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ABSTRACT

Novel polyvinyl butyral (PVB)-based organogels have been tailored for the safe cleaning of artworks. The gels
were synthesized by cross-linking PVB polymer chains with a polyisocyanate in non-protic organic solvents under
mild conditions. High gel fraction values were obtained, and the resulting gels are transparent and elastic, with
high cohesion and porosity. Physicochemical and rheological characterizations, including FT-IR, SEM, and
oscillatory shear tests, confirmed the formation of stable polyurethane networks and porous structures, suitable
for solvent absorption. Solvent loading and release experiments demonstrated high affinity and controlled release
for green solvents such as MEK, 2-propanol, and DMC. Cleaning trials on mock-ups coated with a terpenic varnish
and a hydrophobic and protective fluorinated oligomer layer showed effective removal with minimal surface
alteration, highlighting their potential for treating sensitive Cultural Heritage surfaces. These PVB-based orga-
nogels offer an environmentally friendly alternative to traditional cleaning methods in conservation science.

1. Introduction

Artworks undergo natural aging over time, resulting in the degra-
dation of their constituent materials [1,2]. The surface, being the most
exposed, often undergoes significant chemical and structural alterations
that affect aesthetic appearance and compromise the integrity and
readability of the work. Artefacts surfaces act as solid-gas interfaces,
with micro-heterogeneous structures both on the surface and in depth.
This makes the solid surface, for instance the outermost layer on
paintings, wood panels, frescos, ceramics and sculptures, whether pro-
tected by a coating or not, especially vulnerable to deterioration due to
direct contact with external agents [3-7]. Cleaning is essential to restore
the surface aesthetic and prevent irreversible damage to underlying
layers. Typically, cleaning targets accumulated dirt, pollutants, aging
residues, and deteriorated protective coatings, such as yellowed or
insoluble paints or protective agents degraded by oxidation and cross-
linking processes [8].

Traditional cleaning methods often employ volatile organic solvents
or water-based systems depending on the characteristics of the com-
pounds to be removed or the underlying materials [9-11]. However, the
complexity of stratigraphic structure in the substrate, including its
porosity and chemical composition, demands highly selective tech-
niques to minimize interaction with the painted layers beneath. The use

of free organic liquids is frequently discouraged due to the challenges in
controlling solvent action, which can lead to the solubilization and
diffusion of removed substances into porous substrates.

Recent advancements have improved traditional cleaning techniques
through the development of micellar solutions, microemulsions, and,
most notably, gel-based systems [12-16]. The use of gels in conservation
brings several key advantages. First, they control the rate of organic
solvent evaporation and prevent the solution from spreading to unin-
tended areas or deeper layers, confining the solubilized product inside
the gel. Second, gels allow for precise control over the duration of the
cleaning process. Finally, the use of gelled systems reduces the risk of
exposure to harmful organic solvents, safeguarding both the artwork
and the conservator [17].

Traditional thickeners used in restoration such as cellulose de-
rivatives [18-20] and viscous dispersions of poly(acrylic acid) [21,22],
often lack adequate retention, exhibit poor mechanical properties, and
tend to leave unwanted residues on treated surfaces. To address this
issue, chemical gels with stronger covalent networks have been
explored, offering improved mechanical properties and reduced risks of
residue loss. In the last decade, chemical hydrogels, i.e. gels able to
absorb and retain water, have been proposed as optimal matrices to
confine fluids for the safe cleaning of works of art. Synthetic hydrogels,
made from polymers like polyvinyl alcohol (PVA) [23,24],
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polyacrylamide (PAAm) [25,26], p(HEMA) [27,28], and PEG [29], offer
greater control over key properties, such as mechanical strength,
swelling, and porosity. Although hydrogels present many benefits in art
conservation, some challenges remain, particularly in developing sys-
tems which allow using organic solvents instead of aqueous systems.

Chemical organogels, in which the confined liquid phase consists of
organic solvents rather than water, represent a valuable tool in conser-
vation treatments. They exhibit enhanced retentiveness and mechanical
integrity, and they enable controlled application of medium- to low-
polarity solvents. This expands the range of gel-based cleaning sys-
tems to effectively address the removal of coatings and dirt from artifact
surfaces. Examples of promising gel systems include gels based on
methyl methacrylate (MMA) cross-linked with a dimethacrylate
[30,31], and ethyl methacrylate (EMA) polymerized in presence of
polyethylene glycol (PEG) and polyvinyl acetate (PVAc) as plasticizers
[32,33]. These gels have demonstrated the ability to effectively incor-
porate low- to medium-polarity organic solvents, such as ketones and
alcohols. More recently, castor oil (CO)-based polyurethane gels [34],
made by using a polyisocyanate as cross-linker, have emerged as a more
sustainable alternative within the organogel family. Each of the orga-
nogel systems discussed exhibits advantageous properties, but their
formulations often involve multiple components, such as the inclusion of
appropriate oligoester chains [35] or plasticizers [33], to achieve
desirable rheological characteristics.. Moreover, in all of the above-
mentioned systems, a thermal treatment is required to complete the
gelling reaction. Simplifying the complexity of the formulation and
gelation step represents a relevant advantage in terms of industrial
scalability of the process.

In light of these considerations, this study introduces a novel type of
organogel with an additive-free formulation and a simple synthesis
protocol achievable in mild conditions, yielding gels with adequate
transparency, cohesion, elasticity and organic solvents retention/
release. The goal was to develop gel formulations able to remove both
traditional materials (natural and synthetic finishes) and advanced
protective agents. In particular, the removal of protective agents is very
interesting, especially when these may present problems due to their
dispersion in the environment. In fact, in recent decades, various fluo-
rinated compounds have been employed for the protection, due to their
exceptional water and oil repellency as well as their resistance to ther-
mal and chemical degradation [36-39]. However, their environmental
persistence and tendency to bioaccumulate have raised significant
concerns [40,41]. Given the growing regulatory and ecological pres-
sures, the replacement of fluorinated materials with alternatives free of
carbon-fluorine (C—F) bonds is anticipated in the near future. In this
context, it is essential to develop removal strategies that enable the
controlled containment and safe disposal of fluorinated coatings, mini-
mizing their release into the environment. Gel-based systems loaded
with appropriately selected solvents represent a promising and effective
solution.

New gels were synthesized using a polyvinyl butyral (PVB), a com-
mercial synthetic resin made by reacting polyvinyl alcohol with butyr-
aldehyde, known for its adhesive, flexible, and tough properties, as well
as good transparency and impact resistance, cross-linked with a low
toxicity polyisocyanate. Characterization included measurements of Gel
Fraction (G%), Equilibrium Water Content (EWC), and FT-IR analysis.

The selection of the solvents covered by the study took into consid-
eration three different criteria: the first concerned the compatibility of
the solvents with the chemical structure of the gel on which the rheo-
logical/structural properties of the gel itself and retentivity depend. The
second concerned the relevance of the selected solvents in the context of
conservation, obviously considering the area of solubility as defined by
the Hansen parameters (see SI section). MEK, ethanol and 2-propanol
are medium polarity solvents widely used by restorers; to this list
dimethyl carbonate was added, whose chemical-physical characteristics
make it particularly interesting for dealing with medium-low polarity
materials to be removed. Finally, DMSO was considered since it is the
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solvent where synthesis reaction takes place, acting as a porogen agent.
The third concerned CHEM21 due to the relevance that the topic of
green chemistry and sustainability has assumed in recent years [42]. The
evaporation kinetics of the confined solvent, the viscoelastic properties
and porosity of the gels were also investigated. Finally, to evaluate the
effectiveness of the new PVB-based gels, applicative tests were carried
out on a painting mock-up coated with traditional natural resin
(Dammar resin) and on a wooden mock-up coated with a novel fluori-
nated coating [43].

2. Experimental section
2.1. Materials

For the preparation of the gels dimethyl sulfoxide (DMSO) (purity
99.5 %) and 2-butanone (MEK) (purity 99 %) were purchased from
Sigma-Aldrich (St. Louis, MO, USA), EASAQUA™ M 502 (EAS), an
oligomeric derivative of the hexamethylene diisocyanate (HDI) was
provided by Vencorex Chemicals (Grenoble, France), MOWITAL® B 30
T (MOW B30 T) and MOWITAL® B 30 HH (MOW B 30 HH) were pro-
vided by Kuraray (Tokyo, Japan). For the loading tests ethanol (purity
95 %), 2-propanol (purity 99 %) and dimethyl carbonate (DMC) (purity
99 %) were purchased from Sigma Aldrich. All the chemicals were used
as received. Water was purified by using a Millipore MilliRO-6 Milli-Q
gradient system (resistance >18 MQ-cm).

2.2. PVB organogel production

PVB-based gels were obtained using organic solvents, optimizing
reaction conditions and resulting gel properties with small-scale di-
mensions (2 cm diameter, ~0.4 cm thickness) prepared in glass jars
before preparing gel with suitable size for cleaning trials.

Five gel formulations (G1-G5) were developed by modifying the
MOW type, MOW/EAS ratio, solvent and temperature as detailed in
Table 1.

In the scale up of the most interesting formulations, gels with a 5 cm
diameter and 0.4 cm thickness were prepared using Petri dishes as
molds, ensuring proper handling for application tests.

As an example, the procedure used for the formulation G2 is
reported.

G2 preparation: Gels with a diameter of 2 cm were prepared by
solubilizing MOWITAL® B 30 T (50 mg) in DMSO (2 mL) and adding
EASAQUA™ M 502 (100 mg). After homogenization the mixture was
left to gel in a closed environment at room temperature (RT). Gels with a
5 cm diameter (G5) were prepared following the same procedure with
200 mg of MOWITAL® B 30 T, 8 mL of DMSO and 400 mg of EASA-
QUA™ M 502. (For G5 preparation jars were kept in a MEK-saturated
atmosphere to prevent solvent evaporation).

After gelation, the synthesis solvent could be exchanged with other
solvents by repeated washing. The complete substitution of the DMSO
was confirmed through 'H NMR analysis of the washing liquid. 'H NMR
spectra were recorded with a Varian Mercury plus 400 or a Varian
INOVA spectrophotometer (both operating at 399.921 MHz), dissolving

Table 1
Gelation factors of the formulations G1-G5.
Formulation MOW MOW/ Solvent Gelation
EAS ratio system temperature (°C)
Gl B30T 1:1 DMSO 20"
G2 B30T 1:2 DMSO 20"
G3 B 30 T/B 30 1:2 DMSO 20
HH (70:30)
G4 B30T 1:2 DMSO 38
G5 B30T 1:2 MEK/DMSO 20°
(92:8)

% Room temperature (RT).
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the samples in CDCl3. All spectra are reported in ppm and referred to
tetramethyl silane as an external standard. The spectra were processed
using the MestReNova v6.0.2-5475 software.

2.3. Physicochemical characterization of gels

The Gel Fraction (G%) was determined gravimetrically through the
formula (1)

G% = <%> x 100 (€8]

0

where Wy is the dry sample weight after solvent replacement with
demineralized water via serial washings, followed by drying at 120 °C
for 4 h. Since DMSO low volatility prevents direct dry weight mea-
surement, Wy, which typically refers to the weight of a dry sample ob-
tained after drying at 120 °C for 4 h without washing, is estimated as the
total weight of MOW and EAS used in synthesis, assuming no loss of
volatile by-products.

Equilibrium Water Content (EWC) measures the percentage of water
retained by a gel when its moisture stabilizes under specific conditions
(20 °C, 80 % RH). It is calculated using the formula (2)

EWC = {(WWT*WW] x 100 (2

where Wy, is the gel wet weight after solvent replacement with demin-
eralized water via serial washings, and Wy is its dry weight after the
same washing process, followed by drying at 120 °C for 4 h.

Chemical composition of the gels was analyzed through FT-IR
spectroscopy. FT-IR spectra were recorded with a Shimadzu FT-IR
model IR Affinity-1S and processed with the Lab Solution IR v. 2.16
program. The spectra of solid samples obtained from dried gels were
recorded in transmittance mode with KBr pellets. The spectra were
collected from 400 to 4000 cm™! with a resolution of 4 cm™! and 45
scans.

Morphology was observed via SEM. Before performing the electron
microscopy analysis, the gel was dehydrated by freeze-drying. After a
preliminary immersion in liquid nitrogen for a few minutes and after
freezing, each sample was kept at extremely low temperature and
pressure (—50 °C, <200 mTorr) for two days. Subsequently, the samples
were made conductive through the surface metallization process with a
thin layer of gold. SEM images were acquired with a FEG-SEM ) IGMA
(Carl Zeiss) with an acceleration potential of 10 kV and a working dis-
tance (WD) of 4.8 mm.

Oscillatory shear measurements were performed on a Discovery HR-
3 rheometer operating under controlled shear stress, featuring a plate-
plate geometry with a 20 mm diameter plate. The dependencies of the
moduli G’ and G" on the oscillation frequency were obtained from the
phase delay between the applied shear stress and the correlated flow and
the ratio of the imposed oscillation amplitudes to the gel response. G’
and G" were measured in the frequency range of 0.001-5 s~!. The stress
amplitude values were checked by an amplitude sweep test to ensure
that all measurements were performed within the linear viscoelastic
region. After loading, all samples were equilibrated for 3 s at 25 °C
before conducting the experiments. All measurements were performed
at a temperature of 25 °C.

2.4. Gel retention and release capacity

Gels underwent a washing cycle with selected solvents, replacing the
synthesis solvent. Solvent affinity is evaluated by calculating the ab-
sorption percentage (Abs%) using the formula (3)

(Ws — Wd)

s

Abs% = [ } x 100 3)
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where Wy is the gel weight after washing, and Wy is its weight after
drying in a desiccator for at least three days. Affinity was tested with
common solvents and mixtures used in conservation for applying and
removing protective products. The selection was based on their
compatibility with both the PVB-based gel scaffold and the target
coating, all within the medium polarity range: MEK, 2-propanol,
ethanol, water/ethanol (30:70) and DMC (Hansen solubility parame-
ters reported in Table S2).

In addition, to better clarify the role of the gel in the cleaning process
and the active role of the selected solvent it would have been relevant a
direct comparison with the behavior of PVB gel swollen with water or
the direct application of gel without solvent, but both these experiments
were not achievable since the loading of water into the gel quickly
change the structure because of polyurea formation, with a significant
loss of the gel mechanical properties. On the other hand, the application
of gel without solvent is not possible because, upon drying, the consis-
tency of the system changes completely, taking the form of a plastic film.

To quantify the release capacity of the new systems, the solvent-
loaded gels were gently dabbed to remove excess solvent from the sur-
face and placed on a layer of 28 sheets of Whatman paper (3 x 3 cm). To
prevent solvent evaporation, the gel in contact with the paper was
covered with a transparent film. The amount of solvent released onto the
paper was determined gravimetrically, normalized by the contact area.
The paper weight was measured initially (time 0), at 30 min, 1 h, and
hourly until a constant weight was achieved. The release rate was
calculated using the formula (4)

8- m

Release( 4)
where Wy is the weight of the paper after absorption, Wj is the weight
before absorption, and A is the contact area of the gel with the paper,
calculated from the gel diameter.

To assess the evaporation rate of the solvent present inside the gel,
evaporation tests were performed on PVB-based gels. The evaporation
rate was compared to that of the same solvent in its free form. The
solvent content within the gel network was determined by subtracting
the weight of the reagents used in synthesis from the total gel weight,
then normalizing with respect to the gel G% value. The same quantity of
free solvent was also weighed. Both the loaded gel and the free solvent
were placed in identical containers. By weighing both containers at
regular intervals, a graph was constructed to show the decrease in sol-
vent content over time.

2.5. Cleaning procedure

Cleaning tests were performed on a paint layer with a Dammar film
and a wooden surface treated with C6 fluorinated diethylenetriamine
(DF6) [43]. For Dammar varnish, the cleaning trials followed existing
protocols, with preliminary tests to verify solvent selection. A new
tailored protocol was designed to evaluate the cleaning efficiency of the
gel for the fluorinated protective products.

Cleaning tests on canvas covered with a layer of Dammar resin,
which gives UV fluorescence, were performed on a quarter of G2 gels
loaded with one of the following solvents: MEK, 2-propanol, DMC, and
DMSO. The cleaning tests involved applying the gel for 15 min. Cleaning
efficiency was assessed by observing the surface under UV and Vis light
before and after treatment. UV images were obtained using a Spectroline
ENF-260C/FE lamp with an emission in UV-A range at wavelength of
365 nm.

The PVB gels ability to remove DF6 coating from beech wood was
evaluated using G2 gels loaded with MEK or 2-propanol, solvents suit-
able for the fluorinated compound solubilization. A quarter of the gel
was placed on the DF6-coated wood, and cleaning efficacy was assessed
through Water Contact Angle (WCA) measurements and colorimetric
analysis before and after treatment. Based on solvent release and
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evaporation data, the gel was applied in consecutive 1 h treatments,
with drying for 18 h between each, followed by WCA measurements.
The tests concluded after a total of 4 h of gel application, at which point
color measurements were conducted.

The colorimetric analyses were performed using a portable X-Rite
SP60 spectrophotometer according to the UNI-EN 15886:2010 standard
[44]. The results were processed and reported in the standard CIEL*a*b*
color space. The analyses were performed on beech wood samples (45 x
50 x 20 mm) treated with fluorinated derivatives before and after the
cleaning tests. The color alterations (AE*) were expressed as Eq. (5):

AE = \/(AL*)2 + (Aa")? + (Ab")? ®

where L* indicates lightness, and a* and b* are the color axes. AL*, Aa*,
and Ab* were calculated as X,-Xp, where X, and Xy, are the L*, a*, or b*
values after and before the cleaning, respectively.

Water contact angles (WCA) of wood samples before and after
cleaning tests were measured using a 5 pL drop of distilled water. The
shape of the drop was recorded via video using a DJI Osmo pocket
camera. The contact angle was calculated from the height and base of
the drop obtained by computer processing of the images with the GIMP
2.10.28 program.

3. Results and discussion
3.1. Polymer and cross-linker selection

PVB is a derivative of polyvinyl alcohol (PVA) that finds application
in various commercial sectors, and it is synthesized through the reaction
of butyraldehyde with PVA with different degrees of hydrolysis and
different molecular weight, obtaining the corresponding polyvinyl
butyral with various degrees of acetalization (Fig. 1). Consequently,
there are different types of PVB on the market with different polarity
characteristics and capable of providing solutions with different rheo-
logical properties. Among the products present on the market MOWI-
TAL® B 30 T (MOW B 30 T) and MOWITAL® B 30 HH (MOW B 30 HH)
from Kuraray have been selected to obtain new chemical organogels. In
particular, MOW B 30 T, with higher hydroxyl content, was chosen as
the primary component for its better cross-linking potential. A 30 %
incorporation of MOW B 30 HH was also explored for its potential to
enhance solvent absorption despite forming softer gels (Table 2).

Structural stability requires a cross-linker that creates covalent bonds
between polymer chains, forming a three-dimensional network. For this
purpose EAS (EASAQUA™ M 502), an aliphatic polyisocyanate mar-
keted by Vencorex Chemicals, was chosen. It is a hexamethylene diiso-
cyanate (HDI) trimer derivative with additives that make the
formulation more hydrophilic and with high affinity for polar polymers
(Fig. 1, Table S1). The oligomeric structure of the aliphatic poly-
isocyanate reduces the hazardousness of these reagents making them
interesting for numerous applications. In the same commercial line of
products, there are also polyisocyanates derived from renewable sources

XC3H,CHO

a) +
(CH,)sNCO

|
O _N_O
T
OCN(H,C)s” \ﬂ/ ~(CHy)NCO
(¢}

Fig. 1. a) Synthesis of polyvinyl butyral (PVB), with x = units of vinyl butyral,
y = units of vinyl alcohol and z = units of vinyl acetate; b) Structure of the
trimer of hexamethylene diisocyanate (HDI).

Progress in Organic Coatings 210 (2026) 109730

Table 2
Properties of MOWITAL® B 30 T and MOWITAL® B 30 HH (commercial product
data as reported by the manufacturer).

MOW Non-volatile PVA PVAc Dynamic viscosity” in
content” content content ethanol® solution 10 %
(wt-%) (wt-%) (wt-%) (mPaes)
B30T >97.5 24-27 1-4 30-55
B 30 >97.5 11-14 1-4 35-60
HH

2 According to DIN 53216.
b According to DIN 53015.
¢ Containing 5 % of water.

and more eco-friendly, even if more expensive, not used in this pre-
liminary study but selectable for future developments of more eco-
friendly products.

3.2. Gels: composition and properties

Small-scale PVB-based gels (2 cm diameter, ~0.4 cm thickness) were
prepared to assess the chemical, physical and mechanical properties of
the new formulations.

The copolymer/cross-linker ratio and the reaction conditions
selected for different synthesis were optimized to modulate gel porosity,
network strength, solvent release and retention properties. Various gels
(formulations G1-G5, Table 1) were then prepared by modifying the
MOW type, MOW/EAS ratio, solvent and temperature. Preparation at
room temperature was preferred for better homogeneity of the resulting
gels but the gel preparation time can be reduced by increasing the
temperature. DMSO, a polar aprotic solvent, was initially used for its
stability with the isocyanate reagent and its hygroscopicity, aiding cross-
linking. MEK was also tested as solvent, added with 8 % DMSO to ensure
MOW B 30 T solubility. Generally, gels were formed in sealed jars to
reduce water vapor interference with the PVB-polyisocyanate reaction.
In fact, while excess humidity in the reaction environment accelerates
the reaction, it can favor the competitive formation of polyureas,
causing opacity and fragility of the gel obtained. G2, G3 and G4, pre-
pared in closed setup with, MOW/EAS ratio 1:2, formed homogeneous,
transparent, colorless gels with good elasticity, high compactness, and
no volumetric shrinkage. The gel maintains its properties even when
scaled up to 5 cm (Fig. 2). By contrast, G1 with less cross-linker
remained liquid; after 12 days the jar was uncapped to let in moisture
and promote gelation. The resulting gel was opaque white, rigid, and
brittle, likely due to excessive polyurea formation. A last, MEK/DMSO
formulations (G5) showed lower cohesion than the DMSO ones, but still
suitable for cleaning applications. All the formulations lead to high Gel
Fraction (G%) values, as reported in Table 3. However, the incorpora-
tion of MOW B 30 HH into the G3 gel formulation reduces the degree of
cross-linking, which consequently lowers the Gel Fraction and a softer

Fig. 2. Macroscopic aspect of 2 cm gel obtained with formulation G1 (left) and
5 cm gels obtained with formulation G2 (center) and G5 (right).
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Table 3
Gel Fraction (G%) and Equilibrium Water Content (EWC) values for the gels
formulations G1-G5.

Gel Description G% EWC
Gl MOW B 30 T/EAS 1:1 - DMSO - RT 94.7 + 90.0 +
1.0 0.7
G2 MOW B 30 T/EAS1:2 - DMSO — RT 93.7 + 79.3 +
0.5 0.6
G3  MOW B 30 T/B 30 HH (70:30)/EAS 1:2 - DMSO — 84.7 + 91.4 +
RT 0.6 0.6
G4 MOW B 30 T/EAS 1:2 - DMSO - 38 °C 91.1 + 89.3 +
0.4 0.7
G5 MOW B 30 T/EAS 1:2 — MEK/DMSO (92:8) — RT 89.6 + 739 +
0.9 0.7

and less coherent gel structure.

Increasing the synthesis temperature, as in the case of G4, accelerates
gel formation while preserving a relatively high Gel Fraction and high
macroscopic homogeneity, indicating a favorable balance between
gelation speed and structural integrity. Higher temperatures were
avoided due to the resulting loss of gel homogeneity. Using MEK as
solvent instead of DMSO slightly decreases the Gel Fraction. However,
this reduction remains within an acceptable range, demonstrating that
MEK is a viable alternative solvent for the chemical preparation of the
gel, as seen in G5.

In terms of EWC values (Table 3), G3 gel exhibits the highest water
content, followed by G1, which is slightly less. This difference in water
affinity arises from variations in formulation components and prepara-
tion conditions. The inclusion in G3 of MOW B 30 HH reduces cross-
linking and structural compactness, increasing water absorption. For
G1 the lower amount of EAS reduces cross-linking between MOW
chains, leaving more -OH groups free in the chain, resulting in a more
hydrophilic behavior, i.e., a higher EWC. Gels formulated with MOW B
30 T/EAS in a 1:2 ratio, both in DMSO (G2) and MEK/DMSO (92:8)
(G5), exhibit greater structural compactness, resulting in lower water
content and more hydrophobic behavior. Notably, the gel prepared with
heating (G4) absorbs more water than its counterpart prepared at room
temperature (G2). This is likely due to the faster cross-linking process at
higher temperatures, which reduces regularity and compactness in the
network structure. G2, with high cohesion and hydrophobicity, proved
the most promising formulation.

FT-IR analyses were conducted on powders obtained from all gels
after loading them with MEK and dried. The absence of the character-
istic isocyanate band at 2270 cm ™! in all spectra confirms the complete
conversion of EAS. The FT-IR spectra are shown in Fig. 3. The band at
3750 em ™! is consistent with the presence of isolated O—H or N—H
stretching while the band at 3450 cm™! is attributable to hydrogen-
bonded O—H and N—H stretching. The bands between 2800 and
2900 cm ™! are attributable to C—H stretching while the bands at 1650
em ! (C=0 stretching), 1520 cm~ ! (N—H bending), 1450 cm~ ! (C—N
bending), and 1250-1100 cm ! (C-0-C and C—N stretching) are in
agreement with the presence of polyurethane probably with the simul-
taneous formation of polyurea. Differentiation between the two isocy-
anate derivatives is challenging due to overlapping bands, and the
presence of C-O—C in MOW limits its use as a marker for polyurethanes.
For MOW B 30 T/EAS 1:2 composition, gels produced in DMSO at room
temperature (G2), 38 °C (G4), and in MEK/DMSO (G5) show similar
profiles. The G3 spectrum (MOW B 30 T/B 30 HH) displays a stronger
1250 cm ™! band, consistent with the presence of increased acetalization.
G1 (1:1 ratio, obtained in the open container) exhibits prominent bands
at 3495 cm ™! and 1690-1645 cm™!, indicating residual humidity,
despite MEK washing and evaporation. Similar but weaker bands are
present in other gels, overlapping with polyurea and polyurethane
signals.

The area where the peak associated with the isocyanate would be is
highlighted in purple.
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Fig. 3. FT-IR spectra of gels prepared with the following formulations (from the

top):

e GI1) MOW B 30 T/EAS 1:1 in DMSO at RT

G2) MOW B 30 T/EAS1:2 in DMSO at RT

G3) MOW B 30 T/B 30 HH (70:30)/EAS 1:2 in DMSO at RT

G4) MOW B 30 T/EAS 1:2 in DMSO at 38 °C

G5) MOW B 30 T/EAS 1:2 in MEK/DMSO (92:8) at RT

Rheological tests were performed on the most promising gel types:
G2, G2 loaded with MEK, and G5. After determining the linear visco-
elastic region (LVR), the elastic modulus (G’), viscous modulus (G"), and
complex viscosity (n*) were measured. Fig. 4 illustrates G’ and G" across
a frequency range of 100-0.005 Hz for G2 gel. G’ dominates G", with a
phase angle (8) below 45°, confirming the viscoelastic solid nature of the
material.

Complex viscosity (n*) increases as frequency decreases, showing no
Newtonian plateau. This shear-thinning behavior, or pseudoplastic flow,
indicates decreasing viscosity with increasing shear. Both the G2 gel
loaded with MEK and the G5 gel exhibit phase angles below 45° (Figs. S1
and S2), which decrease with increasing frequency. This indicates a
predominantly elastic behavior, more pronounced than that of G2.
Notably, the gel containing pure MEK approaches the characteristics of
an ideally elastic solid. This may be attributed to the absence of DMSO,
which, at higher frequencies, tends to impart a more viscous behavior to
the gel.

The morphology and porosity of the G2 gel were analyzed using
scanning electron microscopy (SEM). SEM images at varying magnifi-
cations (Fig. 5) reveal a dense network of polymer filaments (~10 nm
thick) with homogeneous porosity and an average pore size of 77 nm
while the pore distribution is reported in Fig. S3. The pores are not
continuous channels but part of an interconnected, bi-continuous system
with visible polymer filaments and cavities, enabling the gel to absorb
large amounts of water or solvents, as confirmed by EWC and solvent
absorption tests (see Section 3.3).

3.3. Affinity of the gels with organic solvents

The affinity of the gels for organic solvents was evaluated as the
percentage absorption (Abs%) and the values obtained for the different
gels are reported in Table 4. DMSO and MEK were used as solvents for
gel preparation but other solvents, including MEK, were loaded by
washing the gels obtained in DMSO as described in the experimental
part. All gel types showed a high value of Abs% for each selected solvent,
making them suitable as a cleaning system for various materials. After
solvent loading, all MOW/EAS-based gels prepared in a 1:2 ratio
(G2-G5) showed no significant macroscopic differences when exposed
to the same solvent. When water was included in the solvent mixture, all
gels became opaque and white, showing increased rigidity and fragility.
This effect is likely due to the formation of polyurea within the network,
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Fig. 4. Frequency Sweep Test done on G2 gel as such.

Fig. 5. SEM images of G2 gel. The images were obtained with different magnifications: a) 2 k; b) 20 k; ¢) 50 k.

Table 4
Percentage absorption (Abs%) values for the gel formulations G1, G2, G3, G4,
G5 with different solvents.

Solvent Abs (%)
Gl G2 G3 G4 G5
MEK 95.0 + 85.3 + 93.7 + 91.3 + 93.4 +
0.6 1.1 0.5 0.8 0.6
2-propanol 94.2 + 90.6 + 92.5 + 95.6 + 91.8 +
0.6 0.7 0.7 1.0 0.9
Water/ethanol 92.3 + 91.1 + 91.1 + 92.2 + -
30:70 0.8 0.5 0.8 0.7
Ethanol 95.0 + 90.4 + 91.2 + 91.3 + -
0.7 0.6 0.4 0.7
DMC 96.0 + 92.9 + 93.8 + 93.1 + -
0.3 0.5 0.7 0.5

resulting from the reaction of water with unconverted isocyanate groups
still present in the three-dimensional structure and not detectable in the
FT-IR spectra. As a result, the water/ethanol mixture was excluded from
further testing. The G2 gel loaded with MEK exhibited slight volumetric
shrinkage, which is also observed during the solidification phase of the
G5 gel, prepared directly in MEK containing 8 % DMSO, whereas gels
loaded with isopropanol, dimethyl carbonate, and ethanol retained their
transparency and elasticity, showing no volumetric shrinkage. 2-propa-
nol was chosen for further tests, as it is often used in conservation.
The solvent release was also evaluated, and different gels (G1-G5)
show distinct release behaviors (Fig. 6). In particular, comparing G2
synthesized in DMSO and G5 obtained with MEK/DMSO mixture
(without solvent exchange), the latter demonstrates a significantly
higher release capacity at 30 min, likely due to much lower surface
tension of DMSO (0.55 hPa at 20 °C) compared to MEK (105 hPa).
However, the limited release observed for DMSO is positive considering
its potential hazards to certain materials; this highlights the suitability of
PVB-based gels as controlled cleaning systems. Instead, the MEK/DMSO
mixture provides steady, gradual release, enhancing control during

(o))
o

Solvent release
(mg/cm?)
w
o

e
30 90 150 210 270
Time (min)

——DMSO (G2) ——MEK(G2)  ——2-propanol (G2)
——DMC (G2)  —e—DMSO/MEK 92:8 (G5)

Fig. 6. Release values (mg/cmz) over time (min) until a constant weight was
achieved of G2 gels loaded with DMSO, MEK, 2-propanol and DMC, and G5 gels
as such.

cleaning as a result of the simultaneous presence of MEK with 8 %
DMSO. In contrast, the gel synthesized in DMSO and loaded with MEK
(without DMSO residues) exhibits a high initial release rate that de-
creases over time, reducing its effective duration. The gel loaded with
DMC (57 hPa) releases even faster, confirming that the MOW-based
matrix retains solvents with higher surface tensions less effectively.
Finally, the isopropanol-loaded gel shows a slightly lower 30-min
release rate but maintains a consistent release profile over time.
Evaporation tests were also carried out on G2 gel as such (containing
DMSO) and G2 loaded with MEK, 2-propanol, or DMC. Additionally, a
G5 gel was tested as such (Fig. 7). For G2 as such, the low volatility of
DMSO prevents evaporation, while an increase in weight is observed as
the loaded gel absorbs moisture from the air. However, comparing the
trend with the behavior of the same amount of free DMSO, the results
show that the gel effectively slows down the water absorption by DMSO,
demonstrating its hydrophobic properties. For the MEK/DMSO gel (G5),
solvent content remains above 20 % in both the gel and the free mixture.
However, the small DMSO content allows some environmental water
absorption, affecting weight measurements. The evaporation curve
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Fig. 7. Comparison between the evaporation curves of G2 gel loaded with organic solvent (DMSO, DMC, MEK and 2-propanol) and G5 gel with MEK/DMSO 92:8

versus the corresponding pure solvent/mixture.

confirms the gel reduces MEK evaporation, consistent with observations
on G2 where DMSO was completely replaced by MEK. PVB-based gels
show excellent retention of isopropanol and dimethyl carbonate,
maintaining solvent presence even after 2 h of ambient exposure. This
retention is particularly notable for 2-propanol, whose evaporation rate
within the gel differs markedly from that of the pure solvent.

The results concerning the release and evaporation rate of the sol-
vents confirm the importance of the interaction of the solvents with the
gel components; these rates are affected not only by the vapor pressure
of the solvents but also by the secondary interactions between polymeric
components and solvents, and the microporosity of the gel structure.

3.4. Cleaning tests

MOW-based gels were developed to remove traditional varnishes
and synthetic coatings with low molecular weight.

Two different cleaning tests were performed to analyze the behavior
of the gels on the two different coatings. The first series of tests was
carried out on a wooden surface protected with DF6 [43], a reversible
fluorinated oligomer, whose dispersion into the environment during
cleaning could create critical environmental issues if not confined in the
cleaning system. The ability to remove the DF6 coating from beech wood
samples was tested using G2 gels loaded with MEK or isopropanol. A
quarter of the 5 cm diameter gel was applied to the coated samples, with
cleaning efficacy evaluated via Water Contact Angle (WCA) measure-
ments and colorimetric analysis before and after cleaning. The WCA of
DF6-coated samples decreased steadily during cleaning, reaching 88°
after 4 h, indicating wood hydrophilicity almost completely restored
with both solvents (Table 5). This final angle remained slightly higher
than the untreated wood (average 6 = 68°). The application of DF6 on
beech wood induced a color variation of about AE ~ 4.5. Although this
value slightly exceeds the threshold of human eye perceptibility, it can
be considered acceptable for protective treatments in wood conserva-
tion, as the resulting tone remains consistent with the natural color
spectrum of wood. Upon removal of the coating with the PVB-based gel,
the observed color variation (AE* > 3) limited to the gel-contacted areas

Table 5
WCA values of DF6-coated beech wood surfaces at time zero and after 1, 2, 3,
and 4 h of contact with G2 gels loaded with MEK or 2-propanol.

Gel WCA (°)
Pre cleaning  After1h After 2h After 3h After 4 h
(G2) MEK 115+ 2 110 £3 102 £ 2 88+ 6 88+1
(G2) 2-propanol 120+ 3 111 +1 96 + 2 94+5 88 +2

Fig. 8. Macroscopic aspect of DF6-coated beech samples after contact with G2
gels loaded with MEK (A) or 2-propanol (B).

Table 6
Colorimetric measurements on DF6-coated beech wood surfaces after cleaning
with G2 gels loaded with MEK or 2-propanol.

Gel AL* Aa* Ab* AE*
A = post cleaning - pre cleaning
(G2) MEK 2.16 + 0.26 —1.14 £ 0.03 —3.50 + 0.03 4.27
(G2) 2-propanol 2.04 £ 0.02 —1.32 4+ 0.01 —5.32 + 0.05 5.85
A = post cleaning - original wood color
(G2) MEK 2.60 £ 0.02 —0.86 + 0.01 —0.87 + 0.03 2.88
(G2) 2-propanol 1.48 £ 0.04 —0.72 + 0.02 —0.77 + 0.02 1.82
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(Fig. 8), though the treated samples showed a* and b* values compa-
rable to the original wood (Table 6). Thus, the PVB-based gel loaded
with MEK, or isopropanol effectively restored the characteristics of
wood prior to DF6 treatment confining the removed material inside the
gel.

The second type of cleaning involved the removal of a varnish. Tests
were conducted on canvas mock-ups coated with Dammar resin using a
gel loaded with MEK, 2-propanol, DMC, or DMSO. Cleaning efficiency
was evaluated under UV and visible light before and after 15 min of gel
application. Visible surface changes were confined to the treated area
(Fig. 9B), with UV fluorescence confirming the positive effect (Fig. 9A).
DMC achieved the most complete varnish removal, followed by MEK
and isopropanol, while DMSO was less effective, leaving varnish with
bluish reflections. Although DMC dissolved Dammar well, its fast release
caused excessive penetration, potentially damaging to the paint layer.
Consequently, for controlled cleaning, PVB-based gels with MEK and 2-
propanol were most suitable. Post-treatment observations (Fig. S4)
showed minimal volume changes in the gels. All gels retained trans-
parency but developed a yellowish tint in visible light due to terpene
resin absorption, this is also confirmed by the faint fluorescence that the
gels exhibit under UV irradiation after the cleaning trials. The results
obtained with MEK and 2-propanol highlight the effectiveness of MOW-
based gels for cleaning varnished surfaces.

Within the detection limit of FT-IR, any evidence of residue emerged
from the analysis of treated surfaces. However, the absence of residues
was expected due to the nature of the gel. Indeed, chemical cross-linking
with strong covalent bonds guarantees a highly cohesive material
resistant to mechanical stress, as confirmed by rheological tests.

Compared to other innovative systems reported for Dammar
removal, such as thiolene photocured organogels [45] and PHB-based
composite gels combined with nonwoven fabrics [46], our novel orga-
nogel represents a significant advancement. Unlike thiolene photocured
systems, PVB-based gels do not require initiators or irradiation. Their
lower rigidity and markedly higher solvent uptake capacity (e.g., DMC)
further enhance cleaning efficiency. Similarly, while the PHB-based
composite gels remove Dammar through swelling and peeling due to
adhesion to fabric fibers, they leave residues that must be removed with
cotton swabs. In contrast, our system minimizes mechanical stress,
avoids strong adhesion to the substrate, and eliminates the need for

B2 A
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additional cleaning. Moreover, its high elasticity and cohesion are
achieved through structural optimization of the gel itself, without
coupling with electrospun fabrics, resulting in a straightforward prep-
aration process and a single-component gel with superior properties.

4. Conclusions

Novel polyvinyl butyral (PVB)-based chemical gels have been
designed, produced and characterized to their use as organogels for
cleaning works of art. The gels were synthesized starting from
commercially available low environmental impact products and
obtaining excellent characteristics without the need for additives to
improve the properties of the gel. Five formulations were prepared,
varying the gelling agent-to-cross-linker ratio, gelling product type, re-
action temperature, and solvent. A 1:2 ratio produced cohesive, elastic,
transparent gels, with FT-IR confirming complete polyisocyanate reac-
tion and polyurethane formation together with the simultaneous for-
mation of small amounts of polyurea which increase in the presence of
contact with air humidity.

All gels presented high Gel Fraction (G%), though lower G% and
higher Equilibrium Water Content (EWC) were observed with MOW B
30 T/B 30 HH blends due to lower amount of hydroxyl groups. PVB-
based gels, typically synthesized in DMSO and then loaded by washing
with other solvents, can also be synthesized in MEK, enabling direct
application without additional washing cycles when MEK is a suitable
cleaning solvent. This streamlines preparation and minimizes solvent
waste, which could still be recovered after washing in a highly sus-
tainable process.

The high volatility of MEK complicates both the synthesis and stor-
age of MEK-based gels. In contrast, DMSO-based formulations offer
excellent reproducibility and long-term stability when preserved in their
synthesis solvent. Notably, for gels with a MOW/EAS ratio of 1:2, sol-
vent exchange is straightforward and does not compromise trans-
parency, volume, or elasticity. Their high absorption capacity and
restricted solvent release made them ideal for controlled cleaning,
slowing evaporation, particularly with isopropanol and DMC.

Rheological tests confirmed strong viscoelastic properties, and SEM
imaging revealed a porous, interconnected structure. Cleaning tests on
wood treated with a fluorinated agent and Dammar-varnished canvas

Fig. 9. Results of the cleaning process. A) UV light photo of the selected area after 15 min of G2 gel application, where B1 = gel loaded with 2-propanol, B2 = gel
loaded with DMC, B3 = gel loaded with MEK, B4 = gel loaded with DMSO; B) Visible light photo of the selected area after 15 min of G2 gel application.
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demonstrated the effectiveness of these gels, highlighting their potential
for cleaning delicate surfaces in the conservation of Cultural Heritage.

Specially for G2, the optimized MOW/EAS ratio and closed-system
synthesis yield a highly cross-linked, homogeneous network. This
dense network underlies the gel mechanical robustness, with a pre-
dominantly elastic behavior. The uniform nanoscale porosity enables
efficient solvent uptake while maintaining cohesion, explaining the su-
perior performance of G2. Moreover, the systematic preparation of the
gels confirmed the reproducibility of these properties.
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