their individual strengths, these
approaches often operate in isolation, lacking integration or
interoperability. This fragmentation can limit their effectiveness,
as the insights gained from one method may not fully inform or
complement those obtained from another. For instance, while
LCA excels at providing a comprehensive overview of environ-
mental impacts, it may not delve deeply into molecular-level
toxicity. Conversely, advanced molecular modelling tools,
although predictive and precise, may overlook broader ecological
interactions or lifecycle considerations. The absence of a unified
and holistic framework that bridges these methodologies creates
a significant gap in the understanding of surfactants’ full envir-
onmental and health implications. Such a framework is crucial to
facilitate innovation in the design of sustainable chemical

This journal is © The Royal Society of Chemistry 2025
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solutions, as it would integrate diverse data streams and provide
a coherent perspective on surfactant performance and risks.
Moreover, a standardized and comprehensive approach would
align with global efforts to mitigate ecological impacts, ensuring
compliance with increasingly stringent regulatory standards. It
would also provide the scientific foundation needed to support a
transition toward greener and more sustainable chemical prac-
tices, fostering collaboration across disciplines and driving
advancements in surfactant technology that meet both environ-
mental and societal needs.

In this framework, we recently proposed a comprehensive
system to evaluate and categorize eco-friendly surfactants
for the conservation of CH, addressing the pressing need for
safer alternatives to traditional cleaning agents, which often
pose significant environmental and health risks. This system
leverages a detailed, multi-criteria assessment framework to
identify sustainable materials that adhere to green chemistry
principles.’® The classification uses safety, health, and envir-
onmental (SH&E) metrics to assess cleaning agents, drawing on
established standards such as REACH (registration, evaluation,
authorization, and restriction of chemicals) and the innovative
medicines initiative (IMI)-CHEM21 public-private partnership
European consortium.** The evaluation considers several
essential properties (taken from the records of the European
Chemical Agency, ECHA, and safety data sheets available from
producers), including biodegradability, aquatic toxicity, human
toxicity, and flammability, while excluding boiling point assess-
ment, which was deemed not relevant for surfactants.

A “green” score is thus calculated for each surfactant
balancing all the available metrics from research and industry,
and each entry receives a color-coded rating for ease of inter-
pretation: green (recommended, minimal concerns), yellow
(acceptable with controlled conditions, moderate issues), and
red (hazardous, significant risks).

Fig. 3 depicts a comprehensive evaluation conducted on
surfactants traditionally used in conservation practices and on
those employed in the current state-of-the-art methodologies

SURFACTANT "GREEN” SCORE

Sodium lauryl sulfate (SDS)
PPP——yy
Soispic oo T

2-hydroxyethyl cocamine (Ethomeenc) [ RN

., ————
2Ethyl hexanol £0-PO (Ecosurr™ ex-619) [N

Alcohols, C12-14, ethoxylated

Alcohols, C12-15, ethoxylated

Alcohols, C9-11, ethoxylated (BIO-SOFT®)

Alkyl polyglucoside (Triton™ CG-110)
Alkyl polyglucoside(s) (AGE, AGess, ac™ 6202) [N

Lauramine oxide (DDAO)
PEG Hydrogenated Castor oil (Nikkol Heo) [

Polyethylene glycol mono{octylphenyl) ether (Triton™ X-100)
Polyglycerol Fatty Acid Ester (TRIGLYN, HEXAGLYN, pEcacLyy) [
ot 2 Twsent 20, |
st 30 Twsono o)
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Fig. 3 Visual comparison of “green” scores assigned to traditional con-
servation surfactants and to those used in current advanced cleaning
techniques for artworks!?> The CHEM21 “green” score metrics were
adapted and applied to evaluate the environmental and health impacts
of these surfactants.
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for cleaning works of art. The CHEM21 green score metrics
were adapted applied to assess these surfactants. The varying
green scores highlight differences in their environmental and
health impacts.

Among ionic surfactants, sodium dodecyl sulfate (SDS)
achieves a moderate score but requires cautious use due to its
irritant properties and aquatic toxicity. Conversely, sodium dode-
cylbenzenesulfonate (LAS), widely used in cleaning applications,®
has higher green scores. Bioderived surfactants like saponins or
rhamnolipids have high scores, as well as spiculisporic acid and
sodium surfactin, which can be of interest to cleaning formula-
tions owing to their very efficient surface activity.

Nonionic surfactants, some of which are included in traditional
cleaning formulations,'”*> generally pose lower safety risks while
still raising some environmental concern. Ethoxylated fatty alco-
hols, including those based on Cg_11, C12-14, and Cy,_45 as hydro-
phobes, can have excellent cleaning efficacy depending on their
structure and hydrophilic/lipophilic balance,®"” particularly for
removing hydrophobic residues. According to the REACH classifi-
cation, surfactants based on C;, 14 are considered toxic to aquatic
life, while currently Co4; are not, but since evaluations are
continuously improving, they were given the same score in Fig. 3
on a precautionary basis. The anaerobic degradability of fatty
alcohol ethoxylates can vary depending on their structure (hydro-
carbon/oxyethylene chain length, linearity vs branching).**** Sur-
factants based on linear C;, ;5 were found to be biodegradable
during aerobic sewage treatments. In addition, ortho ester-based,
carbonate-based and certain gemini surfactants are of interest to
art cleaning formulations, since they are cleavable, potentially
avoiding the need of rinsing steps after interventions to remove
non-volatile residues from the cleaning system."®>*>!

Surfactants with more favourable environmental profiles
include alkyl polyglucosides (e.g., AGE, AGES, AGTM 6202),
ethoxylated hydrogenated castor oil (Nikkol HCO), and poly-
glycerol fatty acid esters (e.g., TRIGLYN, HEXAGLYN, DECA-
GLYN), which tend to achieve higher green scores overall.

Nevertheless, it is essential to recognize that the green score
alone cannot determine with certainty the suitability of a
surfactant for CH cleaning. Factors such as cleaning efficacy,
compatibility to the artworks, the specific characteristics of the
artifact and soiling, availability, cost, and time-effective perfor-
mance in specific cleaning scenarios, must be meticulously
considered alongside the surfactants’ green score.">” Further-
more, ongoing research is crucial to better evaluate the envir-
onmental and health impacts of these surfactants and to
develop more sustainable and effective cleaning strategies for
CH objects.

Novel “green” surfactants: advantages
and limitations

Formulations for cleaning usually contain both an anionic and
a nonionic surfactant. A typical combination is an alkyl ether
sulfate and a fatty alcohol ethoxylate. Both these surfactants
belong to the intermediate segments in the classification of bio-
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based surfactants mentioned in the Introduction. The fatty
alcohol is normally oleochemically derived while the ethylene
oxide has a petrochemical origin.

Besides the issue of ethylene oxide being a petrochemical,
there is the problem of small amounts of toxic substances in
the products. Ethylene oxide, the starting material for all
ethoxylation processes, is a reactive molecule, which is now
classified as carcinogenic and mutagenic. The surfactant pro-
ducers have developed a technology to eliminate unreacted
ethylene oxide from their products and the remaining amounts
are very small today. Low values of residual ethylene oxide are
particularly important for ethoxylated surfactants intended for
the food, feed, pharma, and personal care sectors. The thresh-
old value of ethylene oxide in such products is very low and has
been reduced as the analytical methods to quantify ethylene
oxide have become more sophisticated. The detection limits for
ethylene oxide in surfactants is in the range 0.01 to 1 ppm,
depending on the type of surfactant and the analytical equip-
ment used. However, the risk of having even traces of a toxic
compound remaining in a surfactant that may be a food
component or put on the skin in a personal care product is
problematic, and obviously even in art cleaning there is the
need to produce formulations that are non-toxic and safe to the
conservators.

Another issue that the producers of ethoxylated products
must deal with is that during the ethoxylation the toxic product
1,4-dioxane is formed in small amounts. 1,4-Dioxane is classi-
fied as “possibly carcinogenic to humans” and is also carefully
removed after the ethoxylation step but, like the situation with
ethylene oxide, the risk of having traces of 1,4-dioxane in a
surfactant formulation that may be applied on the skin, is a
serious concern for the cosmetics industry.

Taken together, the risk of having traces of ethylene oxide
and 1,4-dioxane in products prepared via an ethoxylation step
has triggered the surfactant producers to look for alternatives.
Taurates and isethionates are examples of sulfonate surfactants
that have become popular in formulations for personal care
and household cleaning. They are both mild to the skin and
environmentally benign. Typical structures are shown in Fig. 4.
The fatty acid used as raw material is often the coconut fatty
acid fraction, i.e. a natural product.

Sugar and sugar derivatives are the natural choice as repla-
cement of the oxyethylene chain in nonionic surfactants. Both
alkyl polyglucosides and sucrose esters of fatty acids have been
around for a long time and their physical chemical properties
are well documented. “Alkyl polyglycosides” is actually a mis-
nomer. The product is a mixture of alkyl glucosides where the
sugar moiety consists of glucose only slightly oligomerized via
acetal linkages; the degree of oligomerization is typically
between 1 and 2. Both are environmentally benign, and both

o 9 0 CcHy 0
® W @
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Fig. 4 Left: Sodium methyl taurate; right: sodium methyl isethionate.
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are based on entirely natural raw materials. However, sucrose
esters are produced by a synthesis route that involves harmful
organic solvents, such as DMF, a fact that makes this surfactant
class problematic from a life cycle analysis (LCA) point of view.
Work is today underway to develop more environmentally
friendly synthesis procedures.’*”*

Oligomeric glycerol is another candidate to replace the oxy-
ethylene chain in nonionic surfactants. Oligomeric glycerol with a
broad homologue distribution and possibly also as a mixture of
straight and branched chains can be esterified with a fatty acid to
generate a surfactant entirely based on natural raw materials.>
Organic solvents are not needed for the synthesis, which makes
the product attractive from a LCA perspective. Alternatively, the
fatty acid oligoglycerol ester may be produced by transesterifica-
tion of the fatty acid methyl ester. Fatty acid esters of short
oligoglycerol chains, typically with three glycerol units, have an
established use as emulsifier in the food industry but there is now
a growing interest for fatty acid esters of longer glycerol oligomers
for use also in other applications.’® Fig. 5 shows the structure of a
typical oligoglycerol surfactant.

As mentioned in the previous section, natural surfactants,
i.e. surfactants produced by macro- and microorganisms, would
be the ultimate “‘green surfactant”. Saponins, lecithin, rhamno-
lipids, and sophorolipids are examples of such amphiphiles that
are commercially available. They are still produced in relatively
small volumes and at much higher prices than the synthetic
surfactants, but the volumes are growing. They are today mainly
used for personal care and medical applications, but they are
started to be used also in other areas. Household cleaning
products based on soapwort saponins are available, rhamno-
lipids and sophorolipids are used in hand dishwashing and
household detergents, and soybean lecithin has an established
use in the paint and coatings industry as a wetting, grinding, and
dispersion agent for pigments.>' These examples show that there
is vast potential for interactive technology exchange loops
between industry and art conservation, with art cleaning for-
mulations adopting or assessing sustainable surfactants derived
from the industry, and then re-transferring effective and “‘green”
formulations for adaptation in cosmetics or other sectors.

The main advantage of naturally occurring surfactants is the
sustainability, in the sense that they are the result of the natural

- ? .
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Fig. 5 Fatty acid ester of oligomeric glycerol. For the surfactant used in
the food industry the value of n is typically around 3 but the oligoglycerol
chain has a broad homologue distribution. The polyglycerol moiety can
exhibit different degrees of branching.
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transformation of renewable substrates. There is the widespread
perception that since they are a product of nature, they must be
good, overlooking that some of the most potent poisons, such as
curare and strychnine, are naturally occurring, not to mention the
taxine alkaloids, that can be found in garden’s hayes. It is
generally believed that natural surfactants must be readily biode-
gradable and safe to human and the environment. This is usually
but not always the case. A problem with some biosurfactants is
that they are produced by a pathogenic species, the most well-
known example being rhamnolipids produced by Pseudomonas
aeruginosa. The biodegradability of the natural surfactants is
generally excellent, however.

From a carbon footprint and an LCA point of view, natural
surfactants are generally superior to synthetic surfactants, also the
bio-based amphiphiles. As discussed above, also bio-based sur-
factants are made by organic synthesis, usually by several steps,
which may involve unpleasant reactants and byproducts, as well
as the use of organic solvents. Biotechnological production of
surfactants, including the work-up procedure, takes relatively long
time and often gives low yields but the environmental impact is
small. It is likely that with the growing concern about the
environmental impact of chemicals and the improvements in
biotechnological production, not least through the development
of engineered species that are non-pathogenic and give higher
productivity, natural surfactants will increase its market share in
the years to come.>” However, one should realize that the volumes
of surfactant used for cleaning of artefacts is small. The driving
force for a transition from conventional to natural surfactants is
therefore small in that segment compared to other applications of
surfactants. In these other sectors, efforts combining the devel-
opment of new biobased surfactants combined with work on
formulation aim at achieving similar performances, yet with a
reduced environmental impact.

Systems for the wet cleaning of art
Early approaches and formulations

As mentioned in the previous sections, cleaning works of art is
an old practice that relied for long time on serendipitous
approaches and trial-and-error. While soaps and natural bio-
materials, like wine, saliva and other biological fluids, were
employed to clean artworks since ancient times, it was only in
the late 1980s that a systematic classification of solvents,
polymers and surfactants for use in the removal of soil and
varnishes was given, in the works of Wolbers and Stavroudis."”
Nonionic surfactants with hydrophilic/lipophilic balance (HLB)
between 12 and 17, were selected to avoid swelling and damage
to painted layers through the formation of oil-in-water emul-
sions during cleaning. Beside nonionics, also ethoxylated
cocoamines, such as Ethomeen®™ C12 and C25, have been
largely used in the “solvent gels” introduced by Wolbers in
the late 1980s, to thicken polar and nonpolar solvents. Solvent
gels have been largely employed, despite the poor health and
environmental profile of these cocoamine surfactants. Wolbers
and Stavroudis also illustrated regular o/w emulsions with
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adjustable factors like pH, ionic strength, and solubility, for
optimized cleaning action.'”*®

An alternative approach was developed and proposed by
Ferroni and Baglioni in the 1980s,° in the framework of soft
matter and nanoscience. Taking inspiration from an article by De
Gennes and Taupin on the stability of o/w and w/o microemul-
sions or bicontinuous phases,’® they developed and applied for
the first time an o/w (dodecane-in-water) microemulsion to
remove wax spots from Renaissance wall paintings in florence
(Italy), using SDS as surfactant and 1-pentanol as co-surfactant.
This pioneering work started a prolific research line that, over the
last decades, led to the application of o/w nanostructured fluids to
clean wall paintings ranging from the European Renaissance to
Mesoamerican pre-Columbian art, and even modern graffiti® (see
Fig. 6), with progressively more complex formulations,'>*® and
different surfactants, as ionic/nonionic alkyl polyglycosides
(APGs), N,N-dimethyldodecylamine (DDAO), and broad-range
(BR) or narrow-range (NR) fatty alcohol ethoxylates (C;E;). The
target of these o/w fluids varied from low-molecular weight
compounds found in resin varnishes or grime (terpenes, fatty
acids, triglycerides) to aged polymeric coatings (acrylates, vinyl
acetates, epoxy, silicone). In particular, it was found that the
removal of these coatings by the fluids works through non-
classic mechanisms favoured by the surfactants, such as dewet-
ting, swelling and detachment.>

W/o microemulsions have also gained attention as cleaning
systems, particularly for use on water-sensitive materials like
latex acrylic paints or modern oils.”" Amphiphilic agents used
in these formulations included linear alkylbenzene sulfonate
(LAS) or the nonionic surfactant ECOSURF" EH6 (ethoxylated/
propoxylated 2-ethyl hexanol).

Fig. 6 Cleaning of wall paintings using o/w nanostructured cleaning
fluids. (left) Removal of aged synthetic polymer coatings from wall paint-
ings in the Annunciation Basilica in Nazareth (Israel), using a fluid contain-
ing SDS as surfactant: (top) before cleaning and (bottom) after cleaning. In
the dashed box, an area is highlighted where the polymer coating was
temporarily left untreated as a visual reference for the evaluation of the
cleaning result. Reproduced with permission from Baglioni et al. (2012).6°
Copyright 2012 American Chemical Society. (right) Detached fresco from
the S. Cristoforo church in Milan before (left panel) and after (right panel)
cleaning and restoration using a fluid containing an alcohol ethoxylate
surfactant. Reproduced from Baglioni et al. (2014)*® with permission from
the Royal Society of Chemistry.
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With the wide range of solvents and surfactants that can be
employed in nanostructured fluids, research on the cleaning
mechanisms is still an open, challenging field, with clear con-
nections to industrial detergency, textiles, house cleaning, etc.

Confinement of cleaning fluids in gels

The ability of confining aqueous solutions or organic solvents,
releasing them with time- and spatial control, has progressively
made gelled systems ideal tools in art cleaning interventions."? Over
the last decades, several gel formulations have been proposed and
assessed, improving over traditional polymer thickeners which can
show poorer retentiveness or leave residues on the treated
surfaces.'® Formulations have so far included synthetic polymeric
networks, such as polyacrylamide, networks of poly(2-hydroxyethyl
methacrylate) semi-interpenetrated with  polyvinylpyrrolidone
(PHEMA/PVP SIPNs), and polyvinyl alcohol (PVA), or bio-derived
materials like castor oil or polyhydroxybutyrate organogels.®

While extensive reviews can be found in the literature on the
performance of these systems in cleaning artworks,>'*®? it is
worth recalling here the possibility of uploading nanostruc-
tured cleaning fluids into hydrogels. This allows targeting soil
or aged coatings through dewetting and detachment (Fig. 7),
while granting controlled action on water-sensitive surfaces. In
addition, the dynamics of surfactants’ micelles and of water in
the gels’ porous networks can be combined to produce
enhanced cleaning results.®

A first representative example is the confinement of o/w
fluids into the pHEMA/PVP SIPNs.®* Uploading the fluids in the

PVA gel ‘ G

Fig. 7 Interaction of a nanostructured fluid-loaded PVA gel with a model
surface (glass), covered with hydrophobic grime. (A) coverglass covered
with a fluorescent dye-labelled grime under white (left) and UV (right) light;
(B) the same coverglass with two PVA gels on top; (C)—(E) representative
CLSM images of the grime layer, as horizontal (C) and (D) and vertical (E)
sections; (F) scheme of the interaction of the loaded PVA gel with the
hydrophobic dirt: the latter is partially captured in the hydrophobic core
and detached from the surface. Adapted from Mastrangelo et al. (2017)%
with permission from the PCCP Owner Societies.

This journal is © The Royal Society of Chemistry 2025
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SIPNs produced slight changes in the dimensions of the
micelles, and in the nanoscale structure of the gel. In the case
of a DDAO-containing fluid, the solvents in the micelles pro-
moted some disentanglement of polymer inhomogeneities.
These changes did not affect the cleaning capability of the
system, which was used to efficiently and safely remove old
varnishes from sensitive artworks (a painted wooden icon,
Fig. 8(A)~(C), and a watercolor on paper, Fig. 8(A")-(C)).

The second example involves the PVA “Twin-Chain Net-
works” (TCNs), a novel class of hydrogels produced by freeze-
thawing solutions of two PVAs with different hydrolysis degree
and molecular weight.®®® Recently, the PVA TCNs were
uploaded with an o/w fluid containing MEK, 2-butanol and a
Co-11 alcohol ethoxylate surfactant, to remove aged polyvinyl
acetate varnish and wax layers that were altering the surface of
Pablo Picasso’s masterpiece “The Studio”."® X-ray scattering,
Confocal Laser Scanning Microscopy (CLSM), and Fluorescence
Correlation Spectroscopy (FCS) demonstrated that the fluid
diffuses through the gel and also interacts with its walls with-
out affecting small (<100 nm) inhomogeneities.”” Osmotic
balance among the interconnected pores controls the dynamics
of the fluid at the gel-target interface, producing effective and
controlled cleaning. The PVA TCNs proved crucial also in the
restoration of Jackson Pollock’s and Roy Liechtenstein’s
works,®%8:59

Perspectives on new “green” formulations

The previous sections have shown that there is solid ground for
mutual technological transfer from CH conservation science
and multiple sectors in the framework of soft matter and

Fig. 8 Visible light (left, centre) and UV fluorescence (right) images of a
painted Icon on wood (A)-(C) and a watercolor on paper (A’)—(C’), before
(A), (A') and after ((B), (B): visible light; (C), (C): UV light) the removal of
aged, yellowed varnishes using SIPNs hydrogels loaded with nanostruc-
tured fluids. Reprinted with permission from Baglioni et al. (2018)%* Copy-
right 2018 American Chemical Society.
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colloids. Novel “green” nanostructured fluids for cleaning art
are expected to contain bio-based surfactants, with candidates
ranging from bio-derived nonionic to glycerol-based amphi-
philes, as well as biosurfactants from lecithin or from micro-
organisms. These surfactants can be combined with ‘“green”
solvents, such as those mentioned in this contribution and
others recently reviewed'” for art cleaning applications, to
produce o/w microemulsions and nanostructured fluids with
a wide range of targets (soil, coatings, over-painting) for appli-
cation on diverse works of art (murals, paintings, paper, plastic,
metal, etc.). For instance, recent applications involved the use
of APGs, amino acid-type surfactants and biosolvents in stabi-
lizing new nanostructured fluids, such as w/o nanoemulsions.
Such systems (so-called “eco-removers”) are intended to
remove various graffiti coatings from sensitive surfaces without
causing damage to the underlying layers, considering the
complex characteristics and the surface properties of the sub-
strate and paints (i.e., wetting, surface free energy, surface
topography and porosity).”*”?

Another promising class of surfactants for art cleaning, is
represented by amphoteric amphiphiles that can be obtained
from renewable resources, including fermentation processes.
For instance, bio-based N-oxide surfactants have been obtained
from monosaccharides as sustainable alternatives to traditional
amphoteric surfactants.”*”> Since amine oxide surfactants have
already proven useful in art cleaning formulations,*”** this possi-
bility fits in the overall effort to formulate surfactants from renew-
able sources, with potential transfer also to cosmetics, textiles, oil
recovery, waster water treatment, and biochemistry, where ampho-
teric surfactants are providing important applications.”® *>

Given the highly different surface activity, hydrophilicity/
hydrophobicity, and combined physico-chemical interactions
among these components, a wide range of behaviours is
expected in dewetting, detergency and swelling processes
induced on coatings and other undesired layers. With current
possibilities offered by coupling microscopy (e.g., CLSM, FCS)
and scattering techniques (X-ray, neutron, or light scattering),
the potential for developing and characterizing novel ‘“green”
and sustainable materials is vast, and still largely unexplored. It
must be noticed that, while sustainability is fundamental, a
crucial concern in art conservation regards also the efficacy of
the new green cleaning systems, given the irreplaceable nature
of artworks. Currently, several biosurfactants have been
selected for possible formulations of nanostructured fluids.*?
The performance of these new systems is the object of current
studies, which are expected to be reported in the literature over
the very next years. In particular, it is important to monitor that
the novel green systems compare to their synthetic counter-
parts in terms of effective cleaning, while showing improved
sustainability.

The use of bio-derived materials is also progressing in gelled
cleaning systems. Recent studies have demonstrated how bio-
polymers (starch, cellulose derivatives) or bio-derived mole-
cules can be employed to tune the porosity, hydrophobicity,
surface roughness and tortuosity of gel networks.®®> For
instance, bio-derived diacids with different spacing lengths
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can be used to decorate the PVA TCNs, affecting the polymer—
polymer phase-separation in the pre-gel PVA solutions.®®%
This, in turn, modulates the porosity and nanoscale tortuosity
of the gels to produce a counter-intuitive result: higher tortu-
osity yields higher cleaning capability, since it increases the
residence time of cleaning fluids at the gel-target interface,
allowing for more effective cleaning action.”*> Complementary
to hydrogels, organogels based on bio-derived materials allow
the use of organic solvents on highly-water sensitive artistic
surfaces, like modern oil paintings. Examples include castor-oil
based polyurethane networks,*® whose properties can be tuned
by adding “green” oligoesters with varying Hydrophilic-Lipo-
philic Balance,® or polyhydroxybutyrate gels.®”

It is thus evident that there is virtually infinite room for
scientific development and mutual technological exchange
among art conservation science and all sectors where soft
matter and colloids are central, opening for sustainable solu-
tions that are much needed to face current pressing societal,
environmental and economic issues.

Conclusions

Cultural heritage conservation science has deeply evolved and
progressed over the last decades, with soft matter and colloids
providing valuable contributions through the development of
gels, nanostructured fluids, nanoparticles, and other advanced
functional materials to target cleaning, consolidation, protec-
tion and sensing. Recently, conservation science has been
focusing on “green” materials and sustainable solutions, an
effort common to other scientific and technological fields. This
trend has highlighted the vast potential conservation science
holds to mutual exchange with sectors like drug-delivery, the
food industry, tissue-engineering, and others, based on a
common framework in soft matter, colloids and materials
science. In this sense, the cleaning of artworks is a representa-
tive case, where bio-derived surfactants and biomaterials are
progressively being included in microemulsions and gels to
yield sustainable solutions with high efficacy. This clearly links
with research efforts in cosmetics, pharmaceutics, and deter-
gency. The possibilities and materials illustrated in this con-
tribution constitute a representative example of how scientific
development and mutual technological transfer can occur
among art conservation science and the numerous sectors
where soft matter and colloids are central, producing sustain-
able solutions that are fundamental to address societal, envir-
onmental and economic challenges.

Author contributions

David Chelazzi: writing - original draft, writing - review &
editing, supervision, funding acquisition. Romain Bordes: writing —
original draft, writing - review & editing. Andrea Casini: writing —
original draft, formal analysis, investigation, data curation,
writing - review & editing. Rosangela Mastrangelo: writing — original
draft, data curation, writing - review & editing. Krister Holmberg:

4174 | Soft Matter, 2025, 21, 4165-4176

View Article Online

Soft Matter

validation, writing — review & editing, supervision. Piero Baglioni:
validation, resources, writing - review & editing, supervision, funding
acquisition.

Data availability

The data supporting this article have been included in the main
text. Raw data are available upon request to the authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

CSGI and the European Union (GREENART project, Horizon
Europe research and innovation program under grant agree-
ment no. 101060941) are gratefully acknowledged for financial
support. Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the
European Union or the European Research Executive Agency
(REA). Neither the European Union nor the granting authority
can be held responsible for them. The publication was made by
a researcher (RM) with a research contract co-funded by the
European Union - PON Research and Innovation 2014-2020 in
accordance with Article 24, paragraph 3a of Law No. 240 of
December 30, 2010, as amended and Ministerial Decree No.
1062 of August 10, 2021.

Notes and references

1 C. Holtorf, Mus. Int., 2011, 63, 8-16.

2 I. Franco-Castillo, L. Hierro, J. M. de la Fuente, A. Seral-
Ascaso and S. G. Mitchell, Chem, 2021, 7, 629-669.

3 E. Valentini, Sensors, 2019, 19, 4303.

4 T. Fistos, I. Fierascu and R. C. Fierascu, Nanomaterials,
2022, 12, 207.

5 M. Kotsidi, G. Gorgolis, M. G. Pastore Carbone,
G. Anagnostopoulos, G. Paterakis, G. Poggi, A. Manikas,
G. Trakakis, P. Baglioni and C. Galiotis, Nat. Nanotechnol.,
2021, 16, 1004-1010.

6 D. Chelazzi and P. Baglioni,
10744-10755.

7 R. Mastrangelo, D. Chelazzi and P. Baglioni, Nanoscale
Horiz., 2024, 9, 566-579.

8 E. Semenzin, E. Giubilato, E. Badetti, M. Picone, A. Volpi
Ghirardini, D. Hristozov, A. Brunelli and A. Marcomini,
Environ. Sci. Pollut. Res., 2019, 26, 26146-26158.

9 M. Menegaldo, A. Livieri, P. Isigonis, L. Pizzol, A. Tyrolt,
A. Zabeo, E. Semenzin and A. Marcomini, Clean. Environ.
Syst., 2023, 9, 100124.

10 P. Baglioni and R. Giorgi, Soft Matter, 2006, 2, 293-303.
11 N. Khaksar-Baghan, A. Koochakzaei and Y. Hamzavi, Heri-
tage Sci., 2024, 12, 248.

Langmuir, 2023, 39,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00017c

Open Access Article. Published on 12 Mé&rz 2025. Downloaded on 04.04.2026 18:54:34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

12

13

14

15

16

17

18

19

20

21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

A. Casini, D. Chelazzi and P. Baglioni, Sci. China: Technol.
Sci., 2023, 66, 2162-2182.

L. Pensabene Buemi, M. L. Petruzzellis, D. Chelazzi,
M. Baglioni, R. Mastrangelo, R. Giorgi and P. Baglioni,
Heritage Sci., 2020, 8, 77.

P. Baglioni, E. Carretti and D. Chelazzi, Nat. Nanotechnol.,
2015, 10, 287-290.

M. Gueidao, E. Vieira, R. Bordalo and P. Moreira, Estudos de
Conservagdo e Restauro, 2020, pp. 22-44.

D. Chelazzi, R. Bordes, R. Giorgi, K. Holmberg and P. Baglioni,
Curr. Opin. Colloid Interface Sci., 2020, 45, 108-123.

R. C. Wolbers, C. Stavroudis and M. Cushman, Conservation
of Easel Paintings, Routledge, 2020, pp. 526-548.

J. H. Stoner and R. A. Rushfield, The conservation of easel
paintings, Routledge, 2012.

J. Tropsch, INFORM International News on Fats, Oils, and
Related Materials, 2017, vol. 28, pp. 20-22.

R. Jahan, A. Bodratti, M. Tsianou and P. Alexandridis, Adv.
Colloid Interface Sci., 2019, 275, 102061.

K. Holmberg, Curr. Opin. Colloid Interface Sci., 2001, 6,
148-159.

J. Guilbot, S. Kerverdo, A. Milius, R. Escola and F. Pomrehn,
Green Chem., 2013, 15, 3337-3354.

L. M. Tufvesson, P. Tufvesson, ]J. M. Woodley and
P. Borjesson, Int. J. Life Cycle Assess., 2013, 18, 431-444.
W. Klopffer, Int. J. Life Cycle Assess., 2012, 17, 1087-1093.
A.-K. Briem, L. Bippus, A. Oraby, P. Noll, S. Zibek and
S. Albrecht, in Biosurfactants for the Biobased Economy, ed.
R. Hausmann and M. Henkel, Springer International Pub-
lishing, Cham, 2022, pp. 235-269.

J. Buschmann, in Teratogenicity Testing: Methods and Protocols,
ed. P. C. Barrow, Humana Press, Totowa, NJ, 2013, pp. 37-56.
U. Strotmann, G. Thouand, U. Pagga, S. Gartiser and
H. J. Heipieper, Appl. Microbiol. Biotechnol., 2023, 107,
2073-2095.

M. Pietka-Ottlik, R. Frackowiak, I. Maliszewska, B. Kolwzan
and K. A. Wilk, Chemosphere, 2012, 89, 1103-1111.
D. Wlodkowic and M. Jansen, Chemosphere,
307, 135929.

V. S. Nagtode, C. Cardoza, H. K. A. Yasin, S. N. Malij,
S. M. Tambe, P. Roy, K. Singh, A. Goel, P. D. Amin,
B. R. Thorat, J. N. Cruz and A. P. Pratap, ACS Omega,
2023, 8, 11674-11699.

New Trends in Biosurfactants: From Renewable Origin to
Green Enhanced Oil Recovery Applications, https://www.
mdpi.com/1420-3049/29/2/301, (accessed 5 December 2024).
D. W. Roberts, Sci. Total Environ., 1991, 109-110, 557-568.
J. Damborsky and T. Wayne Schultz, Chemosphere, 1997, 34,
429-446.

K. Mansouri, T. Ringsted, D. Ballabio, R. Todeschini and
V. Consonni, J. Chem. Inf. Model., 2013, 53, 867-878.

R. B. Aher, K. Khan and K. Roy, in Ecotoxicological QSARs,
ed. K. Roy, Springer, US, New York, NY, 2020, pp. 27-53.
Y. Gao, J. Zhang, S. Cui, Y. Wu, M. Huang and S. Zhuang, in
QSAR in Safety Evaluation and Risk Assessment, ed. H. Hong,
Academic Press, 2023, pp. 89-99.

2022,

This journal is © The Royal Society of Chemistry 2025

37

38

39

40

41

42

43

44

45

46

47

48

49
50

51

52

53

54

55

56

57

58

59

60

61

View Article Online

Paper

T. Fromel and T. P. Knepper, TrAC, Trends Anal. Chem.,
2008, 27, 1091-1106.

C. E. Bobst and 1. A. Kaltashov, Curr. Pharm. Biotechnol.,
2011, 12, 1517-1529.

R. Kumar, A. K. Vuppaladadiyam, E. Antunes, A. Whelan,
R. Fearon, M. Sheehan and L. Reeves, Emerging Contam.,
2022, 8, 162-194.

D. Banti, J. La Nasa, A. L. Tenorio, F. Modugno, K. Jan Van
Den Berg, J. Lee, B. Ormsby, A. Burnstock and I. Bonaduce,
RSC Adv., 2018, 8, 6001-6012.

H. Jin, Y. Zhang, H. Dong, Y. Zhang, Y. Sun, J. Shi and R. Li,
Fuel, 2022, 320, 123951.

S. S. Markam, A. Raj, A. Kumar and M. L. Khan, Curr. Res.
Microb. Sci., 2024, 7, 100266.

A. Samanta and T. Banerjee, in Theoretical and Computa-
tional Chemistry Aspects, ed. P. Ramasami, De Gruyter, 2021,
vol. 3, pp. 119-148.

D. Prat, A. Wells, J. Hayler, H. Sneddon, C. R. McElroy,
S. Abou-Shehada and P. J. Dunn, RSC Green Chem., 2015, 18,
288-296.

R. Wolbers, Cleaning painted surfaces: aqueous methods,
Archetype Publications, 2000.

M. Baglioni, M. Raudino, D. Berti, U. Keiderling, R. Bordes,
K. Holmberg and P. Baglioni, Soft Matter, 2014, 10,
6798-6809.

M. Baglioni, Y. Jaidar Benavides, D. Berti, R. Giorgi,
U. Keiderling and P. Baglioni, J. Colloid Interface Sci.,
2015, 440, 204-210.

V. Mezzanotte, E. Bolzacchini, M. Orlandi, A. Rozzi and
S. Rullo, Bioresour. Technol., 2002, 82, 151-156.

M. Moésche, Biodegradation, 2004, 15, 327-336.

V. Chauhan, K. Holmberg and R. Bordes, J. Colloid Interface
Sci., 2018, 531, 189-193.

M. Stjerndahl, D. Lundberg, V. Chauhan, R. Bordes and
K. Holmberg, J. Sci. Dent., 2019, 22, 1139-1145.

E. Kampasakali, T. Fardi, E. Pavlidou and D. Christofilos,
Heritage, 2021, 4, 2023-2043.

I. Trabelsi, K. Essid and M. Frikha, J. Oleo Sci., 2020, 69,
693-701.

W. Snoch, E. Jarek, D. Milivojevic, J. Nikodinovic-Runic and
M. Guzik, Front. Bioeng. Biotechnol., 2023, 11, 1112053.

T. Kato, T. Nakamura, M. Yamashita, M. Kawaguchi, T. Kato
and T. Itoh, J. Surfactants Deterg., 2003, 6, 331-337.

S. Damle and C. Madankar, Tenside, Surfactants, Deterg.,
2023, 60, 611-621.

A. Markande, D. Patel and S. Varjani, Bioresour. Technol.,
2021, 330, 124963.

P. Gennes and C. Taupin, J. Phys. Chem., 1982, 86,
2294-2304.

M. Baglioni, T. Guaragnone, R. Mastrangelo, F. H. Sekine,
T. Ogura, T. Ogura, T. Ogura and P. Baglioni, ACS Appl.
Mater. Interfaces, 2020, 12, 26704-26716.

M. Baglioni, D. Berti, J. Teixeira, R. Giorgi and P. Baglioni,
Langmuir, 2012, 28, 15193-15202.

B. Ormsby, M. Keefe, A. Phenix, E. Von Aderkas, T. Learner,
C. Tucker and C. Kozak, JAIC, 2016, 55, 12-31.

Soft Matter, 2025, 21, 4165-4176 | 4175


https://www.mdpi.com/1420-3049/29/2/301
https://www.mdpi.com/1420-3049/29/2/301
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00017c

Open Access Article. Published on 12 Mé&rz 2025. Downloaded on 04.04.2026 18:54:34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

62 A. Passaretti, L. Cuvillier, G. Sciutto, E. Guilminot and
E. Joseph, Appl. Sci., 2021, 11, 3405.

63 R. Mastrangelo, C. Montis, N. Bonelli, P. Tempesti and
P. Baglioni, Phys. Chem. Chem. Phys., 2017, 19, 23762-23772.

64 M. Baglioni, J. A. L. Domingues, E. Carretti, E. Fratini,
D. Chelazzi, R. Giorgi and P. Baglioni, ACS Appl. Mater.
Interfaces, 2018, 10, 19162-19172.

65 R. Mastrangelo, D. Chelazzi, G. Poggi, E. Fratini,
L. Pensabene Buemi, M. L. Petruzzellis and P. Baglioni,
Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 7011-7020.

66 R. Mastrangelo, C. Resta, E. Carretti, E. Fratini and
P. Baglioni, ACS Appl Mater. Interfaces, 2023, 15,
46428-46439.

67 M. Baglioni, R. Mastrangelo, P. Tempesti, T. Ogura and
P. Baglioni, Colloids Surf., A, 2023, 660, 130857.

68 L. Pensabene Buemi, M. L. Petruzzellis, D. Chelazzi,
M. Baglioni, R. Mastrangelo, R. Giorgi and P. Baglioni,
Heritage Sci., 2020, 8, 1-16.

69 A. Bartoletti, R. Barker, D. Chelazzi, N. Bonelli, P. Baglioni, J. Lee,
L. V. Angelova and B. Ormsby, Heritage Sci., 2020, 8, 1-30.

70 M. Bartman, L. Holysz, S. J. Balicki, W. Szczesna-Gorniak
and K. A. Wilk, ChemPhysChem, 2024, 25, €202300771.

71 M. Bartman, S. Balicki, L. Holysz and K. A. Wilk,
J. Surfactants Deterg., 2024, 27, 79-92.

72 M. Bartman, S. Balicki, L. Holysz and K. A. Wilk, Colloids
Surf,, A, 2023, 659, 130792.

73 L. M. Jansen, P. C. den Bakker, N. Venbrux, K. W. M. van
Rijbroek, D. J. Klaassen-Heshof, W. B. Lenferink, S. Liicker,
A. Ranoux, H. W. C. Raaijmakers and T. J. Boltje, Chem. -
Eur. J., 2024, 30, €202400986.

74 D. G. Hayes and G. A. Smith, in Biobased Surfactants, eds
D. G. Hayes, D. K. Y. Solaiman and R. D. Ashby, AOCS Press,
2019, 2nd edn, pp. 3-38.

4176 | Soft Matter, 2025, 21, 4165-4176

View Article Online

Soft Matter

75 S. K. Clendennen and N. W. Boaz, in Biobased Surfactants,
ed. D. G. Hayes, D. K. Y. Solaiman and R. D. Ashby, AOCS
Press, 2nd edn, 2019, pp. 447-469.

76 S. Le Guenic, L. Chaveriat, V. Lequart, N. Joly and P. Martin,
J. Surfactants Deterg., 2019, 22, 5-21.

77 A. B. Moldes, L. Rodriguez-Lopez, M. Rincén-Fontan,
A. Lopez-Prieto, X. Vecino and J. M. Cruz, Int. J. Mol. Sci.,
2021, 22, 2371.

78 R. Sarkar, A. Pal, A. Rakshit and B. Saha, J. Surfactants
Deterg., 2021, 24, 709-730.

79 K. D. Thompson, E. P. Danielson, K. N. Peterson,
N. O. Nocevski, J. T. Boock and J. A. Berberich, Langmuir,
2022, 38, 4090-4101.

80 G. Tyagi, W. N. Sharratt, S. Erikson, D. Seddon,
E. S. J. Robles and J. T. Cabral, Langmuir, 2022, 38,
7198-7207.

81 S. M. Blagojevi¢, N. D. Peji¢ and S. N. Blagojevi¢, Russ.
J. Phys. Chem., 2017, 91, 2690-2695.

82 A. Timar-Balazsy, Stud. Conserv., 2000, 45(sup3), 46-64, DOI:
10.1179/sic.2000.45.53.006.

83 D. Bandelli, R. Mastrangelo, G. Poggi, D. Chelazzi and
P. Baglioni, Chem. Sci., 2024, 15, 2443-2455.

84 D. Bandelli, A. Casini, T. Guaragnone, M. Baglioni,
R. Mastrangelo, L. Pensabene Buemi, D. Chelazzi and
P. Baglioni, J. Colloid Interface Sci., 2024, 657, 178-192.

85 R. Mastrangelo, D. Bandelli, L. Pensabene Buemi and
P. Baglioni, Adv. Funct. Mater., 2024, 34, 2404287.

86 G. Poggi, H. D. Santan, J. Smets, D. Chelazzi, D. Noferini,
M. L. Petruzzellis, L. Pensabene Buemi, E. Fratini and
P. Baglioni, J. Colloid Interface Sci., 2023, 638, 363-374.

87 C. Samori, P. Galletti, L. Giorgini, R. Mazzeo,
L. Mazzocchetti, S. Prati, G. Sciutto, F. Volpi and
E. Tagliavini, ChemistrySelect, 2016, 1, 4502-4508.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1179/sic.2000.45.s3.006
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00017c



