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It is challenging to extend the species of deep eutectic solvent (DES) based gels, particularly in forming
non-toxic polymer gels with good mechanical properties. In this study, we propose an eutectogel sys-
tem for cleaning purposes in the field of culture heritage conservation. Green gels containing ChCI-EG-
GVL-PVA and ChCI-EG-PVA are produced by combining choline chloride (ChCl), ethylene glycol (EG) and
polyvinyl alcohol (PVA) with or without y-valerolactone (GVL). The crosslinking of the gels is primarily
formed by ChCI-EG and PVA through hydrogen bonding. The additional green solvent GVL is compati-
ble with the gel composition and plays an important role in cleaning. The developed gels exhibit good
mechanical properties and fine microstructures, making them easy to handle and suitable for cleaning
cultural relics. Therefore, the gels have been tested on a mockup coated with Paraloid B72® to examine
their cleaning efficiency. Furthermore, the selected gel has been validated on a Yuan dynasty mural paint-
ing for the removal of aged acrylic coating. The results from both the mockup and the real case study
demonstrate the effective cleaning efficiency of the ChCI-EG-GVL,-PVA, gel and highlight its potential
usefulness in the field of cultural heritage conservation.

1. Introduction

control over solvent application may lead to leaching and swelling
of the underlying layers.

Natural and synthetic resins are frequently utilized in works of
art to serve as a protective layer and enhance their aesthetic appeal
[1]. As the outermost layer, the coating is the most susceptible part
of the cultural artifact, becoming brittle, yellowed, and losing its
transparency after a few decades [2]. Therefore, careful removal of
degraded coatings from the surface of cultural relics has become a
primary objective in the field of heritage conservation [3].

The most common cleaning method involves applying solvents
using cotton swabs. The mechanical action on the surface can of-
ten be extremely detrimental to the work of art, and the limited
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Over the last decade, various methods including gels [4-8],
nanostructured fluids [9,10], plasma jets [11] and lasers [12,13]
have been investigated for the removal of varnishes from differ-
ent objects. Among these, gels offer several advantages in terms
of cleaning performance and ease of application. Gels are capable
of retaining the solvent and exhibiting a controlled superficial re-
lease. They can be classified as chemical gels or physical gels based
on their structure [14].

In particular, chemical gels feature covalent crosslinking, while
physical gels are characterized by intermolecular interactions. As a
result, chemical gels exhibit greater stability compared to physical
gels due to their thermally irreversible nature driven by permanent
covalent crosslinking. In contrast, physical gels are less stable and
typically exhibit thermal reversibility, as their physical interactions
are dynamic and influenced by temperature.



The consistency of the gel depends on the crosslinking density
and the amount of solvent; thus, both physical and chemical gels
may be soft, weak, and brittle [15]. The consistency of the gel is
particularly critical; indeed, soft gels (such as those based on cel-
lulose and polyacrylic acid) are difficult to remove from artworks,
even with rinsing solvents and mechanical action [16]. In contrast,
rigid networks make the gels less prone to sticking to surfaces,
thereby reducing the presence of residues after cleaning. Rheologi-
cal properties can determine the strength of chemical and physical
gels. For rigid gels, the dynamic modulus is frequency-independent
and the storage modulus (G’) is usually one magnitude higher than
the loss modulus (G”) [17].

Since the preparation of chemical gels for cleaning usually in-
volves more complex procedures for both synthesis and loading
compared to physical gels, this research focuses on the develop-
ment of a green nonaqueous rigid physical gel. In recent years, par-
ticular attention has been devoted to developing restoration mate-
rials that are safe not only for cultural artifacts but also for the
operator’s health and the environment [18].

DESs are a new generation of economic and environmentally
friendly green solvents that have similar properties to ionic lig-
uids [19]. The biodegradability of DESs depends on the proper-
ties of their individual components, and ChCl-based DESs have a
promising green profile [20]. Owing to their low vapor pressure,
good conductivity, nonflammability, and cost-effectiveness, DESs
have been widely applied in various fields, such as catalysis, elec-
trochemistry, nanotechnology, electrolytes, and biomass pretreat-
ment. In recent years, DESs have been employed for the removal
of unwanted coatings on various objects in the cultural heritage
conservation field [21-24]. However, despite their diverse physic-
ochemical properties and wide applications, the ability of DESs to
form gels has not been fully studied [19].

Polyvinyl alcohol (PVA) is a water-soluble semicrystalline syn-
thetic polymer produced by the hydrolysis of poly (vinyl acetate)
(PVAc), which involves replacing acetate groups with hydroxyl
groups. The degree of hydrolysis has significant effects on chem-
ical properties [25]. PVA has attracted considerable interest due
to its biocompatibility, degradability, and favorable physicochemi-
cal properties [26]. Recently, green gels based on various types of
DESs and PVA or its composites have been reported for their ex-
cellent frost resistance, conductivity, adhesive and recoverable per-
formance, demonstrating potential applications in the sensor field
[27-30]. The poor solubility of PVA in DES can induce the folding
and crystallization of PVA chains, leading to the formation of mi-
crocrystalline domains that provide remarkable mechanical proper-
ties to the eutectogel gel [29].

Compared with PVA chemical gels, PVA physical gels exhibit
very low toxicity due to the absence of residual crosslinkers,
which is why they have garnered more attention in the biomed-
ical and biomaterials research fields [31]. In the cultural her-
itage conservation field, the gel-forming capability of PVA has
been used for cleaning since the 2000s. PVA-based hydrogels
have shown promising results when loaded with versatile clean-
ing agents [32]. However, hydrogels must be used carefully in the
restoration of water-sensitive surfaces. In particular, it is known
that natural polysaccharide-based hydrogels display lower effi-
cacy in water retention and may cause alterations to the original
materials [33,34].

GVL is a colorless low-viscosity liquid that can be readily ob-
tained from cellulose-based biomass [35]. It has been widely used
as a replacement for toxic, nonrenewable solvents due to its sta-
bility, biodegradability, and recyclability. Previous studies have ex-
plored GVL and poly-3-hydroxybutyrate (PHB) organogels for the
removal of terpenic and acrylic varnishes from paintings [5,36].
However, GVL based PHB gels are not flexible enough to bend
freely. Subsequently, a combined material consisting of PHB-GVL

gel and PVA electrospun mat was produced to improve ease of use
and reduce superficial solvent release [37].

2. Research aim

The present study aims to create a green rigid nonaqueous gel
system that may provide a controlled release of GVL to remove
polymeric coatings. To this end, we developed an eutectogel us-
ing GVL in combination with DES choline chloride-ethylene glycol
and polyvinyl alcohol (ChCI-EG-GVL,-PVA;). We compared this gel
with one obtained without the addition of GVL (ChCI-EG-PVA;), as
well as with formulations that varied the content of GVL and PVA.
The physical and chemical properties of the developed gels were
investigated using rheological measurement (RM), total attenuated
reflectance FTIR analysis (ATR-FTIR), scanning electron microscope
(SEM) and thermogravimetric analysis (TGA). The performance of
both gels was tested to remove Paraloid B72® coatings applied to
a standard sample. Subsequently, the ChCI-EG-GVL,-PVA, gel was
also tested on a real case: a Yuan dynasty mural painting that had
been covered with Paraloid B72® during a previous detachment
and transfer process [38].

3. Materials and methods
3.1. Materials

Choline chloride (ChCl, 98 %), ethylene glycol (EG, 99 %), y-
valerolactone (GVL, 98 %) and gelatin (Gel strength 100 g Bloom)
were purchased from Aladdin. Polyvinyl alcohol (PVA, 1788, with
a polymerization degree of 1700 and hydroxyl contents of 88 %)
was purchased from Kelong Chemical Company. Red ocher was
purchased from Nantian Coating Company. Paraloid B72® was pur-
chased from Rohm & Haas Company.

3.2. Preparation of the gels

ChCI-EG was produced by mixing ChCl (2.0 g) and EG (1.78 g)
at the mole ratio of 1:2 in a Petri dish. The mixture was stirred
at 100 °C for 5 min until a homogeneous colorless liquid was ob-
tained. The gels were defined as ChCl-EG-GVLx-PVAy, where x rep-
resents volume of GVL and y represents the quality of PVA in the
gel formulation. ChCI-EG-PVA, gel was prepared by adding PVA
(2.0 g) to the obtained ChCI-EG, then hand stirring at 100 °C until
it gets thickened, the gel was formed after cooling to room temper-
ature. ChCI-EG-GVL,-PVA, gel was prepared by mixing PVA (2.0 g)
in a mixture of ChCI-EG (3.78 g) and GVL (2.0 mL). The mixture
was stirred at 100 °C until getting thickened, the gel was obtained
after cooling to room temperature. All gel formulations by varying
of GVL and PVA contents were prepared with the same method
and shown in Table S1.

3.3. Characterization of the gels

The morphology of both gels was using a scanning electron mi-
croscope (SEM, Thermo Fisher Axia ChemiSEM) at an accelerat-
ing voltage of 15 kV. During the preparation of SEM samples, the
gel needs to undergo solvent replacement and supercritical drying
processes. The choice of solvent is crucial as using an improper
solvent can alter the gel’s structure. We employ a concentration
gradient of ethanol/ethylene glycol (EG) at 40 %, 70 %, and 100 %
to remove original liquids from the gels. Supercritical drying (Quo-
rum Technologies K850) was applied to dry the samples. After-
wards, the dried gel samples were sputtered with gold to 3 nm
thicknesses using sputter coater (Leica EM ACE 200).

Rheology measurements were carried out on a Netzsch Kinexus
Pro + Rheometer using a 25 mm diameter sensor plate with a gap



of 1 mm, the oscillatory amplitude sweep experiments (y: 0.01-
100 %) were carried out to determine the linear viscoelastic (LVE)
range at a constant frequency of 1 Hz. The obtained storage mod-
ule G’ (Pa), loss module G” (Pa) and complex module(n*) reflect
elastic character, viscos character and stiffness of the gel, respec-
tively. Rheological measurements were performed on a set of 3
replicates for both gels and the trend showed no significant dif-
ferences.

TH NMR analysis was using a spectrometer (Bruker, 400 MHz),
by transferring the ChCl, EG, ChCI-EG, GVL and ChCI-EG-GVLg_3
mixtures into NMR tubes using dimethyl sulfoxide-dg (DMSO-dg)
as a reference solvent.

Thermogravimetric analyses (TGA) were carried out using a
Mettler Toledo TGA/DSC1 instrument. The thermograms were
recorded from room temperature to 700 °C at a heating rate of
10 °C/min under the N, atmosphere.

3.4. Sample preparation

ChCI-EG-PVA, and ChCl-EG-GVL,-PVA, gels were tested on a
mockup consisting of a thin layer of Paraloid B72® coating applied
to a hydrophilic tempera surface, with egg as the binder for the
pigment layer. The painting mockup was prepared following tradi-
tional painting techniques, with both the preparatory and painting
layers applied using brushes. The preparation layer was created by
dissolving 1.0 g of gelatin in 5.0 mL of hot distilled water at 60 °C,
followed by the addition of 6.0 g of finely ground calcium carbon-
ate. A gelatin sealing layer was then applied over the preparation
layer by dissolving gelatin in distilled water at a 1:2 mass ratio.
The pigment layer was prepared by mixing 1.0 g of red ochre with
1.0 mL of an egg binder mixture, composed of egg white, yolk,
and distilled water in a 1:1:1 vol ratio. As a natural mineral pig-
ment, red ochre may contain silicate impurities. The coating was
prepared by dissolving 1.5 g of Paraloid B72® in 10 mL of acetone,
creating a 15:100 (m/v) solution. This coating was applied with a
single brush and allowed to dry at room temperature for over one
month before conducting the cleaning tests.

3.5. Cleaning procedure

To evaluate cleaning efficiency, ChCI-EG-PVA, and ChCI-EG-
GVL,-PVA, gels were initially tested on the mockup. Following
these tests, the ChCI-EG-GVL,-PVA, gel was selected for applica-
tion in the real case study. This study focused on a valuable tomb
mural painting from the Yuan Dynasty (A.D. 1271-1368). The pres-
ence of Paraloid B72® coating on the mural was identified via
micro-FTIR analysis and confirmed by reviewing archaeological ex-
cavation records. The coating was sprayed as part of a preliminary
consolidation campaign during the mural’s detachment and trans-
fer in 2005. For the cleaning procedure, the gel was applied di-
rectly onto the surface of the mockup or mural painting for 5 min.
Afterward, the gel was removed using tweezers, and the surface
was further cleaned with two dry cotton swabs to eliminate any
coating residues and excess liquid.

3.6. Evaluation of the cleaning performances

Attenuated total reflectance (ATR) analyses were performed
with a Thermo Nicolet (Thermo Fisher Scientific, Waltham,
MA, USA), iNIOMX imaging microscope, fitted with a mercury-
cadmium-telluride detector cooled by liquid nitrogen. Measure-
ments were performed using a slide-on ATR objective, equipped
with a conical germanium crystal, in the range 4000-675 cm~!, at
a spectral resolution of 4 cm~! with 64 scans and an optical aper-
ture of 150 x 150 pm. Portable FTIR spectrometer (Bruker Alpha II)

with reflectance mode was applied to determine the cleaning per-
formance for the real case study, the spectra were collected with
4 cm~! spectral resolution and 32 scans in the range 4000-600
cm~! and a measuring spot of 6 mm in diameter. Spectroscopic
analysis has been performed on 3 different cleaning areas and in
each area 4 spectra have been collected.

4. Results and discussion
4.1. Gel characterization

ChCI-EG-PVA; gel and ChCI-EG-GVL,-PVA, gel were prepared
using a simple heating and cooling procedure. As shown in Fig. 1,
the ChCI-EG-PVA; gel has a higher degree of transparency and ad-
hesive than the ChCI-EG-GVL,-PVA, gel. Both gels exhibit good
mechanical properties, as they can be bent without breaking the
structure. Owing to their high flexibility and bendability, they are
suitable for cleaning purposes, as they allow for easy peeling off
from treated surfaces and avoid the presence of polymer residues
like soft gels.

Rheological measurements were employed to investigate the
mechanical properties of the two gels. The elastic and viscous char-
acteristics of the samples are represented by the storage and loss
moduli, respectively. As shown in Fig. 2a, the storage modulus
(G") of both gels is approximately an order of magnitude higher
than their loss modulus (G”) in the linear viscoelastic region (LVE)
of 1 %. This corresponds with the gel property and demonstrates
the gel-like structure of the two samples. Furthermore, the G’ and
G” values of both gels are significantly higher than those previ-
ously reported for a ChCl-urea agar gel formulation [21]. This sug-
gests that the network structures of the current gels are stronger.
Fig. 2b shows that the complex viscosity of ChCI-EG-GVL,-PVA, gel
is greater than the ChCI-EG-PVA, gel, indicating a more rigid for-
mulation in the gel which contains GVL.

TH NMR spectra were used to investigate the interactions
within the ChCI-EG-GVL liquid system. The formulations are shown
in Table S2 and the relevant spectra are displayed in Fig. 3. Upon
mixing ChCl with EG, the chemical shift of the -OH in ChCl shifted
upfield from 5.63 ppm to 5.50 ppm, while the -OH in EG shifted
downfield from 4.43 ppm to 4.49 ppm. These shifts indicate the
formation of a DES through hydrogen bond interactions between
ChCl and EG [39]. Upon the addition of GVL to ChCI-EG, no signif-
icant chemical shift of GVL was observed. The slight upfield shift
of the -OH in the ChCI-EG DES is attributed to the presence of wa-
ter [40]. This result demonstrates that the additional GVL does not
impact the interactions within the ChCI-EG DES.

ATR-FTIR analyses were conducted to further investigate the
formation mode of ChCI-EG-GVL-PVA gels. The spectra of PVA
powder, ChCl, EG, ChCI-EG, and GVL are presented in Fig. S1. Table
S3 lists the major vibrations attributed to PVA and ChCI-EG. The
vibration observed at 3274 cm~! in PVA powder corresponds to
its O-H stretching, primarily due to PVA’s hydrogen bonds [41]. As
shown in Fig. 4a, the spectra of ChCI-EG-PVA, and ChCI-EG-GVL,-
PVA, gels display the O-H band at higher wavenumbers compared
to pristine PVA powder, specifically at 3300 cm~! and 3317 cm!,
respectively. This indicates a partial disruption of the hydrogen
bond networks initially formed in PVA, while hydrogen bond net-
works between PVA and ChCI-EG facilitates the formation of the
gels’ crosslinked structure.

Additionally, the influence of GVL and PVA on the ChCI-EG-PVA
gel was examined by varying the GVL and PVA content. The spec-
tra of the five fresh gels (Table S1) presented in Fig. 4, indicate that
upon the addition of 1 mL of GVL, the O-H stretching shifts to a
higher wavenumber, suggesting that the additional GVL partially
disrupts the hydrogen bond networks formed by ChCI-EG and PVA.
However, increasing the GVL content to 2 mL does not result in
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a significant shift compared to 1 mL of GVL, while the intensity
of the O-H stretching decreases with the increasing GVL content.
This finding suggests that the hydrogen bonding interaction mode
remains unchanged in the ChCI-EG-GVL-PVA system, but the ad-
dition of GVL dilutes the ChCI-EG DES, thereby reducing the ex-
tent of hydrogen bonding between the ChCI-EG and PVA. Similar
results are observed in Fig. 4b, in the presence of 2 mL of GVL, al-
tering the PVA content from 1 to 3 g does not induce a shift in
the O-H stretching, while the intensity of the O-H stretching in-
creases with increasing PVA content. This indicates that the hydro-
gen bonding can be strengthened by increasing the PVA content.
The results from 'H NMR and ATR-FTIR analyses demonstrate that
GVL primarily acts as a diluent, influencing the degree of hydrogen

bond crosslinking in the gels. Conversely, the main function of GVL
in the gels is as a detergent for cleaning, while the ChCI-EG is re-
sponsible for the physical crosslinking with PVA through hydrogen
bonding.

SEM micrographs of ChCI-EG-PVA, and ChCl-EG-GVL,-PVA,
gels are presented in Fig. 5. Microparticles are evident in both
gels, which can be attributed to the crystallization of PVA due to
its poor solubility in ChCI-EG and ChCI-EG-GVL. The bundles of
fibers associated with these microparticles form a promising three-
dimensional network that enhances the mechanical properties of
the gels. The surface morphology analysis also indicates that the
ChCI-EG-PVA; gel exhibits a higher prevalence of fibrous structures
compared to the ChCI-EG-GVL,-PVA, gel. These fibers create strong
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entanglements with PVA crystals, resulting in a rougher surface
for the ChCI-EG-PVA, gel, which suggests a more stable network
structure. In contrast, the addition of GVL partially disrupts and di-
lutes the degree of hydrogen bonding, leading to a reduction in
fibrous structures and a more compact surface, thereby increasing
the rigidity of the gel. In light of these conclusions, a schematic il-
lustration of the structures of ChCI-EG-PVA and ChCI-EG-GVL-PVA
gels is presented in Fig. 1d.

TGA-DSC measurements were used to examine the thermal
degradation behavior of the ChCI-EG-PVA, gel and the ChCI-EG-
GVL,-PVA, gel. Fig. 6 and Table S4 report their weight losses cor-
responding to various temperature ranges. ChCI-EG, ChCI-EG-GVL

and their compositions were also examined for comparison (Fig.
S2). Three steps of weight loss were identified for the pristine PVA
powder. The high hygroscopicity of PVA results in a slight weight
loss observed at low temperatures, which can be attributed to the
evaporation of moisture. The second stage occurs between 250 °C
and 410 °C, related to the polymer’s thermal degradation, account-
ing for 72.67 % of the total weight loss. In this stage, two maximum
decomposition temperatures of 319 °C and 358 °C were observed
[42]. The final decomposition of the remaining organic compounds
results in a weight loss of 16.68 % over 410 °C [43].

For the ChCI-EG DES, decomposition occurs at around 320 °C.
The weight loss of 41.49 % is attributed to the evaporation of EG
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below its boiling point. From 236 °C to 276 °C, the temperature
reaches and exceeds the boiling point of EG, resulting in its com-
plete vaporization and a weight loss of 16.28 %. This vaporization
temperature is higher than that of pure EG, which is 180 °C,
indicating that the DES is more stable after its formation [44]. The
weight loss of 42.23 % between 276 °C and 320 °C is associated
with the decomposition of choline chloride [44]. The addition of
GVL to the ChCI-EG DES increases the weight loss to 54.81 % in
the temperature range of 30 °C to 210 °C, however, it does not
affect the complete decomposition attributed to ChCl.

The ChCI-EG-PVA,; gel exhibits an 8.69 % weight loss between
30 °C and 115 °C, which is associated with a broad endothermic
peak in the DSC curve, attributed to the evaporation of water and
EG. Between 115 °C and 210 °C, a weight loss of 19.28 % occurs
due to the evaporation of EG below its boiling point. From 210
to 250 °C, the temperature reaches and exceeds the boiling point
of EG, resulting in its complete vaporization and a weight loss of
11.04 %. The weight loss of 36.11 % observed between 250 °C and
310 °C is primarily linked to the decomposition of choline chloride
and partial thermal degradation of PVA, accompanied by a strong
endothermic peak in the DSC curve. At this stage, the decomposi-
tion of the DES in the ChCI-EG-PVA, gel is complete. The weight
loss observed afterward is related to the decomposition of the re-
maining PVA.

The ChCI-EG-GVL,-PVA, gel exhibits two weak endothermic
peaks in the DSC curve, along with an initial weight loss of 8.54 %
at lower temperatures, ranging from 30 °C to 115 °C. This weight
loss is attributed to the evaporation of water and the partial evap-
oration of GVL and EG. A notable 31.41% weight loss occurs as the
temperature increases to the boiling points of EG and GVL. Both
GVL and EG completely vaporize between 210°°C and 250 °C, re-
sulting in an additional 11.48 % weight loss. The main cause of the
30.48 % weight loss observed between 250 °C and 310 °C is the
decomposition of choline chloride and the partial thermal degrada-
tion of PVA, accompanied by a strong endothermic peak. The sub-

sequent weight loss is associated with the decomposition of the
remaining PVA.

TGA results show that only a small amount of water and liquids
evaporate from the ChCI-EG-PVA, and ChCl-EG-GVL;,-PVA, gels be-
low 100 °C, indicating that the gels have good thermal stability in
the environment. The stability of the gels, along with the high boil-
ing points of EG and GVL, ensures that the liquid components are
effectively retained within the gel matrix, increasing the durabil-
ity of the gels in cleaning applications. Additionally, ChCI-EG con-
tains abundant hydroxyl groups that interact with hydroxyl groups
at PVA chains through hydrogen bonding, thereby strengthening
the gel network and improving its mechanical properties. In this
case, the coating layer can gradually swell and dissolve with the
controlled release of the cleaning agent, which can ultimately be
removed by peeling off the gel after treatment.

4.2. Evaluation of the cleaning performances

To assess the potential usefulness of DES-based gels in the field
of culture heritage conservation, ChCl-EG-PVA; and ChCI-EG-GVL;-
PVA, gels were tested for their ability to remove Paraloid B72®
from a mockup prepared as described in the sample preparation
section. The cleaning efficiency of the gels was investigated using
micro-FTIR, which was performed on the mockup surface before
and after cleaning (Fig. 7a). In the uncoated area signals related to
egg binder and red ocher can be observed (Fig. 7bl). As shown in
Fig. 7bll, the characteristic bands of Paraloid B72® are identified by
the presence of vibrations at 1727 cm~! (C=0 stretching), 1447 and
1385 cm~! (C-H bending), and 1234 cm~! and 1143 cm~! (C-0-C
stretching) [45]. Fig. 7blll indicates that treatment with the ChCl-
EG-PVA, gel was ineffective as the characteristic bands of Paraloid
B72® remained evident. Conversely, after cleaning with the ChCl-
EG-GVL,-PVA, gel, the characteristic bands of Paraloid B72® dis-
appeared completely. Additionally, vibrations at 999 and 918 cm~?,
attributed to the silicate components in the painting layer, can



Fig. 8. Images of mural painting (a) cleaning test area and the cleaning procedure of (b) before cleaning, (c) ChCl-EG-GVL,-PVA, gel application and (d) after cleaning.
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Fig. 9. Reflectance FTIR spectra of the area in the mural painting before cleaning (up), after ChCl-EG-GVL,-PVA; gel cleaning (down).



be clearly identified after cleaning. Fig. S3 presents graphs of the
cleaning areas treated with both gels, where dry cotton swabs
were used to remove the swollen coating and gel residues. No
residues from the gel or coating were detected in the cleaned area
treated with the ChCI-EG-GVL,-PVA, gel. However, the coating was
not significantly reduced after cleaning with ChCI-EG-PVA; gel and
dry cotton swabs. The results indicate that the ChCI-EG-GVL,-PVA,
gel, using GVL as a cleaning agent, can effectively remove the Par-
aloid B72® coating without leaving any residues.

After evaluating the cleaning efficiency on the mockup, the
ChCl-EG-GVL,-PVA, gel was tested on a mural painting from the
Yuan Dynasty. The surface of the mural exhibited a Paraloid B72®
coating that was applied during a previous consolidation campaign.
The apparent yellowing and darkening of the coating may indi-
cate degradation over time. For the cleaning process (Fig. 8 and
Fig. S4), the ChCI-EG-GVL,-PVA, gel was applied directly for 5
min, and two dry cotton swabs were used to remove the swelling
residues. Subsequently, in situ and noninvasive analysis using FTIR
in reflectance mode was performed to evaluate the gel's cleaning
performance. As shown in Fig. 9, before cleaning, the character-
istic vibrational bands of Paraloid B72®, including C=0 stretch-
ing at 1719 cm~! (inverted), and C-H bending at 1484 cm™!,
1457 cm~! and 1391 cm~!, were identifiable [46]. Following treat-
ment, not only did the signal for Paraloid B72® disappear, but
there was also a significant increase in the intensity of inverted
bands at 1550 c¢cm~!(CO3;2~ antisymmetric stretching) and 884
cm~1(C032~ out-of-plane bending), which can be attributed to cal-
cium carbonate [47]. Comparable results were observed in a differ-
ent testing area (Fig. S5). The findings from this case study indi-
cate that the ChCI-EG-GVL,-PVA, gel demonstrates effective clean-
ing efficiency for removing the Paraloid B72® coating from the
mural.

5. Conclusion

Green gels prepared using DES and PVA are proposed in this
study. Their physical interactions through hydrogen bonds were
explored via 'H NMR and ATR-FTIR. In this arrangement, PVA
acted as the gelator to form a fibrous structure and interact with
ChCI-EG, while GVL was added as the cleaning agent. The se-
lected ChCI-EG-PVA, and ChCI-EG-GVL,-PVA, gels exhibit com-
mendable mechanical properties, allowing for ease of handling
and peeling. Their mechanical and thermal characteristics were
assessed through rheological measurements and thermogravimet-
ric analyses. The cleaning efficiency of both gels was tested on a
mockup and evaluated using micro-FTIR. The ChCI-EG-GVL,-PVA,
gel demonstrated exceptional effectiveness in removing the Par-
aloid B72® coating, leaving no residues in the treated area. Con-
sequently, this gel was selected for further evaluation of its ca-
pacity to remove aged acrylic coating from a mural painting. The
cleaning performance was assessed in situ using FTIR in reflectance
mode, confirming the efficacy of this formulation for the removal
of acrylic coating.

In conclusion, the proposed eutectogels demonstrate promising
mechanical properties, the ability to retain solvents without leav-
ing residues after treatment, and the potential to avoid water, mak-
ing them suitable for treating even water-sensitive surfaces. The
use of DES in the preparation of the gels will enable future appli-
cations to tailor their wetting ability by adjusting the amounts of
DES and GVL according to the polarity of the coatings to be re-
moved.

Acknowledgments

This research was financially sponsored by Natural Science
Foundation of Chongqing, China (cstc2021jcyj-msxmX0742), cul-

tural relics protection research project of Chongqing Bureau of
Cultural Relics (2022No.318), the performance incentive projects
of Chongqing Culture Relics and Archaeology Research Institute
(2021JLO1 and 2021JL02), and key specialized research and devel-
opment program in Henan province (231111321100).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at

References

[1] E. Carretti, M. Bonini, L. Dei, B.H. Berrie, L.V. Angelova, P. Baglioni, R.G. Weiss,
New frontiers in materials science for art conservation: responsive gels and
beyond, Acc. Chem. Res. 43 (6) (2010) 751-760.

[2] ER. de la Rie, The influence of varnishes on the appearance of paintings, Stud.
Conserv. 32 (1) (1987) 1-13.

[3] M. Baglioni, YJ. Benavides, A. Desprat-Drapela, R. Giorgi, Amphiphile-based
nanofludis for the removal of styrene/acrylate coatings: cleaning of stucco dec-
oration in the Uaxactun archeological site (Guatemala), J. Cult. Herit. 16 (6)
(2015) 862-868.

[4] M. Sun, J. Zou, H. Zhang, B. Zhang, Measurement of reversible rate of conser-
vation materials based on gel cleaning approach, J. Cult. Herit. 16 (5) (2015)
719-727.

[5] S. Prati, F. Volpi, R. Fontana, P. Galletti, L. Giorgini, R. Mazzeo, L. Mazzocchetti,
C. Samori, G. Sciutto, E. Tagliavini, Sustainability in art conservation: a novel
bio-based organogel for the cleaning of water sensitive works of art, Pure Appl.
Chem. 90 (2) (2018) 239-251.

[6] E. Al-Emam, A.G. Motawea, K. Janssens, ]. Caen, Characterization of polyvinyl
alcohol-borax/agarose (PVA-B/AG) double network hydrogel utilized for the
cleaning of works of art, Herit. Sci. 7 (2019) 1-18.

[7] C. Riedo, E. Caldera, T. Poli, O. Chiantore, Poly (vinylalcohol)-borate hydrogels
with improved features for the cleaning of cultural heritage surfaces, Herit. Sci.
3 (2015) 1-11.

[8] V. Stagno, C. Genova, N. Zoratto, G. Favero, S. Capuani, Single-sided portable
NMR investigation to assess and monitor cleaning action of PVA-borax hydro-
gel in travertine and Lecce stone, Molecules 26 (12) (2021) 3697.

[9] M. Baglioni, M. Raudino, D. Berti, U. Keiderling, R. Bordes, K. Holmberg,
P. Baglioni, Nanostructured fluids from degradable nonionic surfactants for
the cleaning of works of art from polymer contaminants, Soft Matter 10 (35)
(2014) 6798-6809.

[10] M. Raudino, N. Giamblanco, C. Montis, D. Berti, G. Marletta, P. Baglioni, Probing
the cleaning of polymeric coatings by nanostructured fluids: a QCM-D study,
Langmuir 33 (23) (2017) 5675-5684.

[11] C. Pflugfelder, N. Mainusch, I. Hammer, W. Vidl, Cleaning of wall paintings
and architectural surfaces by plasma, Plasma Process Polym. 4 (S1) (2007)
$516-S521.

[12] P. Pouli, A. Nevin, A. Andreotti, P. Colombini, S. Georgiou, C. Fotakis, Laser as-
sisted removal of synthetic painting-conservation materials using UV radiation
of ns and fs pulse duration: morphological studies on model samples, Appl.
Surf. Sci. 255 (9) (2009) 4955-4960.

[13] P. Vounisiou, A. Selimis, G.J. Tserevelakis, K. Melessanaki, P. Pouli, G. Filippidis,
C. Beltsios, S. Georgiou, C. Fotakis, The use of model probes for assessing in
depth modifications induced during laser cleaning of modern paintings, Appl.
Phys. A 100 (2010) 647-652.

[14] K. Ito, Novel cross-linking concept of polymer network: synthesis, structure,
and properties of slide-ring gels with freely movable junctions, Polym. J. 39
(6) (2007) 489-499.

[15] Y.R. Sliozberg, T.L. Chantawansri, J.L. Lenhart, JW. Andzelm, Structural and
mechanical properties of advanced polymer gels with rigid side-chains using
coarse-grained molecular dynamics, Polymer 55 (20) (2014) 5266-5275.

[16] C. Mazzuca, G. Poggi, N. Bonelli, L. Micheli, P. Baglioni, A. Palleschi, Innova-
tive chemical gels meet enzymes: a smart combination for cleaning paper art-
works, J. Colloid Interface Sci. 502 (2017) 153-164.

[17] H. Khalesi, W. Lu, K. Nishinari, Y. Fang, New insights into food hydrogels with
reinforced mechanical properties: a review on innovative strategies, Adv. Col-
loid Interface Sci. 285 (2020) 102278.

[18] E Di Turo, L. Medeghini, How green possibilities can help in a future sustain-
able conservation of cultural heritage in Europe, Sustainability 13 (7) (2021)
3609.

[19] J. Wang, S. Zhang, Z. Ma, L. Yan, Deep eutectic solvents eutectogels: progress
and challenges, Green Chem. Eng. 2 (4) (2021) 359-367.

[20] K. RadoSevi¢, M.C. Bubalo, V.G. Srfek, D. Grgas, T.L. Dragicevi¢, LR. Re-
dovnikovi¢, Evaluation of toxicity and biodegradability of choline chloride
based deep eutectic solvents, Ecotoxicol. Environ. Saf. 112 (2015) 46-53.

[21] Y. Jia, G. Sciutto, A. Botteon, C. Conti, M.L. Focarete, C. Gualandi, C. Samori,
S. Prati, R. Mazzeo, Deep eutectic solvent and agar: a new green gel to re-
move proteinaceous-based varnishes from paintings, J. Cult. Herit. 51 (2021)
138-144.

[22] M.V.C. Lozano, G. Sciutto, S. Prati, R. Mazzeo, Deep eutectic solvents: green sol-
vents for the removal of degraded gelatin on cellulose nitrate cinematographic
films, Herit. Sci. 10 (1) (2022) 1-15.



[23] A. Tsurumaki, C. Chiarucci, S. Khaire, C.D. Bosco, A. Gentili, M.A. Navarra, Re-
moval of copper corrosion products by using green deep eutectic solvent and
bio-derivative cellulose membrane, Polymers 14 (11) (2022) 2284.

[24] C. Biribicchi, A. Macchia, G. Favero, R. Strangis, B. Gabriele, R. Mancuso,
M.EL. Russa, Sustainable solutions for removing aged wax-based coatings from
cultural heritage: exploiting hydrophobic deep eutectic solvents (DESs), New J.
Chem. 47 (12) (2023) 5991-6000.

[25] H.S. Mansur, C.M. Sadahira, A.N. Souza, A.A.P. Mansur, FTIR spectroscopy char-
acterization of poly (vinyl alcohol) hydrogel with different hydrolysis degree
and chemically crosslinked with glutaraldehyde, Mater. Sci. Eng. C 28 (4)
(2008) 539-548.

[26] C.F. Mok, Y.C. Ching, F. Muhamad, N.A.A. Osman, N.D. Hai, C.R.C. Hassan, Ad-
sorption of dyes using poly (vinyl alcohol)(PVA) and PVA-based polymer com-
posite adsorbents: a review, J. Polym. Environ. 28 (2020) 775-793.

[27] Y. Wang, J. Wang, Z. Ma, L. Yan, A highly conductive, self-recoverable, and
strong eutectogel of a deep eutectic solvent with polymer crystalline domain
regulation, ACS Appl. Mater. Interfaces 13 (45) (2021) 54409-54416.

[28] J. Wang, B. Zhan, S. Zhang, Y. Wang, L. Yan, Freeze-resistant, conductive, and
robust eutectogels of metal salt-based deep eutectic solvents with poly (vinyl
alcohol), ACS Appl. Polym. Mater. 4 (3) (2022) 2057-2064.

[29] Y. Wang, Y. Wang, L. Yan, Deep eutectic solvent-induced microphase separation
and entanglement of PVA chains for tough and reprocessable eutectogels for
sensors, Langmuir 38 (40) (2022) 12189-12197.

[30] Y. Zhang, L. Jiang, H. Zhang, Q. Li, N. Ma, X. Zhang, L. Ma, High-strength dou-
ble-network conductive hydrogels based on polyvinyl alcohol and polymeriz-
able deep eutectic solvent, Molecules 28 (12) (2023) 4690.

[31] N.B. Halima, Poly (vinyl alcohol): review of its promising applications and in-
sights into biodegradation, RSC Adv. 6 (2016) 39823-39832.

[32] M. Baglioni, G. Poggi, D. Chelazzi, P. Baglioni, Advanced materials in cultural
heritage conservation, Molecules 26 (13) (2021) 3967.

[33] P. Baglioni, D. Berti, M. Bonini, E. Carretti, L. Dei, E. Fratini, R. Giorgi, Micelle,
microemulsions, and gels for the conservation of cultural heritage, Adv. Colloid
Interface Sci. 205 (2014) 361-371.

[34] C. Mazzuca, L. Severini, F. Domenici, Y. Toumia, F. Mazzotta, L. Micheli,
M. Titubante, B. Di Napoli, G. Paradossi, A. Palleschi, Polyvinyl alcohol based
hydrogels as new tunable materials for application in the cultural heritage
field, Colloids Surf. B Biointerfaces 188 (2020) 110777.

[35] F. Kerkel, M. Markiewicz, S. Stolte, E. Miiller, W. Kunz, The green plat-
form molecule gamma-valerolactone-ecotoxicity, biodegradability, solvent
properties, and potential applications, Green Chem. 23 (8) (2021) 2962-
2976.

[36] C. Samori, P. Galletti, L. Giorgini, R. Mazzeo, L. Mazzocchetti, S. Prati, G. Sci-
utto, F. Volpi, E. Tagliavini, The green attitude in art conservation: polyhydrox-
ybutyrate-based gels for the cleaning of oil paintings, ChemistrySelect 1 (15)
(2016) 4502-4508.

[37] Y. Jia, G. Sciutto, R. Mazzeo, C. Samori, M.L. Focarete, S. Prati, C. Gualandi,
Organogel coupled with microstructured electrospun polymeric nonwovens for
the effective cleaning of sensitive surfaces, ACS Appl. Mater. Interfaces 12 (35)
(2020) 39620-39629.

[38] Y. Jia, L. Zhang, Y. Xu, L. Ye, L. Gu, L. Chang, W. Wang, Y. Dai, J. Bai, Multi-
-analytical investigations on a tomb mural painting of the Yuan dynasty in
Chongqing, China, Vib. Spectrosc. 124 (2023) 103475.

[39] R. Deng, Y. Sun, H. Bi, H. Dou, H. Yang, B. Wang, W. Tao, B. Jiang, Deep eutec-
tic solvents as tuning media dissolving Cu* used in facilitated transport sup-
ported liquid membrane for ethylene/ethane separation, Energ. Fuel. 31 (10)
(2017) 11146-11155.

[40] E. Gabriele, M. Chiarini, R. Germani, M. Tiecco, N. Spreti, Effect of water addi-
tion on choline chloride/glycol deep eutectic solvents: characterization of their
structural and physicochemical properties, . Mol. Liq. 291 (2019) 111301.

[41] Z. Fu, S. Guo, C. Li, K. Wang, Q. Zhang, Q. Fu, Hydrogen-bond-dominated me-
chanical stretchability in PVA films: from phenomenological to numerical in-
sights, Phys. Chem. Chem. Phys. 24 (3) (2022) 1885-1895.

[42] X. Gong, C.Y. Tang, L. Pan, Z. Hao, C.P. Tsui, Characterization of poly (vinyl al-
cohol)(PVA)/ZnO nanocomposites prepared by a one-pot method, Compos. B
Eng. 60 (2014) 144-149.

[43] R. Rodriguez-Rodriguez, ZY: Garcia-Carvajal, I.  Jiménez-Palo-
mar, J.A. Jiménez-Avalos, H. Espinosa-Andrews, Development of
gelatin/chitosan/PVA hydrogels: thermal stability, water state, viscoelasticity,
and cytotoxicity assays, J. Appl. Polym. Sci. 136 (10) (2019) 47149.

[44] N. Delgado-Mellado, M. Larriba, P. Navarro, V. Rigual, M. Ayuso, ]. Garcia,
F. Rodriguez, Thermal stability of choline chloride deep eutectic solvents by
TGA/FTIR-ATR analysis, J. Mol. Liq. 260 (2018) 37-43.

[45] T. Li, Y. Fan, K. Wang, S. Song, X. Liu, N. Bu, R. Li, Q. Zhen, S. Bashir, Methyl-
modified silica hybrid fluorinated Paraloid B-72 as hydrophobic coatings for
the conservation of ancient bricks, Constr. Build. Mater. 299 (2021) 123906.

[46] E. Al-Emam, A.G. Motawea, K. Janssens, ]. Caen, Evaluation of polyvinyl al-
cohol-borax/agarose (PVA-B/AG) blend hydrogels for removal of deteriorated
consolidants from ancient Egyptian wall paintings, Herit. Sci. 7 (2019) 1-18.

[47] L. Nodari, P. Ricciardi, Non-invasive identification of paint binders in illumi-
nated manuscripts by ER-FTIR spectroscopy: a systematic study of the in-
fluence of different pigments on the binders’ characteristic spectral features,
Herit. Sci. 7 (2019) 1-13.



