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Abstract

This article presents a thorough overview of gel-based cleaning methods used in art conservation. It covers the evo-
lution of traditional approaches and the development of advanced gel systems. The paper examines the structure,
characterization, and classification of gels, as well as their mechanical properties, which are crucial in art conservation.
Various types of gels, including hydrogels, organogels, xerogels, semi-IPNs, and microgels, are discussed in detail,
highlighting their unique properties and suitability for specific conservation applications. The advantages, limita-
tions, and applications of both natural and synthesized polymers that form the basis for these gels are also analyzed.
Case studies are presented to demonstrate the practicality and effectiveness of gels in cleaning different materials
such as paper, paintings, metals, and textiles. These case studies showcase successful removal of stains, pollutants,

and unwanted layers while preserving the integrity and aesthetic value of the artworks. By contributing to the exist-
ing knowledge on gel-based cleaning approaches in art conservation, this comprehensive review establishes a foun-
dation for future research and development in this field. The review concludes with a discussion on the challenges
and potential future directions in the development and optimization of gel-based cleaning methods for art conserva-
tion. Overall, this article is a valuable resource for researchers, conservators, and students in the field of art conserva-

tion, providing essential information and insights into the use of gels as effective and safe cleaning agents.
Keywords Art conservation, Cleaning approaches, Gel-based cleaning, Gel types, Polymers

Introduction

Historical objects degrade over time due to natural aging,
primarily at the surface of the artifacts. Pollution and
environmental sediments accumulate on the object’s sur-
face, leading to deterioration and changes to the aesthet-
ics. It is essential to clean the accumulated contaminants
from the main substrate of these objects through the
conservation process. Conservators play a crucial role in
conserving artifacts by performing this cleaning process,
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recovering readability, and preventing the degradation of
the original substrate [1].

The cleaning action consists of removing diverse
groups of materials such as proteins, lipids, polysaccha-
rides as natural polymers, hydrophobic particles, and
synthetic resins such as acrylics and vinyls as synthetic
polymers [2], and unwanted mineral compounds on
metallic surfaces. This diversity in materials can make the
cleaning process for cultural heritage very challenging.
On the other hand, certain unstable materials utilized by
contemporary artists in their pieces have posed a signifi-
cant challenge for conservators [3].

Cleaning can be divided into two main categories of
chemical and mechanical approaches. Laser, vibrat-
ing tools, ultra-high-pressure water, etc. are placed in
mechanical approaches while using chemical compounds
such as acids and bases and solvents belong to the chemi-
cal approaches [4]. Since cleaning the artistic substrates

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http//creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-024-01369-0&domain=pdf

Khaksar-Baghan et al. Heritage Science (2024) 12:248

is so sensitive and must be carried out carefully without
altering the original components, using a wide range of
solvents can pose unwanted risks due to their several
drawbacks [5]. One of the primary unintended conse-
quences of using organic solvents in cleaning processes is
the re-deposition of the dissolved macromolecules within
the porous substrate as the solvent evaporates. This can
highly affect the intrinsic properties of the original art-
work materials [6]. For example in an original painting,
due to the capillary forces, and the penetration rate of dif-
ferent solvents, many of them can simultaneously cause
swelling and softening of the paint layer and leaching
the binding medium in the artwork along with all those
unwanted materials [7]. Additionally, sensitive materi-
als can be easily affected and altered by the mechanical
pressure of a cotton swab morphologically [8]. Moreover,
it should be noted that solvent clearing, without the aid
of mechanical swabbing, may not be effective enough to
eliminate cleaning system residues from the innermost
crevasses and fractures within the painting surface [9].

In recent decades, conservation scientists have been
focusing on developing cleaning methods that mini-
mize the problems associated with traditional clean-
ing methods. To this end, researchers have explored a
wide range of materials such as modified natural prod-
ucts (e.g., Klucel®, Tylose) and synthetic polymers (e.g.,
Carbopol®). These materials are used as thickeners and
are capable of controlling solvent penetration rate [5, 8].
More recently, the application of material science and
nanoscience in art conservation has led to the develop-
ment of advanced cleaning systems and approaches that
are forging change in the conservation of cultural herit-
age. These include nanostructured fluids (NSFs), gels,
and polymer networks [2]. In recent years, the use of gels
as a cleaning method has gained popularity in the field of
art conservation. This approach was first introduced by
Wolbers in the early 1990s and has since shown suitable
performance in cleaning various materials [10-12]. Gels
help control solvent evaporation, limit penetration into
the artworks through capillary action, and provide more
precise control over the treatment application [13].

In science, gels are a form of matter that represent a
specific behavior between a solid and a liquid. They can
be cross-linked polymers, that create a tangled poly-
mer network and most of the time immersed in a liquid
medium. Interactions between polymer and liquid phase
build up the significant properties of the gel. The polymer
structure and the liquid phase interact with each other to
stop the collapsing and flowing away respectively. As a
result, making the structure of the gel to be somehow sta-
ble [14]. Some of the gels are water-based formulations
thickened with high molecular weight materials such as
polymers and are used as carriers for “active” cleaning
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components to the surface [15]. In most gels, two con-
tinuous phases interpenetrate at a macroscopic level:
there is a liquid phase (e.g., water, alcohol) that has pen-
etrated into the network structure made up by the gela-
tor [16]. Gels can be made using natural polymers such as
collagen, gelatin, hyaluronic acid, fibrin, sodium alginate,
agarose, chitosan, dextran, and cyclodextrin [17], and
synthetic polymers such as PVA, PMMA, etc.

Baglioni et al. [7, 18] categorized gelled systems in
the art conservation field into physical gels, which
were introduced by Wolbers in the 1990s, and innova-
tive nanostructured gels or gel-like systems, including
responsive gels and peelable systems, according to Gue-
idao et al. [19]. However, Zhang et al. [16] suggest that
there are several types of gels, such as supramolecular
gels, metal-organic gels, dynamic covalent gels, polymer
gels, and inorganic gels. These can be classified based on
their response to different stimulant, including tempera-
ture, pH, and magnetic fields and according to Baglioni
et al. [20], and Carretti et al. [21] are called responsive
gels. Gels can also be categorized based on their gellant
nature and preparation methods, such as polymer gel-
lant, monomer cross-linker, and low mass organo gela-
tor (LMOG) gellant. In addition, Passaretti et al. [22]
also indicate beside all those classifications, another way
to categorize gels is based on the fluid entrapped in the
polymer matrix, where hydrogels contain water, while
organogels or solvent gels contain organic solvents.

Using gelled systems offers several advantages. Firstly,
gels control organic solvent evaporation rate and the
flow of the solution into surrounding areas and under-
lying layers. Secondly, gels provide control over the
surface cleaning time. Lastly, the use of gels minimizes
human exposure to toxic organic solvents [15]. To
achieve these benefits, two essential features of gels are
required. Firstly, they must possess high viscoelasticity
(the property of materials that exhibit both viscous and
elastic characteristics when undergoing deformation),
and secondly, they must be capable of retaining accept-
able amounts of water or solvents and releasing them at
a controlled rate, as noted by Baglioni et al. [2]. How-
ever, limitations arise when gels are used for cleaning
painted surfaces, as residual stains can remain, which
may have adverse effects on works of art [10]. This
can occur while using specific type of gels such as sol-
vent gels consisting of Carbopol and other thickeners.
Therefore, in cultural heritage conservation, chemical
gels are more effective than traditional solvent thicken-
ers, according to [1] due to their specific features such
as solvent release control, selective cleaning, and leav-
ing less residues (either solvent residues or polymer
residues) than physical gels. Moreover, rigid gels pro-
vide a useful delivery system because of their compact
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consistency which makes them easier to remove [22].
Hydrogels can be used to remove dirt, varnish, and the
rest of the undesirable contaminations from the art-
works [23].

The study of gels and their various types has proven
to be a valuable tool in cleaning, offering an effective
and less invasive approach that allows conservators to
better preserve the integrity of the artwork. As the field
of art conservation progresses, gel technologies are get-
ting more widely utilized, with potential for the devel-
opment of new and improved gels that can address a
wider range of cleaning needs. Given their versatil-
ity and effectiveness, the use of gels is a promising
approach to the conservation of artistic works for gen-
erations to come. This article reviews recent studies on
this issue, clarifying current practice and offer future
perspectives of gel use in cultural heritage materials
cleaning. Through a comprehensive analysis of publica-
tions from the last few years, this review paper provides
insights into the benefits and limitations of some gel-
based cleaning methods and presents identifies areas
for future research.

Gels

The introduction has mentioned the advantages of gels.
Some of these benefits, such as controlling the rate of
solvent evaporation and the flow of the solution, are a
result of the three-dimensional structure of gels. Gels
have a porous structure that allows them to trap con-
taminants within their pores. Figure 1 illustrates the
interaction between a gel and a contaminated surface
of a substance. As shown in Fig. 1, the porous struc-
ture of the gel traps contaminants and keeps them
within its pores. Therefore, the more porous a gel is, the
more unwanted materials it can hold. To fully under-
stand how a gel interacts with contamination on a sub-
stance, it is important to consider certain chemical and
mechanical properties. The following section provides

Original material
Contamination

— Gel

Page 3 of 26

a brief overview of these parameters, but they should
be discussed in greater detail.

Composition and structure

In polymer-based gels, the major class of gel with a wide
range of variety, the combination of a radical initiator,
for activating the cross-linker, and specific monomers
can build up a 3-D like network through polymerization
process. However, other types of gels are made by heating
and cooling down the distinctive compounds that leads
to achieving a polymeric network [24].

Interacting of molecules with each other and with the
solvent is the result of the gelation processes, causing
them to become localized in space and resulting in mac-
roscopic rigidity [25]. This process involves gelator mol-
ecules self-associating to form long, polymer-like fibrous
aggregates that entangle during the aggregation process,
building a matrix that through surface tension entraps
the solvent [26]. And to this far, the important mecha-
nism in gel formation is related to the bonds between
the polymer molecule chains [25], which can be either
physical or chemical (Fig. 2) [25]. Bonds of a physical gel
(hydrophobic, electrostatic (ionic), van der Waals inter-
actions, or hydrogen bonds) enables it to shape easily
and resulting in the desirable interaction with a specific
substrate. However, this ability can lead to leaving resi-
dues on the surface which is in need of extensive rinsing
[24]. However, some physical hydrogels form more stable
bonds, such as lamellar microcrystals, glassy nodules,
and double and triple helices [27, 28]. Physical gels can
be divided into two main categories of strong (e.g., agar,
gelatin, gellan gum) and weak (e.g., xanthan gum, cellu-
lose ethers, polyacrylics) physical gels. In strong physical
gels the double or triple helix structure enables the gel to
form a semi-rigid, peelable film, while weak physical gels
only form a viscous paste [29].

In contrast, in a chemical gel, the bonds between gel-
lant molecules are almost covalent bonds and represent
these gels as one integrated molecule [24]. Chemical
gels can be synthetized through different polymerization

Fig. 1 The figure shows one of the cleaning mechanisms of gels which is entrapping the contaminations in the porous structure of the gel
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Fig. 2 Schematic representation of the physical and chemical interactions involved in gel formation

procedures such as; addition, condensation, free radical
polymerization, and electromagnetic radiation [25]. Since
the solvent retention and being residue-free are desirable
features of a cleaning gel, several “chemical gels” have
been proposed in few past years [8], although a gel might
be residue-free but the employed solvent might not be
unfavorably. One of these enhanced gels are “magnetic
chemical gels” Magnetic gels are made by accommo-
dating ferrite nanoparticles in a polyacrylamide matrix.
These nanoparticles need to be coated with dicarboxylic
derivatives [21].

Gels that respond to external stimuli, such as changes
in pH, temperature, or magnetic fields, are referred to as
responsive gels [21]. Such gel properties, including swell-
ing degree and elastic modulus, can significantly change
with small variations in environmental conditions, ren-
dering them stimuli-responsive [25]. The response of a
responsive gel to the chemical and physical stimulants
enables them to remove the unwanted materials com-
pletely and properly without any theoretical penetration
into the lower layers [19].

To fully understand a gel structurally, considering three
key parameters would be essential - the polymer volume
fraction in the swollen state (v2,s), the molecular weight
of the polymer chain between two adjacent cross-linking
points almost found in chemical gels (Mc), and the char-
acteristic mesh size ({). These interrelated parameters
can be determined either through theoretical estimation
or various experimental techniques [24].

Mechanical properties of gels

Young’s modulus besides viscoelastic properties, are
major parameters to investigate mechanical proper-
ties of a gel [16]. Viscoelasticity pertains to the flow and
deformational behavior of materials and can be studied
through rheology, which examines the deformation and
flow of matter under applied stress [30]. Stress and strain
are measured parameters in appraising the viscoelas-
tic behavior of gels. To be able to characterize gels in a

standard way, the gel has to be subjected to a small oscil-
lation and then the stress response to this turbulence is
evaluated [25].

The elastic storage modulus or “elastic modulus” (G”)
and the loss modulus or “viscous modulus” (G”) are two
key parameters in rheological experiments that reflect
the behavior and structure of gel materials [16]. There-
fore, totally viscous material has an elastic modulus equal
to zero, and reversely totally elastic material represent a
viscous modulus equal to zero [24].

Generally strong gels (A type of physical gel with
stronger bonds than ordinary physical gels, and is differ-
ent from chemical gels [31]. Examples of strong physical
gels include elastomers, block copolymers, and gelatin
[32]) involve greater elastic modulus than viscous modu-
lus, and both moduli behave almost frequency-independ-
ent upon a large frequency range. This is the result of the
localized particles or molecular structure of these mate-
rial which is able to store the deformation energy over a
long time. Conversely, weak gels are classified by having
strongly frequency-dependent of storage and loss moduli
and are often named as “gel-like”. High-viscosity poly-
meric dispersions (HVPDs) may even represent crosso-
ver point frequencies above which viscous modulus is
greater than elastic modulus (G” > G) [33].

Classification of gels used in cleaning artworks

Art conservation often employs gels as a cleaning agent
that can selectively remove unwanted substances from
an object’s surface without causing unacceptable harm
to the underlying material. The classification of gels used
in art conservation can be based on their composition,
structure, and properties.

According to the literature on the types of gels used in
art conservation, two main approaches can be identified
for classifying the cleaning gels employed in art conser-
vation practices. One approach, which is more common,
categorizes gels based on the type of fluid used in their
preparation, while the other approach considers the
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nature of the polymer within the gel network. Based on
the type of fluid, gels can be broadly classified into hydro-
gels and organogels. In terms of the polymer used in the
network, gels fall into two general classes: natural and
synthetic polymers.

In addition to these standard classifications, other gels
have also been used in art cleaning. These gels, while
they could fit into the previously mentioned categories,
exhibit distinct physical properties and different gels
networking approaches. Examples include microgels,
xerogels, and semi-IPNs gels (Semi interpenetrated net-
works). Each type of gel possesses unique characteristics
and properties that make it suitable for specific conser-
vation applications. Figure 3 provides a brief overview of
these gel classifications.

Classification based on the type of fluid
+ Hydrogels

Hydrogels can be introduced as useful hydrophilic sys-
tems with three-dimensional structure and remarkable
features such as biocompatibility, adaptable mechanical
properties, and controlled swelling behavior. They are
able to retain water and resisting against deformation
of their structure (from different types of stresses and

* Hydrophilic polymer
* Adaptable
* Retaining large amount of water

Hydrogels
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mechanical forces) [34]. It was Wichterle and Lim whom
introduced hydrogels in 1960, and described their abil-
ity to absorb and keep water within their structure [35,
36]. Generally, hydrogels have natural or synthetic ori-
gins. Synthetic-based hydrogels in compare to bio-based
hydrogels show less hydrophilicity and are mechanically
more robust [37]. These materials exhibit both solid and
liquid-like properties due to their elastic and osmotic
nature. Their unique characteristics have garnered sig-
nificant attention in various fields, including art conser-
vation, where preserving cultural heritage materials is
crucial [38].

Hydrogels can attain a state of equilibrium when they
absorb water and maintain their original shape, with
an ideal water content of at least 10% by weight [39].
The hydrophilic properties of hydrogels are related to
the presence of functional groups like -COOH, -NH,,
-OH, -CONH, -CONH,, and -SO;H [35]. Hydrogels
can be formed from copolymers or homopolymers.
According to the different kinds of chemical and physi-
cal crosslinks such as covalent bonds and entangle-
ments, hydrogels are insoluble in water [40, 41]. 3D
polymerization is mostly used in chemical hydrogel
synthesis. Hydrogels are polymerized through either
polymerization of hydrophilic monomers or direct
linking of water-soluble polymers. Polyacrylic acid,

‘ Cellulose Chitosan Agar

‘ Agarose Gellan Xanthan
Natural
polymers

Gels used in

Classification based
on the type of fluid

Organogels

* Included of organic solvent

* Selective removal of organic
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Fig. 3 Gels used as cleaning medium in art conservation
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polyvinyl alcohol, polyvinyl pyrrolidone, polyethylene
glycol, polyacrylamide, and some non-toxic polysac-
charides are commonly used as water-soluble polymers
in hydrogel formation [42].

The characteristics of the hydrogel matrix, includ-
ing pore size, distribution, and interconnections, play
a crucial role in their performance. Pores in a hydrogel
can either form during phase separation and synthesis or
within the network structure [43, 44]. Hydrogels exhibit
regions of less swelled in water dispersed in areas of
high swelled in water. This subject results in heterogene-
ous appearance in these gels [45]. They can be classified
based on their physical network structure as amorphous,
semi-crystalline, hydrogen-bonded structures, supermo-
lecular structures, and hydro colloidal aggregates, and are
considered physiologically-responsive hydrogels [41].

In the field of art conservation, hydrogels can be clas-
sified into two main categories: natural and synthetic.
Natural hydrogels have natural origin, such as polysac-
charides (e.g., cellulose, chitosan, and alginate) and pro-
teins (e.g., gelatin). Due to their biocompatibility and
biodegradability, they are suitable for use in art conser-
vation [46]. On the other hand, synthetic hydrogels are
made from synthetic polymers like polyvinyl alcohol
[PVA], polyacrylic acid [PAA], polyacrylamide [PAAm],
poly (2-hydroxyethyl methacrylate) [p(HEMA)], and
polyethylene glycol [PEG] [47]. They offer greater con-
trol over properties such as mechanical strength, swelling
behavior, and porosity [42].

The swelling behavior of hydrogels allows for the effec-
tive removal of contaminants without causing unac-
ceptable damage to the underlying paint layers or other
delicate materials [23]. In addition to cleaning and con-
solidation, hydrogels are useful in the protection of cul-
tural heritage materials. For instance, they can be used
as coatings or films to provide a barrier against environ-
mental factors such as moisture, pollutants, and UV radi-
ation [48].

The breakthrough in hydrogel technology have led to
introduce the stimuli-responsive, smart, and nanocom-
posite hydrogels. Different types of stimulants such as pH
or temperature can affect reversibly the swelling behav-
iors of a responsive hydrogel [38]. These smart hydrogels
can be tailored to provide controlled release of cleaning
agents, consolidants, or protective materials in response
to specific environmental conditions. Nanocomposite
hydrogels incorporate nanoparticles such as clay, silica,
or metal oxides to enhance their mechanical properties,
swelling behavior, and responsiveness [49]. These hydro-
gels can offer improved performance in art conservation
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applications, such as more efficient cleaning, enhanced
consolidation, or better protection of cultural heritage
materials.

Although hydrogels offer numerous benefits in art
conservation, there are still challenges that need to be
addressed. In this field, one major challenge could be the
development of hydrogels that can be employed to clean
a wide range of cultural heritage materials, since every
single of these objects includes unique combinations of
pigments, binders, and substrates.

Future research should focus on developing hydrogels
with tailored properties that can address the specific
needs of different cultural heritage materials. Advances in
stimuli-responsive, smart, and nanocomposite hydrogels
offer promising avenues for enhancing the effectiveness
and versatility of hydrogels in art conservation. Further-
more, interdisciplinary collaborations between conserva-
tors, scientists, and engineers help ensure that hydrogel
technologies are optimized for the complex challenges
faced in preserving our shared cultural heritage.

. Organogels

Organogels are three-dimensional networks of a dis-
persed organic solvent within a structuring agent. These
kinds of gels alike the other types of gels own both nat-
ural and synthesis origins [50, 51]. Molecular gels or
organogels are physical gels and semi-solid systems that
include organic solvent as the dominant liquid within
crosslinked 3D networks. They are the result of the self-
association in different solvents of low molecular weight
molecules called organo-gelators or LMWG (low molec-
ular weight gelators) and are generally thermoreversible
which means they are capable of reversing to their former
state along with temperature changes. In an organic sol-
vent media LMW Gs interact with each other and create
a 3D supramolecular network to entrap the solvent [52,
53]. These gels embody organic liquids as solvents and
have the ability to eliminate the organic contaminations
without a little impact on hydrophilic or hydrophobic
components [50, 51]. Organogels are becoming increas-
ingly popular due to their versatile properties, which
can be easily adjusted to suit different needs. The adapt-
able properties of organogels are a significant advan-
tage. These include the ability to adjust the freezing and
boiling points of the organic liquid phase within the gel.
This allows organogels to maintain their gel-like charac-
teristics over a wide range of temperatures, by utilizing
a variety of solvents with different boiling points. This
versatility makes organogels highly desirable materials
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[52]. The use of organogels as a cleaning agent in art
conservation has become increasingly popular in recent
years, since their ability to selectively remove unwanted
surface dirt from sensitive materials without damaging
the underlying substrate is significant. This selectivity is
achieved through the careful choice of the organic sol-
vent and the structure of the agent, which is able to be
adjusted for different needs of cultural heritage objects
cleaned.

Organogels are able to dissolve a wide range of unde-
sirable materials such as wax, and diverse types of coat-
ings from various cultural heritage objects like paper and
canvas [19]. Studies have shown that organogels based
on methyl methacrylate [MMA] are desirable for clean-
ing canvas paintings due to their selective removal ability
[51]. Hydrogels and chemical organogels could be com-
plementary approaches in cleaning artworks, since both
of them together would exhibit greater retention and
better mechanical features [54]. Organogels have a ther-
modynamic stable nature, which allows them to maintain
their structural integrity for extended periods of time.
Additionally, they are resistant to moisture and micro-
bial contamination due to their organic composition.
Furthermore, the use of biocompatible, biodegradable,
and non-immunogenic materials ensures their safety for
long-term applications [55].

The use of organogels in art conservation suggests
numerous benefits over traditional cleaning methods. For
instance, they sometimes are non-toxic, non-flammable,
and often environmentally friendly. Furthermore, they
can be applied in a controlled and precise manner, reduc-
ing the risk of accidental damage to the artworks.

However, despite the many advantages of organogels
in art conservation, there are still some challenges that
need to be addressed, such as selecting solvents with less
unwanted impacts and being quite adaptable to the origi-
nal material of artwork. One of the main concerns is their
long-term stability and compatibility with the substrate.
Organogels must not leave any residues or alter the phys-
ical and chemical properties of the original materials
over time. Furthermore, there is still a need for further
research into the potential toxicology and environmen-
tal impact of these gels, especially with regard to their
disposal.

Classification based on the nature of the polymer

Based on the literature review, sources of gels used in art
conservation can be classified into two categories: syn-
thetic and natural. Synthetic gels are developed in the
laboratory through chemical synthesis, while natural gels
are derived from natural sources such as plants and ani-
mals. This classification is summarized in Fig. 3. In the
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following sections, the different types of gels used in art
conservation based on their source will be discussed.

Natural polymer-based gels

%

Cellulose-based gels

The most abundant natural polymer derived from glu-
cose is cellulose. It is the major component of the differ-
ent kinds of plants and fibers [56]. Certain bacteria, such
as Acetobacter xylinum, are also capable of synthesizing
cellulose. Thus, there are two main classes of cellulose,
bacterial cellulose (BC) and plant cellulose (PC). These
two have similar chemical structure and are built up from
glucose units by 1,4-pB-glucosidic, however include vari-
ous properties and macromolecular structure. Typically,
PC exhibits crystallinity in the range of 40-60%, while
BC demonstrates a higher crystallinity exceeding 60%. As
a result, both types of cellulose are insoluble in water and
other solvents [56].

Cellulose derivatives are commonly categorized as
esters or ethers. Examples of esters include cellulose
acetate [CA], cellulose acetate phthalate [CAP], cellu-
lose acetate butyrate [CAB], cellulose acetate trimelli-
tate [CAT], and hydroxypropyl methylcellulose phthalate
[HPMCP]. Meanwhile, ethers include methylcellulose
[MC], ethyl cellulose [EC], hydroxyethyl cellulose [HEC],
carboxymethyl cellulose [CMC], sodium carboxymethyl
cellulose [NaCMC], hydroxypropyl cellulose [HPC], and
hydroxypropyl methylcellulose [HPMC] [57].

According to the ecological, safety, economical, biolog-
ical advantages of cellulose, it would be a desirable choice
for producing hydrogels. This natural polymer contains
a porous structure and a great number of OH functional
groups [37].

There are several groups of cellulose-based gels like
MC, and HEC that are produced via covalent and non-
covalent bindings. These gels contain three dimensional
hydrophilic polymer networks [58]. Cellulose based
gels can be divided into three main categories including
Hydrogels, Xerogels, and Aerogels. This classification
is based on the used solvent and the drying approach.
[58]. Cellulose-based gels have been widely used in art
conservation due to their biocompatibility and tunable
rheological properties [59, 60]. These gels are primarily
employed for cleaning surfaces, removing varnishes, and
consolidating fragile materials.

Agar and agarose-based gels
Agar is a polysaccharide extracted from different types

of red algae, Gelidiales and Gracilariales red seaweed
[61], consisting primarily of D- and L-galactose units.
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There are some considerable parameters that have a lot
of impact on ratio of main constituents, the gelling pro-
cedure of Agar, and its rheological properties. These
parameters include the type of seaweed, the environ-
ment in which the algae had been growing, the physi-
ological factors, and the extraction procedure [62]. To
gain a semi-rigid, hydrophilic, thermoreversible gel out of
agar, it should be exposed to heat and then cooled down
immediately [63]. It is composed of a mixture of agarose
and agaropectin in variable proportions depending on
the type of algae used and the manufacturing process.

Gels made out of agar are thermoreversible and easily
change their state upon cooling or heating. [27]. When
lowering the heat, the polysaccharide molecular chains
form a double-helices order via hydrogen bonds and cre-
ate a three-dimensional structure with water in its pores
[61]. Rigidity of agar gels is adaptable and as a result
conservator can customize it to well fit the surface and
remove the unwanted layers [27]. From a microscopic
point of view, the porous structure of agar elevates its
retention [64]. Generally, the best proportion of this gel is
prepared in a concentration of 2 to 6% w/v [22].

Using agar gels as a cleaning medium includes some
advantages such as; the ability to clean soil, controlling
the solvent release, the less effect on the historical mate-
rials, being accessible, and green [65]. Amongst other
gelling agents, agar is much more noteworthy due to its
great adaptable chemical and physical properties, and its
ability to adjust itself to various status [66].

Agarose resembled to Agar is a neutral polysaccharide
derived from Rhodophyta (marine red algae). Its struc-
tural form contains repeating 1,3-binding p-D-galactose
and 1,4-binding 3,6-anhydro o-L-galactose units, that
has a high capacity to absorb water [67, 68]. Although
agarose and agar are the same base on their origin and
capabilities, thus due to the smaller pores of agar, rigid
agarose gel sheets release their inner water faster than
agar gels [69] and this is more expensive than agar, but
offers greater transparency.

Gellan Gum and Xanthan Gum

Gellan gum is a linear, anionic heteropolysaccharide. It
is obtained from a microorganism called Sphingomonas
elodea [27]. It consists of repeating units of (1,3)-b-D-
Glucose, (1,4)-b-D-Glucuronic acid, (1,4)-b-D-Glucose,
and (1,4)-a-L-Rhamnose [70-72]. When cations, particu-
larly Ca*, are present, gellan gum forms hard and fragile
gels that have a stable and ordered structure, a crystal-
line-like structure [27]. This gel is usually homogenous,
clear and stable against pH changes. This characteristic
makes it less thermo-reversible. The pH stability of gel-
lan gum makes it suitable for use on paper samples with

Page 8 of 26

varying levels of acidity or alkalinity [73]. Gellan gum is
found in two statuses, with high and low amount of acyl
which produces soft and hard gels in return [74]. It has a
wide range of use in different fields like biomedical and
pharmacology as thickener. Similar to other natural-
based material mentioned above, gellan gum is also safe
and biodegradable. This material is capable of retaining
water and then gradually release it and in return absorb-
ing the undesired contaminations within itself. So it can
be a useful choice in conservation of paper works [75].
When placed in water, gellan gels release polymer chains
and can recover from mechanical disruption or the
expulsion of water through slow compression [70]. These
gels are sensitive to shear stress, which can alter their
structure and viscosity. Gellan gum solutions have a high
viscosity, making them useful as thickeners for liquids
and suspensions [72]. Moreover, to enhance its microbial
resistance and cytocidal action against bio-deteriogens,
researchers have been using hydrolates [76].

On the other hand, when the bacterium Xanthomonas
Campestris ferments the glucose or sucrose, the Xanthan
gum is synthetized. The more it is effective in aqueous
solutions, the less effective is in gelling basic solutions
[22]. When combined with gluco- or galactomannans,
xanthan has the ability to create physical hydrogels.
These hydrogels are commonly referred to as “synergistic
gels” due to the specific interactions that occur between
the two types of polysaccharides. However, when xan-
than is mixed with other polysaccharides at comparable
concentrations, it does not result in a gel phase, accord-
ing to Paradossi et al. [77].

* Chitosan

Chitosan (CT) is a polysaccharide that can be obtained
through the deacetylation of chitin or the enzymatic
treatment of chitin deacetylase. Chitosan has many
advantages and biological functions including; being
abundant, biodegradable, anti-inflammatory, anti-micro-
bial, etc. [47]. It is produced through the deacetylation
of chitin under alkaline conditions. Chitin, a structural
component found in mushrooms, fungi, the cell wall
of fungi, and the skeletal structure of crustaceans and
insects, is subjected to the deacetylation reaction to form
chitosan. This material is a linear polysaccharide com-
prising of B-(1-4)-linked D-glucosamine and N-acetyl-
D-glucosamine units [78]. With abundant amino groups,
chitosan is hydrophilic, cationic, and reactive, rendering
it a versatile polymer. Additionally, chitosan is character-
ized by its biodegradability, abundance, biocompatibility,
non-toxicity, and versatility, making it an antibacterial,
antioxidant, antifungal, and prebiotic compound with
minor side effects [79].
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These properties render chitosan an ideal material for
use in art preservation. Furthermore, the amino groups
of chitosan enable the creation of hydrogels. Hydrogels
of chitosan are produced either via covalent cross link-
ing or forming polyelectrolyte complexes [80]. Hydrogels
derived from chitosan are capable to form in both alka-
line and acidic solutions. The cleaning potential of these
hydrogels have been investigated on metallic substrates
[22]. Although CT hydrogels are often weak in terms of
mechanical properties, thus to enhance the mechanical
properties of Chitosan hydrogels, combining them with
different copolymers such as PVA is suggested. Such
modifications can be particularly useful for applications
involving art conservation [47].

Synthetized polymer-based gels
PVA based gels

Poly(vinyl alcohol) (PVA) is one of the useful synthetic
polymer with a relatively simple chemical structure, fea-
turing a pendant hydroxyl group [81]. The ability of PVA
to create hydrogel systems has made it a popular choice
as a gelling agent [82]. It is highly biocompatible with low
toxicity and excellent mechanical properties [83]. PVA-
based chemical and physical hydrogels have been exten-
sively studied for practical applications due to their low
toxicity and high biocompatibility.

Chemical PVA gels can be obtained by crosslinking
PVA in solution using methods such as y-ray or elec-
tron beam irradiation, or through chemical reactions
with crosslinking agents [84]. Physically cross-linked
PVA gels, on the other hand, are created with hydrogen
bonds using two methods that do not require a cross-
linking agent: repeated freeze-thawing (FT), and cast-
drying (CD) of aqueous PVA solutions [83]. However, CD
and FT gel structure resembles to each other, but there
are some macroscopic differences such as transparency,
and elasticity between them [36]. After a PVA gel solu-
tion freezes the polymer phase and water separate from
each other. This action leads to creating crystalline spots
which link to each other through hydrogen bonds. These
crystalline spots function as joints and build a three
dimensional network of a hydrogel with remarkable
properties of flexibility and high viscoelasticity [33].

The reason in flexibility of physical PVA gel sheets
is the great viscoelasticity of the networks. This allows
the gel to exhibit a good resistance against mechani-
cal stresses [85]. Another advanced cleaning system
is based on twin-chain polymer networks (TC-PNs)
comprised of PVA chains, semi-interpenetrated (semi-
IPN) with lower molecular weight PVA (L-PVA). The
moment the L-PVA is added, it converts the gels into a
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new system of semi-IPNs with disordered porous struc-
ture with different dynamical behaviors. Nevertheless,
despite of non-covalent links in the network structure,
the new gel system acts equivalent to chemical net-
works mechanically [85]. In TC-PNs, two types of poly-
vinyl alcohol with varying molecular weights and bond
breakability by water are blended. This interpenetration
leads to a more effective gel system for dirt capture,
transport, and controlled wetting at the gel-artifact
interface, enabling selective dirt detachment [86].
Since the L-PVA contains plasticizing properties, and
morphological alterations, TC-PNs represent various
properties in contrast with pure PVA including inter-
connected macroporosity, surface roughness, higher
storage modulus, and improved stress relief [85].

PVA-based hydrogels can be filled with aqueous
nanofluids (NSFs) [2]. PVA based gels has been used
not only in TC way, but also in the semi-IPN system
with linear PVP. The preparing procedure includes
crosslinking the PVA via FT cycles and using PVP as a
hydrophilic porogen to provide the needed equilibrium
water contents [33].

Although PVA/borate-based systems appear macro-
scopically similar to gels from a rheological perspec-
tive and are suitable for cleaning painted surfaces, they
cannot be classified as gels. Instead, these fluids belong
to the category of highly viscous polymeric dispersions
(HVPDs) [7]. To produce HVPDs, PVA or semi-hydro-
lyzed PVAc polymer chains need to be cross-linked
using borax [5].

* PAA p(HEMA) and PMMA based gels

PAA, p(HEMA), and poly(methyl methacrylate)
[PMMA] are synthetic polymers that have been used
to create gels with tunable properties for various appli-
cations in art conservation. One of the main features
of p(HEMA)/PVP gels is their high water retentive-
ness, which in the case of sensitive materials it would
be a remarkable characteristic [5]. The ability of getting
loaded with both aqueous formulations and some polar
solvents makes them adequate to clean the both hydro-
philic and adhesives from canvas at the same time [51].
Because of the chemical structure of the Polyacrylic
acid (linking the carboxylic groups of its monomers
via cross-links), water and organic solvents can create
a gel out of PAA. These gels are extensively utilized in
the conservation of cultural heritage scope as clean-
ing medium, particularly for the conservation of easel
paintings, instead of pure solvents [87].

PMMA is a hydrophobic polymer. PMMA based
organogels can be synthetized via copolymerization of
free radicals of MMA and the monomers of diacrylate
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in various solvents [59]. Since this polymer is transpar-
ent it could be a great aid through cleaning process. It
should be noted that these organogels can be applied
directly onto the cultural heritage objects and easily
removed by a cotton swab without leaving any residues
behind [19].

Gels with special properties
+ Xerogels

Xerogel is a gel without solvents, also known as a sol-
gel, which can be used in the preservation of cultural
heritage. They are gel systems with specific charac-
teristics, such as a large surface area, a highly porous
structure, and small pore size. By allowing it to dry
slowly, the formation of potential cracks and fractures
inside its structure can be prevented. This type of gel
can be produced using various natural polymer struc-
tures like chitosan, alginate, pectin, and cellulose [88].
Actually, if a gel system is dried without managing its
shrinkage, xerogels will be produced. This results in
a partial or full collapse of the gel’s framework and
alters its porosity [24]. During the process of evapora-
tive drying, the wet gels lose their moisture, resulting
in xerogels with greater permeability, a high specific
pore size, and a structure that closely resembles aero-
gels obtained through supercritical solvent drying [58,
89]. Owing to their significant properties such as low
density, high surface area, adsorption properties, [90,
91] they are desirably used in different fields of art
conservation. According to Mosquera et al. [92], xero-
gels also can be used as stone consolidants. Unlike
cleaning, in this consolidating method the stone sam-
ples are first fully saturated with a solution, and then
polymerization occurs within the stone.

The main advantage of using xerogels in art conser-
vation, similar to other gel-based methods compared
to traditional cleaning techniques, is their ability to
gently remove surface contaminants from cultural
heritage materials without damaging the underly-
ing layers. This is especially important when deal-
ing with fragile and historically significant pieces, as
traditional cleaning methods may not be appropri-
ate due to the risk of damaging the original materi-
als. Additionally, xerogels can be synthesized using a
variety of materials, such as silica, metal oxides, and
organic polymers, allowing their properties to be tai-
lored to meet specific conservation requirements [24].
For example, xerogels with controlled pore sizes can
be synthesized to target specific contaminants or to
allow for the penetration of specific cleaning agents.
Furthermore, the use of functionalized xerogels can
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provide enhanced selectivity and effectiveness in the
removal of specific types of contaminants, such as
organic materials or metal ions [89].

Despite the numerous benefits of xerogels in art
conservation and cleaning, some challenges must be
addressed. The potential for xerogels to leave residues
on surfaces of cultural heritage objects is a primary
concern that could negatively impact the appearance
and long-term stability of treated works of art. Addi-
tionally, the synthesis and handling of xerogels can
be complex and require specialized knowledge and
equipment, limiting their widespread adoption in the
field of art conservation.

In conclusion, xerogels offer a promising and versa-
tile approach to art conservation and cleaning, with
the ability to address a wide range of contamination
challenges while preserving the integrity of the art-
works. Continued research and development in this
area will likely lead to further advancements in the
synthesis, functionalization, and application of xero-
gels, enabling conservators to more effectively protect
and restore our shared cultural heritage.

+ Semi-interpenetrating polymer networks gels

Semi-interpenetrating polymer networks are a kind
of gels that can be placed in both hydrogels and
organogels simultaneously. Advanced semi-IPNs are
created without any chemical cross-linking (resem-
bled to chemical gels) via accommodating a linear
or branched polymer into another polymer network
with varied properties [1]. The linear polymers that
function as a cross-link within the other polymer net-
work, result in a smoother and softer gel system that
are capable of eliminate hydrophobic contaminations
from highly sensitive substrates [93]. The properties
of these semi-IPN hydrogels alike the other mentioned
gels are adaptable. It means that by changing the com-
position, the amount of the constituents, and the syn-
thesis process a customized gel would be developed
[94]. One of the highly retentive semi-IPN hydrogels
that has been used to clean hydrophobic layers prop-
erly is semi-IPNs of polyhydroxyethylmethacrylate/
polyvinylpyrrolidone [95]. These semi-IPNs, typically
synthesized as 2-mm-thick sheets, are easily han-
dled and peeled-off after application [2]. One of the
semi-INP hydrogels effective in cleaning hydrophilic
dirt from water sensitive substrates is the combina-
tion of HEMA/N, N’-Methylenebisacrylamide [MBA]
polymers with accommodated linear polyrvinylpyrro-
lidone [PVP] [96].
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« Microgels

Microgels are going to be useful as a cleaning agent
due to their unique properties. Microgels are colloidal
particles with a size range of 10-1000 nm, which can
swell or shrink depending on the pH, temperature,
or solvent polarity [97]. This property makes them
ideal for selective cleaning of historic objects without
damaging the underlying layers, such as cleaning two
different paper samples: ancient paper from “Brevia-
rium Romanum ad usum fratrum” (1738) and modern
paper (office paper from 1965) [98].

Microgels are a kind of particles with the features
of being soft, penetrable, and deformable capable of
swelling in dispersing solvent [99]. Due to their hybrid
nature, microgels are classified as soft colloids and
consist of a mesoscopic crosslinked polymer network.
These particles can undergo deformation, shrink-
age, or interpenetration when interacting with other
microgels. Microgels the same as other mentioned
gels and depending on the type of the polymer used,
can be responsive to different stimuli’s such as pH and
temperature, this makes them capable of altering their
size and other associated properties like polarizability
or elasticity [100, 101]. The responsiveness of micro-
gels, combined with their versatility and relatively
simple synthesis methods, has led to their attrac-
tiveness for numerous applications [102]. Microgels
exhibit stable structures as their polymer network is
stabilized through covalent bonds or strong physical
forces. However, similar to other colloidal dispersions,
microgel particles have the potential to aggregate
through flocculation or coagulation processes [103].

The smaller size of constituents in microgels and
their great softness, causes microgels to be superior
to hydrogels in some special cases such as cleaning in
depth contaminations in paper works and adaptabil-
ity of these gels to uneven irregular substrates [98].
The use of microgels in art conservation and clean-
ing allows for precise control of the cleaning process,
minimizing potential damage to the historic works.
Moreover, microgels can be synthesized with various
functional groups, which can be useful for the tar-
geted cleaning of specific contaminants or materials.
Recent studies have explored the potential of using
microgels with tailored properties for cleaning appli-
cations in art conservation, showing promising results
in terms of both efficiency and safety [98]. However,
it is crucial to conduct further investigations into the
ability to effectively remove microgels from surfaces
after the cleaning process, as well as the absence of
any residual gel traces. As the field of art conservation
continues to evolve, microgels and semi-IPN gels are
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Fig. 4 Photos and optical microscopic images of canvas
before the cleaning process and after the cleaning process lasting,
respectively, 5, 10, 20, 30, 40, 50, and 60 min [122]

expected to play a significant role in the development
of advanced cleaning methodologies and materials for
preserving our cultural heritage.

Case studies

The use of gels in paper cleaning

Using gels in cleaning paper works has become common
among conservators. There has been a lot of case stud-
ies in which the cleaning medium is a gel (Table 1). Rigid
aqueous Gellan gels, for instance, were utilized in the
removal of auxiliary supports, substances left on the sur-
face, and adhesives [104]. The combination of Agar-Agar
and semilPN p(HEMA)/PVP hydrogel has been tested on
a paper with a sensitive ink [93].

The other studies are concentrated on using Gellan
gum-based rigid hydrogel applied on XVI to XIX cen-
turies samples [71], for removing unwanted paper lay-
ers from other substrates [75]. In another case, gellan
gum microgels were utilized as innovative agents to
preserve old and modern papers during the cleaning
process [98] and for conserving xuan paper [105].

While these case studies have proven the effi-
ciency of gellan gum-based hydrogels, but when the
contamination contains glue or oil, it would be bet-
ter to combine its properties with cleaning ability of
different agents such as enzyme proteinase K, and
a-cyclodextrin and Pluronic P-123 polymer [73].

Other researches discuss the effect of two semi-IPN
hydrogels based on p(HEMA)/PVP on very fragile
paper works [106], and to eliminate dirt and aged var-
nish from paper samples [96].

Alongside hydrogels, an organogel has been tested on
an ancient inked paper [54], and to remove pressure sen-
sitive tapes (PSTs) from a solvent sensitive paperwork
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[107]. Others have tested the efficiency of p(HEMA)/PVP
loaded with EAPC fluid (a combination of water, sodium
dodecylsulfate (SDS), 1-pentanol (PeOH), propylene car-
bonate (PC), and ethyl acetate (EA))on Michelangelo’s
masterpiece [23] and Renato Bezerra de Mello’s sketch-
book [108].

Another method to clean different types of tapes
is two complementary approaches of using hydrogels
and organogels [46, 108].

The use of gels in painting cleaning

Gels have been increasingly used for cleaning differ-
ent kinds of paintings with various techniques, and
acceptable results have been reported (Table 2). For
instance, a kind of organogel has been assessed to
clean an oil on wood painting belonging to XIX and
XV centuries [10]. As it is essential for a gel to be res-
idue-free, an acrylamide based chemical gel has been
afforded to eliminate synthetic adhesives from artistic
substrate [109]. Another study has explored the effect
of HEMA monomers in combination with PVP and
MBA (as cross linker) on water sensitive mock-ups
[110]. P(HEMA)/PVP based hydrogels have been also
tested to clean an aged varnish from an 18th century
oil on canvas [111], and on highly sensitive tempera
magra on canvas [5].

Owing to the ability of being loaded with various sur-
factants and cleaning agents, acrylamide/bisacrylamide
based gels have been employed to clean synthetic adhe-
sives from canvas [5]. Another organogels based on
MMA-EA [51], and poly-3-hydroxybutyrate [PHB] [112]
are examined on oil on canvas paintings. A mixture of
various solvents in presence of borax and epoxy resin
has been also tested on an Iranian oil painting belonging
to the Qajar era [113]. In another case, organogels have
been used to clean a gold-leaf coated painting along with
an oxidized varnish [50]. Prati et al. studied the impact
of PHB-GVL organogel to clean a tempera painting [8],
and have obtained a new PHB-based organogel in combi-
nation with ethyl lactate and dimethyl carbonate [DMC]
[114]. To remove an aged varnish, a TC-PN based gel of
PVA and an oil-in-water nanostructured fluid has been
examined [115]. Mastrangelo et al. have also utilized the
TC-PN hydrogel to clean the contaminations of Jackson
Pollock painting gradually [85]. To clean the carbona-
ceous dirt from a wall painting, Nanorestore Gel® Peggy
6 was employed [116]. Kevin et al. have prepared a new
hydrogel system with dual crosslinks to eliminate the
unwanted layers from modern paintings such as based
on acrylic paints, however this new recipe needs fur-
ther optimizations [117]. Other research has reported
on using hydrogels loaded with nanostructured flu-
ids to clean street art [118]. An Egyptian multilayered
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polychrome wooden sculpture has been cleaned by
PVA based hydrogel [119]. Another case represents the
combination of DES (deep eutectic solvents) with agar
to eliminate the aged thin varnish from oil and tempera
paintings [120]. A mixture of PVA alongside with rice
starch has produced an effective gel to clean soil from
modern paintings [121]. On the other hand, to properly
clean water sensitive artistic surfaces, a new system pre-
pared by castor oil has been examined on mock-ups [3].
One of the major challenges that conservators confront,
is the inefficient former restorations done by other con-
servators. To deal with this, a new organogel has been
obtain to clean the wax resins from those canvases that
had been restored using the Dutch method (Fig. 4) [122].
Chelazzi and Baglioni [123] have reported that the aged
varnish of a modern painting has been well cleaned using
castor oil-based organogel.

Overall, gels have proved to be effective and versatile
cleaning agents for various types of paintings, including
those with delicate and sensitive surfaces. The choice
of gel composition depends on the specific cleaning
needs and the nature of the painting materials. How-
ever, further research is still needed to optimize the gel
formulations and ensure their long-term stability and
compatibility with painted surfaces.

The use of gels in metal cleaning

According to the studies, to clean the copper stains from
a metallic surface, using Agar gels containing additives is
twice effective than the pure Agar [65]. In another case,
to eliminate the contamination from a bronze artifact, a
PVA based gel has been used [4]. Furthermore, using a
PHB-based organogel would be an effective method to
clean wax coatings from indoor bronze works [124].

Researchers have examined diverse combinations of
various gels to clean some archaeological silver-plated
copper alloy coins. They have reported that using physi-
cal peelable gels along with treatment solutions were
acceptably efficient [29].

Other studies have proven that to clean natural corro-
sions of iron, using agar-based gel with siderophore DFO
(deferoxamine B) will be effective [125]. Guaragnone
et al. have developed a semi-IPN of pHEMA/PAA to
clean copper ions and corrosion products [126].

In addition, polysaccharide-based hydrogels have been
used for cleaning various metal objects, including copper
alloys, lead artifacts, vermeil gold, and painted aluminum
alloy on a gun from the Pierro Loti museum collection,
an Armenian censer from Dobrée museum, and coins
from Cléons treasure [27] (Fig. 5).

And to eliminate the corrosion products from a metal-
lic substrate, Polysaccharide phases (agar and gellan gum)
loaded with deferoxamine, as an active agent, were found



Page 15 of 26

(2024) 12:248

Khaksar-Baghan et al. Heritage Science

feil

sanpisal 9|
-161163u Buirea| pue Jake)

[ero321d ay3 uo 1oeduwl
93| B INOYUM S3YSIUIRA

1U3A|0S Se
(3Uo1de|0IB|RA-A) TAD

19zpnsed se ‘196 paseq-oiq (91441

(A|ey| 'euusAry
235 [|AX) HBUUDD) 0112p

9107 panowas Aj219|dwiod) (D31) 2184 Ayl -ngAxoIpAy-¢-Ajlod)gHd |9bouebip suwl|y aAnd101d paby SeAURD) UO J0|0D-[I0 -auag Aqg,0luoiuy,iues,
[ Bupured
5107 NN dAd/(YWIH) |9b0IpAH ysiulea paby SeAURD) UO J0|0D-[I0 AINJUad-Y3ua91yblo uy
[eAOWIDI
[eDIURYDIIW YuM pajdnod
90 0} SPa2U 1| PUB [[aMS AInuad
[16] J19Ke| paruemun ayy ysiuiea -1213UdM] 03 -4Iud33UIU
5107 soxew [9b ay | 196 Y3I-YWIN |9bouebip |EDLIOISIY JO [PAOWIDY SeAURD) UO J0|0D-[I0 LSUDYDIYD UM JueSedd,
Bul|jams 1aye paues|d
Ajjea1ueyoaul sem Jake)
SAISYPR pajueMUN 3y |
'21e115gNns a3 bujielrsusd
[s] ploAe 0} Ja1em Bululelal Jo piny pa4nonas Yum papeoy ‘sjab
5107 d|geded s| |96 ay]  -OUBU PasEg-1UBIDRLINS Y/ SPIUIR|AIDESIC/apIWelAIDY N SAISOYPR DIDYIUAS seAuR) UQ NN
UOI1RI}|E OU UYIM
sajod s21e1s
-gns ay3 ulyam sapiuied
[s] swb paddenus ayy SAINSUDS 1UIA|OS /I21BAN seAue)
5102 Ajlenpeib buiuea|d dAd/(VWIH) |960IpAH -Juled paJayod) Aj221ed5 uQ esbew ersdwa| AN
sa1adoud duosIy aA1
-ISUSS-191PM WIOJJ [BAOWISI
10]02 ou yim buoje
‘PIAIDSCO 3IIM SINP
-1S24 ou ‘]9b ayy Jo
o1l uolsayod pue Ajibarul SAIISUDS JUSA|OS /11BN eidwia) pue J1jAidy
€107 18316 a1 01 BuimQ (dAd/VYWIH)D [9B0IPAH -21NIXIW Wb [edYIY SeAuR) UQ a|dwes dn-ypoy
uonn|os
J21em Ul (YaIn) Jaxull
Auadoud -SS01D B pUE Jawouow
[601] SaAISaYpe Jo abuel SpluwelAide Jo UoezLa
z10Z 9pIM B Uedd S|9b Ay -wAjodod |edipes 914 [9B0IpAH SAISOYPR DII9YIUAS AN AN
AJe1| "eusls ‘A1s1ioes
19Ke| JowAjodod Bulured-|iepm e[S B||9P BLIBJA PIUES
010j03511D
Ip 01101\ 0} paINq IR
1Je JO SJom wolj seunyed AIN1Uad AX B pue
o1l 9oeJINSs pabe BulAowaI J0) dN/0DI3d pue ‘AIN1UD X|X Y1 WOy
8007 POYIaW JUadY}3 HO®d -1/ Z0DI3d |9bouebip iysiuien paby |2ued poom-uo-|I0 Bunured pabe uy
SOAINPPY oseq |99
'sJa.1 /o1eQg Aouapyys buluesd uoneuIquod [ adf} |sp adA) abeweq anbiuyda) bunuied Apnis ase)

sbupuled ulspow pue d1OlSIY Bulues)d up abesn |99 Z ajqeL



Page 16 of 26

(2024) 12:248

Khaksar-Baghan et al. Heritage Science

sbunured
paseq JI|AIDe SAIISUIS UO unesb
[Z11] SOAIIPPE JO Bulj|ams payIpOW-jAoweuuld pue 1uled
0c0T pajuemun buisned ||ns 950|N||92 parelauabay |960IpAH AN UISPO paseq-d1jAidy NN
uolde |eojuUBYIaW Aq
[o11] pamoj|oy |96 Bulsn 1aye
0z0T S)nsai bulAysies 231D wWnUOWWe-11 %S 9 Abbad @29 2I0IsaI0UBN [960IpAH MIp snosdeuoqe)  bululed-|lem paseq-awl] AN
196 ay1
Bulrowal Ja1ye uonde
[s8] |eDIUBYDIW AUB pasu Epl:l] 1D3H 3y} Ul SaAF pue om|
0z0T 1,usa0p ssadoid bujuesd 114 Nd-DL [9B0IPAH  -INS Y} WOI) UIP SA0WY Sjuled UISPOIN $9231d1915eW 5320||0d
pauea)d S|
91RI1SgNS DAISUSS SY3
SUOIDe [eDIURYD3W JO Pl (Nd-DL) piomiau
[StLl 3U1 YUM pUEB ||oMs JaAe| (4SN) JawAjod ureys-uimy, ysiuieA (OyAd) 91e1ode SeAuRd UO (8761 191121v))
020T PaJISOPUN 91 Sa3eW 1| PIN|} PAINIdNIISOURU AN/O (VAd) [0yod|e [Auink|od [9B0IpAH [Auinkjod ‘paull-xep UOARID 3DP|q PUB (IO 0IpnIS 3y S0Ssedld
(OWQ) pue
| uolnelodens pue asea|al 91B10B| |AU1D 'SIUIA|OS saysiulen djuadiay
610C JUSA|OS J9AO [0JIUOD 183D U316 JualRyIp oM (gHd) J}swik|od-oig |9bouebip |ednieu pabe pue maN NN NN
(Kjey)) eubojog ul
IAISS 19P LB\ BIUBS
PaMO[e S| UOIIDE. [BD yoinyD 3y ul pasodxe
-JUBYD3W OU I3YM S1RIIS S9DBJINS DAIISUSS AJAUaN2 ‘(J|1X) @NgewD 0}
[8] -qgNs 9ARISUSS Ja1em A|ybiy -191eM WIO0J) S3YSIUIeA paINgLNe,IAISS 19P BLB
8107 Bujues|d 10} 3|qeins 196 IAD-gHd |9bouebip JIIYIUAS pue [einieN eiadwa| e1URS JO A1Safeln ay ],
anpisal (p1oe D1UOl ured ‘Je3
[05] 9|qe12319p OU BuiAel|  -OqIp-|-9uUdzuaq) Ygag p|ob yim pa1eod Arenbijal
/10T '90epNS e Jjo pajead Ajises % WM T0/OVAJOY % WM 9 |96 joueyIRAXOYID-7 |9bouebip ysiulen paby AN uel|el] AIn1uad Yiuaaixis
SIU
o123jed 3yl |001 3|dwlis e
BuIsn 92eiNS Sy} WOl
P2AOWI S| pUe Pajp
-ueYy AjIsea 13| ‘9.
-INS 3Y1 Y1IM 10e1U0D Ul
Jualedsuel) ulewal pue
SaYSIUIRA PIZIPIXO Y1
uea|> 01 9|ge Sl UofeuIq pouad
-WOoD SIYL Ulw Q| pue (91LJOQ WINIPOS B11D) JefeD ay3 woly Isne
G aue |96 s1y3 Joy S|ela1ew JaYlo pue aue  Xelog ‘U01aY|AYI|AYIaW ueluel| UMousun ue Aq
€11 paJnbal sawi wnw  -Xayoj2Ad ‘D1ym winjueil ‘loyoole |Auiafjod ‘auol ,5590Ulld JefeD, pauleu
/102 -IXew pue wnuuiu ay ‘u1sal Axoda Yum paxipy  -9dy ‘[oueyia ‘jouedoidos| WN AN 1010210 Bunured pjo uy
SOAINPPY aseq |99
'sjaa /areq Aouapyys buiues)d uoieuIquwod |99 ELTSRED) a2d£) abeweq anbiuyda) bunuied Apnis ase)

(panunuod) g ajqey



Page 17 of 26

(2024) 12:248

Khaksar-Baghan et al. Heritage Science

UORUS 10N,

92B4INS PaJ0j0d-2)1eW
|eu1bLIo ay1 3oeq bul
-bung ‘|sbouebio ayy Aq

(Uo123|0D WiRYuabbno
ABHad ‘916 Ipiu-saidy
xnoQ 7) 02uIYD 2@

[cz1] panowal Aj919|dwiod pue o1bioI9 Aq bunured |ed
€707 K|2JBS SeM YSIUIRA paseq-|10 103seD) |9bouebip ysiulea paby punured 10 -IsAydeisw jo 1e uispow
(MBSIEAA UI WUNSSNIA
|BUOIIEN 33 W01} 2UO)
Sle]len} (Kejpoueu sbunuied 1o om1 pue
|euibLio ayy bujuiebas 0y 3U013e A/A 91140103 DIIBYIUAS §TX |2bouebip (POYyraw ‘oyfa1epy uer Ag
[zzl] Buipes| psarowlas sem 907 pUe '9ULId00S| A/A syuode) dy - (dpiud paysodwod UoRAISSUOD YoIng Ul plemaunio jo apeg, bul
€707 SAISYPR UISaJ Xem Ul ||y %St ‘jouedoidost A/a 046€  -ejAidejAdoidosi-N) vdINd oueN pasn A|9pIM) UISaI Xepn SeAURD UO J0j0D-I0  -3uted 8/8| 21 Jo Buiul
S}Iom
[€] D1I0ISIY DAIISUIS-191eM SUIDISAS
€707 Buiuesp ul 91033 paseg-(0D) |10 Joised |9bouebiO SAIISUDS JUDA|OS /11BN NN sdn-spow
21n0J bul
-MeY1-9Z93l4 U216, pue
1sngos e ybnoiyy
SaNPISal 9|grIDAIIP INO s|ob aysodwiod-oiq
-YUM A[9AIID3YS |10S U1e1go O} Pasn 2JaM Sy
[1z1] uea)d> pue siake| wured uaA (Youe1s a01) pue (YAd) [10S -9A1
2202 -aun ay1 03 2ns s|Pb ay | (loyooie |Auln) A|od |960IpAH -ISUDS JUIA|OS /I91eAN S1Uled UISPON sdn-ypow
sa1ensqgns esad
-Wa} UO pasn o os|e Aewl
1|96 Jebe OzH-HOV e
BuiA|dde Ag parowal
K|1Sea 9q Ued SaNpISal *||om El8)
sadeyIns Jlj1ydolpAy pue 1ebe OH-HOF ue yim
o1goydoipAy yioq uo e3IN- 9PLIO|YD dUljoYD
[oz1] S9YSIUIBA SNOSJRUIDY Buixiuipe sebe pue (S3Q) ysiuiea pabe jo ejodwa] g (|lo pass
120C -0ld ay) bulroway SIUDA|OS D11291Nn3 doa( |9B0IPAH S19Ae| SNO2DRUISI0N] -Ul|) SBAUBD) UO I0|0D-[I0 AN
sulelb oulo] Jo o1zib3
Ssyuawbid buiaowal 1no 03sny 21n1d|NdS USPOOA
6L1] -UHM 9De4Ia1ul SU} SWIOIYDA|Od pasake|nniy
120T pauea)d Ajlenpelb sjpb ay | VAd [9boIpAH Il AN uendAb3 uanuUyY Uy
SQeMS U030 pluiny
Buisn uopoe [esjueydaw
9WOS Yim Buoje suoly
8Ll -edjjdde pajeadas yum
k04 Bulues|d jenpein papeol-4SN 196 aAnuaI AlYbIYy |9B0IpAH wisiiepuep S1Uled UISPON 11e 199115
SOAINPPY aseq |99
'sJal /o1eQg fouadyyd buluesd uoleuIquod [9D adfy op 2dA) sbeweq anbiuy9) bunuied Apnis ase)

(panunuod) g ajqel



Khaksar-Baghan et al. Heritage Science

(2024) 12:248

Fig.5 The Armenian censer from the Dobrée Museum collection
during treatment (© L. Preud’homme / Arc’Antique — Grand
Patrimoine de Loire Atlantique, Nantes, Franc (23)

to be effective [127]. Table 3 lists the different kinds of
gels that have been utilized for the purpose of cleaning a
diverse array of historical metals.

The use of gels in cleaning other materials

Gel is not only utilized in the conservation of metal,
paper, and painting objects but has also been employed
for various other objects as well (as shown in Table 4). In
fact, different types of gels have been used with different
purposes in the field of art conservation. For example, a
kind of organogel which is prepared through combina-
tion of thiol or allyl monomers are reported for removing
any dammar-based varnishes from artistic surfaces [128].
Various other types of gels have also been reported, and
each of these has been employed for particular applica-
tions. A Dimethyl sulfoxide (DMSO) solvent gel is an
effective and low-impact method for removing biologi-
cally patinated stone. It is easy to use and inexpensive
[129]. AgarArt 1% with ammonium citrate tribasic (TAC)
is an effective formulation for copper removal from built
heritage through Lyophilization of hydrogels [130]. In
a case study, to clean Mn rich black stains from a gran-
ite belonging to a church and a number of glass jars,
chitosan based gel has been assessed [131]. In another
case a HEMA-MBA/PVP hydrogel loaded with NSE is
employed to clean polymeric coatings from built heritage
and stone surface [132].

Page 18 of 26

Gellan gum has proven to be an effective cleaning agent
for damaged collages, silver gelatin photographs, and
even a terrestrial globe (as a 3D object) [75]. In another
study, 18th-century gilt leather samples were successfully
cleaned using gellan gum hydrogels, which proved use-
ful due to the minimal water release of gellan gum [133].
One prominent example of modern artwork treated with
gels is Eva Hesse’s sculpture Addendum, where a modi-
fied gel from the Nanorestore Gel® Peggy 5 (PVA/PVP)
was used for cleaning [134]. Additionally, hydrogels have
been validated as effective systems for cleaning metal
historic properties, with DFO-B ethanol gels based on
4% agarose performing better in cleaning water-sensitive
substrates like wooden artworks [135].

Textile is another material that gel is used for cleaning.
An archaeological Coptic textile contaminated by poly-
urethane adhesive is one of these textiles. To clean this
cultural material, a Nano Restore Gel® Peggy 5 loaded
with Nano Restore Cleaning® Polar fluid was assessed
[136]. Moreover, a new frontier in textile cleaning has
been investigated by Jedrusik, Krasnan, Rehakova and
Rebros [137] through bio-cleaning with the aid of placed
microorganisms in a gel system. In this case, cotton and
silk models were stained using iron gall ink, and P. putida
bacteria have been placed in an agar-based gel system to
clean the undesired discoloration. In another report by
Smets, De Vis and Ortega-Saez [138], an embroidered
silk textile has been investigated. The researchers have
utilized an agarose 5% base loaded with pH buffers and
chelators to clean the yellowness caused by natural deg-
radation. However, the cleaning system presented satis-
factory results in dye bleeding prevention, but the stains
could not be cleaned thoroughly.

Data analysis

In this section, a total of fifty-nine case studies were
reviewed. These case studies were classified into four
main categories: paper, painting, metal, and other mate-
rials. The distribution of these case studies among the
categories is presented in Fig. 6. As can be seen from the
figure, a considerable number of studies have focused on
the application of gel for cleaning paintings, followed by
paper conservation.

Based on the review of the use of gels in cleaning his-
torical and artistic artifacts, it is evident that a variety of
gels have been utilized in different studies. Organogels
and hydrogels have been the main types of gels used,
with gellan gum and p(HEMA/PVP) being the most fre-
quently employed in paper cleaning. As shown in Table 1,
there have been fourteen research studies conducted
on paper cleaning. Out of these, three studies have uti-
lized organogels, while the remaining eleven studies have
involved the testing of hydrogels. The primary damage
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I Paint artwork
I Paper artwork
I Metal artwork
I Other material

23.7%

39%

13.6%

23.7%

Fig. 6 Distribution of case studies among different categories

of materials; The graph demonstrates that a significant number

of studies have concentrated on the use of gel for cleaning paintings,
with paper conservation being the second most explored area

types observed during cleaning were unwanted layers
and PSTs being effectively removed.

According to the information in Table 2, a total of
twenty-three research studies have been reviewed about
painting cleaning. These studies have explored a diverse
range of gel combinations, with p(HEMA/PVP) and
PHB/GVL being commonly used as base materials. Addi-
tionally, other materials such as PVA, castor oil, and
acrylamide have also been employed in addressing the
challenges associated with painting cleaning.

For metal cleaning, agar and polysaccharide-based gels
have been the most commonly used systems, as demon-
strated in eight case studies (Table 3). Similarly, hydrogels
based on agar, gellan gum, and agarose have been fre-
quently employed in cleaning different materials such as
textile, leather, and stone (Table 4).

One overlooked aspect in most of these studies is the
lack of discussion regarding the potential defects or
drawbacks of the examined gels. Addressing these cases
in future research endeavors will undoubtedly contribute
significantly to guiding the direction and progress in the
study of gels for the cleaning of artworks.

Conclusion and future perspective

The use of gel-based cleaning methodologies in art con-
servation has significantly evolved over time, providing
more than safer, more effective solutions for the preser-
vation of cultural heritage. The ability of gels to control
solvent evaporation rates, surface contact time, and mini-
mize human exposure to toxic solvents has made them a
preferred choice for art conservators. Even by employing
enzymes and different kinds of surfactants in a gel sys-
tem, the operator would be able to enhance the cleaning
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efficiency. It would be noteworthy to address that in some
cases, due to the nature of the artwork material and the
contaminant, there could be a great need for combining
a gel system with other cleaning approaches to gain sat-
isfactory results. Despite all the mentioned advantages,
there are still some challenging aspects that need to be
discussed in detail, such as the long-term impacts of gels
in various environmental conditions leading to alteration
and deterioration, and of course, the process of natural
aging of the artwork material contacted with this clean-
ing method. However, challenges remain, particularly
when cleaning painted surfaces, necessitating further
research and development.

Further research needs to concentrate on enhancing
gel formulations while guaranteeing their compatibil-
ity with different surfaces. Moreover, the long-term
impacts of these gels on the surfaces of the artifacts
should be explored if they are not entirely eliminated.
In addition, it seems that further study of advanced
and responsive gels is important in determining the
potential of this type of gel in art conservation due to
their prominent features such as low level of residue
remaining and Nano-scale mesh size for reversible
and magnetic gels respectively. The potential to com-
bine gels with nanotechnology or materials science
could lead to more efficient and specific cleaning and
conservation methodologies. Additionally, the explo-
ration of new natural and synthesized polymers could
expand the types of gels available for use in the field.

The cleaning method discussed primarily focuses
on paintings, covering various painting techniques.
Paper works, and metallic works are also considered,
but there is a need for further research on materials
like glass, stone, wood, building materials, and 3-D
objects. The main contaminants that are addressed
through cleaning are aged varnishes, various types of
STP tapes, and corrosion products. However, there
are additional contaminants, such as fungal stains,
foxing, and greasy stains on uncoated surfaces, that
require investigation.

Preserving our cultural heritage is a collective responsi-
bility and the advancements in gel-based cleaning meth-
odologies play an essential role. As we move forward, a
multi-disciplinary approach incorporating nanoscience,
materials science, and polymer chemistry will be instru-
mental in developing innovative solutions for the chal-
lenges faced in art conservation.
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