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Hypothesis: Organic solvents are often used for cleaning highly water-sensitive artifacts in modern/con-
temporary art. Due to the toxicity of most solvents, confining systems must be formulated to use these
fluids in a safe and controlled way. We propose here castor oil (CO) organogels, obtained thorough cost-
effective sustainable polyurethane crosslinking. This methodology is complementary to previously
demonstrated hydrogels, when conservators opt for organic solvents over aqueous formulations.
Experiments: The gels were characterized via Small-angle Neutron Scattering and rheology before and
after swelling in two organic solvents commonly adopted in cleaning paintings. The removal of a
photo-aged acrylic-ketonic varnish was evaluated under visible and ultraviolet light, and with FTIR 2D
imaging.
Findings: The new gels are dry systems that can be easily stored and loaded with solvents before use.
Their nanoscale organization, viscoelasticity and cleaning action are controlled changing the amount of
crosslinking, the polymeric backbone, and the loaded solvents. The fluids are confined in the nanosized
polymeric mesh of the gels, which are highly retentive, granting controlled release over delicate paint
layers, and transparent, allowing monitoring of the cleaning process. These features, along with their sus-
tainable synthesis, candidate the CO organogels as feasible solutions for cultural heritage preservation,
expanding the palette of advanced tools for conservators over traditional thickeners.
� 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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Table 1
Name and composition of the three gels systems.

Name CO (%) PDI (%) PEG (%)

CO82 82 18 –
COPEG 77 18 5
CO84 84 16 –
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1. Introduction

Cultural heritage assets have a fundamental role in the eco-
nomic development of tourism and art industry [1] creating bene-
ficial and inclusive social environments that improve citizens’ life
quality.[2–4] To maximize such benefits, the long-term conserva-
tion of irreplaceable artifacts and collections must be addressed.
In this regard, science has been playing a crucial role in tackling
the preservation of our artistic, historical and architectural her-
itage, providing methodologies and solutions that favor its transfer
to future generations.[5] Nonetheless, while several diagnostic
techniques have been developed over the last decades for investi-
gating the composition and degradation of works of art,[6–8] there
is still large room for the development of materials and methods to
effectively counteract the degradation processes that inevitably
affect works of art.[9–11] Recently, an additional requirement to
all restoration materials is to cope with the fundamental require-
ments of the Green Deal, i.e. the tools and solutions adopted in
art conservation must be safe to the environments and the opera-
tors, and based as much as possible on green chemistry. According
to these principles, colloidal systems and soft matter with struc-
tural features in the micron-nano scale have proven to be essential
tools to design innovative materials for remedial conservation, an
approach that has led to dramatic enhancement of the effective-
ness and durability of the restoration interventions.[5,9,12–18].

The removal of soil and unwanted materials from artifacts is a
very common, delicate, and important task in the restoration of
artworks. In particular, the cleaning of modern and contemporary
works of art is highly challenging, as artists starting from the
1850s used materials derived from the industry, which typically
display failure and instability,[19] mainly due to the presence of
additives such as dryers, fillers and dispersion agents.[20] As a
result, modern and contemporary paintings frequently exhibit pro-
nounced sensitiveness to solvents and cleaning fluids.[21,22].

A fundamental strategy to deal with the cleaning of such highly
delicate artifacts is the confinement of cleaning fluids and solvents
in the micro and nanoporosity of gels, to selectively control their
action and avoid damage to the original components of the arti-
facts. Traditionally, the conservation practice has mostly employed
physical hydrogels or thickeners.[23] These are formed by inter-
molecular forces that poorly interconnect the gels’ polymer chains,
and therefore these systems are typically prone to leave gel resi-
dues on the surface of the artworks after standard cleaning proce-
dures. In this regard, it has been shown that the complete removal
of these residues is not achieved even after abundant rinsing with
solvents, an invasive step that can cause leaching and swelling of
the paint layers.[24,25] Besides, most traditional physical gels
and thickeners have poor mechanical properties that hinder their
feasible handling in restoration operations, and some of them,
especially those based on polysaccharides, are susceptible to
microbial attacks and temperature oscillations during storage.
[26] To overcome these drawbacks, highly retentive hydrogel for-
mulations with optimal mechanical properties have been recently
developed for the safe and controlled cleaning of water-sensitive
artworks,[27–33] expanding the palette of tools available to con-
servators. Recently, we showed by scattering and rheology mea-
surements that uploading different complex aqueous fluids into
chemical hydrogel networks induced changes in the nanostructure
and viscoelastic properties of the gels, yielding formulations with
optimal mechanical characteristics and retentiveness for cleaning
artworks.[34] This approach can be useful to applicative fields even
beyond cultural heritage conservation,[35–39] considering that the
control of the nanostructure in 3D supramolecular gel networks
remains a challenge.[40] However, options are still limited for
interventions on artworks that cannot withstand the use of water,
not even confined in a polymeric network. This is the case, for
364
instance, of the removal of aged varnishes and protectives from
modern and contemporary oil paintings and watercolors. It is
worth noting that varnishes are usually sensitive to photoaging
and oxidation, which results in discoloration and decreased solu-
bility.[41–43] The selective and efficient removal of the varnish
layer, without damaging the highly sensitive underlying paints,
was deemed as risky with currently available state-of-the-art tools.
We propose here a new class of castor oil organogels derived from
natural resources using polyurethane crosslinking chemistry, tai-
lored as a novel complementary tool to hydrogels for the cleaning
of water-sensitive surfaces. Castor oil is of interest in the formula-
tion of bio-based gel systems and soft matter with great applicative
potential.[44,45] In this contribution, the overall synthetic route of
the bio-based gels is sustainable and cost-effective, as it does not
require any purification step. Differently from the few examples
of organogels reported in the literature, these systems are not
made from harmful starting materials, and no organic solvents
are required during their preparation.[46–50] Our aim was to for-
mulate systems able to act as dry systems, which can be stored by
conservators in their laboratories and used, when needed, after
swelling in organic solvents, without safety risks to the operators,
the environment or the artifacts.

Gels were characterized before and after curing of the polyur-
ethane network. In particular, Small-angle Neutron Scattering
(SANS) was used to detail the fractality and structure of the gels
at the nanoscale before and after swelling in two organic solvents
commonly adopted in the cleaning of paintings. The organogels
were also characterized with rheological measurements to detail
their mechanical behavior. The swollen gels were then used for
the removal of a photo-aged acrylic-ketonic varnish from water-
color mock-ups. Their cleaning effectiveness was evaluated under
visible and ultraviolet light, as well as using FTIR 2D imaging.
2. Materials and methods

2.1. Materials

Castor oil (CO, viscosity: 2.11 10-4 m2/s at 40 �C, Guinama) was
used as received without any purification. Poly (hexamethylene
diisocyanate) (PDI, viscosity: 1.3–2.2 Pa s at 25 �C, Aldrich) and
polyethylene glycol (PEG, average molecular mass: 950–1050 Da,
Merk) were used, as received, for the preparation of the gels.

p-xylene (Xyl, ReagentPlus�, 99.0 % Sigma-Aldrich), fully
deuterated p-xylene (d-Xyl, 99.0 %, Sigma-Aldrich), n-pentanol
(PeOH, technical grade, Carlo Erba), fully deuterated n-pentanol
(d-PeOH, 98.0 %, Cambridge Isotope Laboratories, Inc.) were used,
without further purification, as swelling solvents to generate the
organogels.
2.2. Preparation of gels

Three series of gels were prepared using polyurethane
crosslinking chemistry under mild reaction conditions. The compo-
sition of these three systems, obtained by changing the ratio
between CO and PDI, or adding PEG to the mixture, is reported in
Table 1. PEG was included in the formulations to investigate the
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effect of a linear polymer with terminal –OH groups in the gelation
process and on the final properties of the CO gels.

The following synthetic procedure was used, regardless of the
composition of the starting mixture: CO, PDI and PEG (when pre-
sent) were placed in a round bottom flask at room temperature.
The reaction mixture was heated at 75 �C and stirred for 45 min
to obtain a pre-polymer viscous liquid. Afterwards, about 35–
45 g of the pre-polymer solution was poured in 10 � 14 cm2 molds,
to obtain gel sheets with a thickness of 2–4 mm. The molds were
cured at 60 �C. The cured gels were then removed from the molds
and, when needed, immersed in organic solvents to obtain the cor-
responding swollen gels.
2.3. Characterization of gels

2.3.1. ATR-FTIR measurements
Attenuated total reflection Fourier Transformation Infrared

spectroscopy (ATR-FTIR) measurements were carried out to follow
the curing process of the castor oil gels, using a Thermo Nicolet
Nexus 870 spectrometer equipped with a liquid nitrogen-cooled
HgCdTe detector and a single reflection diamond crystal ATR unit.
Spectra were recorded in the 4000–650 cm�1 range (128 scans,
2 cm�1 spectral resolution).
2.3.2. Thermogravimetric analysis (TGA)
The thermal behavior of gels was studied by TGA using an SDT

Q600 TA Instrument, operating between 30 and 600 �C at a heating
rate of 10 �C/min under nitrogen flow (100 mL/min). For each mea-
surement, about 10 mg of sample was placed inside an alumina
pan and analyzed. Measurements were repeated at least two times.
2.3.3. Rheological characterization
Rheological measurements were carried out with a TA Instru-

ment Hybrid Rheometer DISCOVERY HR-3, using a plate-plate
geometry (flat plate 20 mm diameter) and a Peltier temperature
controller. The cell was closed by lowering the head to the measur-
ing position in the axial force-controlled mode. Each sample was
loaded onto the plate, and care was taken to minimize the stress
to the sample during the loading procedure. Measurements were
performed at 25 �C, with no soak time and repeated at least two
times. Amplitude sweep tests (c = 0.01–10 %; 1 Hz) were per-
formed to determine the linear viscoelastic (LVE) region. Frequency
sweep measurements were then carried out over the frequency
range 0.01–10 Hz at a constant strain within LVE region.
2.3.4. Small-angle Neutron scattering (SANS)
SANS experiments were conducted at the SANS-1 instrument at

the Heinz-Maier-Leibnitz Zentrum (MLZ),[51,52] using three dif-
ferent configurations (neutron beam wavelength (k)/sample-to-
detector distances: 4.5 Å /2 m, 4.5 Å /12 m, 12 Å /12 m). Measure-
ments were acquired in a range of scattering vectors, q, between
0.0014 and 0.47 Å�1

, where q = (4p/k)sinh, and 2h is the scattering
angle. The scattering intensity was corrected for the empty cell con-
tribution, transmission, and detector efficiency. The reduction of the
data was performed using BerSANS.[53] The background from the
incoherent scattering coming from each sample was determined
from the analysis of the Porod asymptotic limit and subtracted from
the scattering pattern. In the case of swollen samples, the contribu-
tion of the corresponding dry system was subtracted prior to fitting.
Experimental data were fitted using a custommodel implemented in
SasView (version 5.0.3).[54] The Scattering Length Density (SLD) of
the gels’ components and of the deuterated solvents is reported in
Table S1.
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2.3.5. Swelling degree of organogels
When immersed in organic solvents, the cured gels increase in

size and weight. The amount of solvent absorbed by the polymeric
network was measured gravimetrically at different loading times
to calculate the swelling degree (SD):
SD %ð Þ ¼ Ws �Wd

Wd
� 100 ð1Þ
where Ws is the weight of the swollen gel at a particular time and
Wd is the weight of the corresponding dry gel. Measurements were
repeated at least three times.
2.4. Cleaning tests using solvent-loaded gels

2.4.1. Mock-ups preparation
Mock-ups were prepared using Winsor & Newton watercolors

(Blue and Ochre). Watercolors were brushed on a canvas prepared
with Bologna chalk and animal glue. After one year, the painting
was varnished using an acrylic-ketonic varnish (Retoucher Vibert
by J.G. LeFranc&Bourgeois). The varnished painting was artificially
aged in a home-made ageing chamber equipped with three Neon
Light Colour 765 BASIC Daylight Beghelli lamps (160 mW/lm,
380–700 nm) for 30 days (36�C, r. h. 40 %) where the sample’ sur-
face was exposed to ca. 11,000 Lux of homogeneous illumination.
These conditions are meant to accelerate the natural aging that
would be experienced by objects on display in museums, where
illuminations of 50–100 lx are typically used.
2.4.2. Cleaning tests on mock-ups
Before applicative tests, the gels were immersed in p-xylene

(Xyl) and n-pentanol (PeOH) to load an appropriate amount of sol-
vent for applicative purposes. After swelling, the gels were dried
with blotting paper to remove the solvent excess from their surface
and placed on the varnished surface for a variable amount of time
(from 30 s to few minutes). When needed, an extremely gentle
mechanical action was performed with humid cotton swabs to
completely remove the residues of the swollen, softened acrylic-
ketonic varnish.
2.4.3. Fourier-transform infrared (FTIR) spectroscopy imaging
The 2D FTIR imaging of the painting mock-ups was carried out

using a Cary 620–670 FTIR microscope, equipped with a Focal
Plane Array (FPA) 128 � 128 detector (Agilent Technologies). This
set-up was selected as it allows discriminating compounds with
different chemical composition on a surface down to a spatial res-
olution of few microns, and it has been validated through several
case studies to assess restoration methodologies, the degradation
status and the cleaning of works of art.[31,55–58] The spectra were
recorded directly on the surface of the mock-ups in reflectance
mode, with open aperture and a spectral resolution of 8 cm�1,
acquiring 128 scans for each spectrum. A ‘‘single tile” map has
dimensions of 700 � 700 lm2 (corresponding to 128 � 128 pixels);
each pixel has dimensions of 5.5 � 5.5 lm2 and provides an inde-
pendent spectrum, which makes thousands of independent spectra
collected simultaneously on each sample. The chromatic scale of
the false-color maps shows the absorbance of the mapped bands
as follows: blue < green < yellow < red. To assess effective varnish
removal, 2D FTIR characteristic bands of the acrylic-ketonic var-
nish were imaged on the surface of the mock-ups before and after
application of the CO82 gels swollen in the two organic solvents.
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3. Results and discussion

3.1. Synthesis of gels

Castor oil is an environmentally friendly and inexpensive veg-
etable oil extracted from pressed castor beans, which includes a
mixture of triglycerides where about 90 % of fatty acids are rici-
noleates. The latter are triglycerides containing ricinoleic acid, a
quite unusual fatty acid that, having a reactive hydroxyl group
on the 12th carbon available for functionalization, has been widely
used for the preparation of biodegradable polymers, cosmetics,
lubricants, biofuels, coatings and adhesives, and volatile organic
compounds (VOCs) absorbers.[59–63].

Here, castor oil-based gels were prepared by forming a polyur-
ethane pre-polymer under mild reaction conditions and without
using any solvent (see section 2.2 for detailed information about
the synthetic procedure). The pre-polymer can be cast to any
desired shape and cured to obtain a biomass-derived hyper-
crosslinked gel that does not require any further purification, mak-
ing the overall gelation process sustainable and cost effective.

The curing process was assessed by ATR-FTIR spectroscopy. Cas-
tor oil shows a broad peak in the 3650–3150 cm�1 range, due to
the presence of hydroxylated ricinoleic acid, and a characteristic
peak at 1742 cm�1 (-C@O stretching of the triglyceride ester car-
bonyls (Fig. 1A)).[64] The band at 3007 cm�1 is ascribed to -CAH
stretching vibrations of cis-double bond, whereas the band at
2925 cm�1 and 2854 cm�1 are characteristics of asymmetric and
symmetric vibrations of aliphatic –CH2 fatty acid hydrocarbon
chains.[65,66] The bending of –CH2 aliphatic groups (i.e. scissor-
ing) are found at 1460 cm�1, while the bands at 1239, 1162,
1096 and 1033 cm�1 are due to bending vibrations of ester car-
bonyl group.[65,66] The = CH2 wagging vibrations fall at
859 cm�1. Finally, the band at 725 cm�1 comes from the overlap-
ping of –CH2 rocking out of plane vibration of cis-disubstituted ole-
fins, characteristics of long chain fatty acids.

In the pre-polymer mixture (yellow solid line in Fig. 1A), the
peak of the isocyanate @(-NCO) group was detected at ca.
2270 cm�1.[67] Its intensity gradually decreases during the curing
process until it becomes negligible in the spectrum of the cured
gels (red solid line in Fig. 1A), confirming that all isocyanate groups
reacted with the hydroxyls of castor oil after 24 h. The formation of
urethane bonds in the cured samples is confirmed by several addi-
tional changes in the ATR-FTIR spectrum (see stars in Fig. 1A): the
broad band between 3650 and 3150 cm�1 becomes narrower after
Fig. 1. (A) ATR-FTIR spectra of CO82 mixture before (yellow solid line) and after curing
disappears as isocyanate groups react with the hydroxyl groups of castor oil. The stars
1243 cm�1, which indicate the formation of urethane bonds (see main text for the fu
formulations. (B) Frequency sweep curves of CO82 mixture before curing (yellow diamon
loss modulus (G”). Error bars are comparable or smaller than the markers’ size. (For inter
web version of this article.)
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curing and centered at 3391 cm�1. This absorption is commonly
ascribed to the Amide A band due to –NAH stretching in urethane
bonds.[67–69] In addition to that, the amide I, amide II and amide
III vibrations in the urethane bonds (R-HN-C@O),[68,69] at 1688,
1521 and 1243 cm�1 respectively, are all strongly enhanced after
curing, confirming the efficient reaction between hydroxyl groups
in CO and PDI that leads to the formation of carbamate bonds.[70].

To assess the curing process, changes in the viscoelastic behav-
ior of gel’s mixtures were studied through rheological measure-
ments carried out at two different stages of gel preparation:
before curing, where free @ (-NCO) groups are still present, and
after curing, in the absence of free isocyanate groups. The mechan-
ical spectrum of the pre-polymer mixture (yellow markers in
Fig. 1B) is typical of a concentrated polymeric solution, i.e. the loss
modulus is significantly higher (G”) than the storage modulus (G’)
over the entire investigated range of frequencies. The viscoelastic
properties noticeably change upon curing, due to the formation
of urethane bonds, leading to a significant increase in both moduli,
whose average values after 24 h at 60 �C are about 140 kPa (G’) and
8 kPa (G”). Moreover, in the mechanical spectrum of the cured gel,
the elastic modulus is higher than the loss modulus and it is almost
frequency independent, while the loss modulus shows a slight
decrease with decreasing frequency, as expected for a viscoelastic
solid. This means that, after the gelation process due to the forma-
tion of urethane bonds, deformations in the linear viscoelastic
range are essentially elastic or recoverable.

The response of the castor oil-based gels to thermal analysis
was, in all cases, characteristic of crosslinked polyurethane-based
systems, supporting the conclusions on the curing process
obtained by FTIR and rheological measurements. The detailed ther-
mal behavior of the gels, as investigated by TGA, is fully reported in
the SI (see additional text and Figure S1).

3.2. Characterization of dry systems

In the following paragraphs we discuss the characterization of
the cured systems CO82 and COPEG, while additional comments
and data about CO84 (which exhibit slight difference from CO82)
can be found in the Supporting Information. The amplitude sweep
curves of CO82 and COPEG reported in Fig. 2A are typical of chem-
ical gels, in which G’ is significantly higher than G’’ and both mod-
uli are almost not affected by increasing strain. In the investigated
samples, the linear viscoelastic (LVE) region is wide and covers
almost the entire range of investigated strain (measurements were
(red solid line). After curing, the peak of the isocyanate at ca. 2270 cm�1 @(-NCO)
highlight changes in the spectrum of the cured sample at 3391, 1688, 1521 and

ll explanation). Similar spectra (not shown) have been obtained for the other gel
ds) and after curing (red squares). Filled marks: storage modulus (G’); empty marks:
pretation of the references to color in this figure legend, the reader is referred to the



Fig. 2. (A) Amplitude sweep curves of CO82 (red squares) and COPEG (green triangles). (B) Frequency sweep curves of CO82 (red squares) and COPEG (green triangles). Filled
marks: storage modulus (G’); empty marks: loss modulus (G”). Error bars are comparable or smaller than the markers’ size. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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carried out at 1 Hz). Only at strain values close to 10 %, G’ started to
decrease, while G” increases. This phenomenon is preliminary to
the crossover point of the two moduli that corresponds to the dis-
ruption of the network structure. The addition of a linear reactive
polymeric chain (PEG), at the expense of castor oil, ends up in a sig-
nificant increase in the elastic modulus. A similar trend is shown
by the frequency sweep curves, acquired in the LVE region, as
reported in Fig. 2B. The value of tan d, i.e. G”/G’, can be used to dif-
ferentiate gel-like systems in two categories, namely, ‘‘weak” (tan d
higher > 0.1) and ‘‘strong” gels (tan d higher < 0.1).[71–73] Regard-
less of their composition, all the investigated systems can be con-
sidered strong gels, as their tan d at 1 Hz is about one order of
magnitude lower than 0.1. These gels are thus expected to be easily
removable in one piece from surfaces, without leaving solid resi-
dues, as opposed to weak (physical) networks, commonly used in
conservation.[24,25].

SANS measurements detailed the nanostructure of the castor oil
gels. The data were fitted using a custom model implemented in
SasView, [54] which combines different q-dependent contribu-
tions, as follows:

I qð Þ ¼ IPorod qð Þ þ INetwork qð Þ þ IExcess qð Þ þ IGaussian1 qð Þ
þ IGaussian2 qð Þ ð2Þ

The first contribution describes the Porod scattering from clus-
ters, and it was used to fit the intensity increase in the low-q
region, which is due to the scattering of the surface of large inho-
mogeneities. The equation describing this contribution is a special
case of the power law model:

IPorod qð Þ ¼ IPð0Þ
q4 ð3Þ

where IPð0Þ is the q-independent constant in the low-q region and
the q exponent was fixed to �4.

The two following contributions, namely INetwork and IExcess, have
been proposed for the fitting of inhomogeneous solids by Debye
and Bueche[74] and used afterwards to model different types of
gels’ networks.[27,70,75–77].

The INetwork term accounts for the scattering coming from a 3D
network characterized by a correlation length, as seen in semi-
dilute polymer and gel systems. This is given by:[78]

INetwork qð Þ ¼ ILð0Þ
1þ ðq � nÞm ð4Þ

where ILð0Þ is the network scattering intensity at q = 0 and n the cor-
relation length describing the so called ‘‘blob”-size (i.e. average
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dimension of the characteristic mesh of the gel). The fractal dimen-
sion, m, varies from 1, for 1D object such as a rod, to 4 for objects
with smooth surface. An exponent in the range 3–4 characterizes
rough interfaces of fractal dimension D with m = 6-D, while m is 2
for pure semi-dilute polymer systems, and between 2 and 3 for
‘‘mass fractals” such as branched systems, i.e., gels, or networks.
[79].

The IExcess contribution accounts for the scattering from inhomo-
geneities in the system, such as zones with higher cross-linking
density or solid-like polymer domains. Typically, it refers to an
excess of scattering with respect to that of the gel’s network.[80]
Here, the excess term is modeled by a Guinier function: [76]

IExcess ¼ IGð0Þ � exp � q2 � R2
g

3

" #
ð5Þ

where IGð0Þ is the Guinier excess intensity at q = 0 and Rg is the
radius of gyration of the inhomogeneities in the gel’s network.

For all dry gels, SANS curves (see SI, Figure S2) show two signals
in the low/medium q-range that are probably due to a sort of peri-
odicity in the network that, however, cannot be fitted to the most
common models for ordered objects such as spheres, lamellar
stack, paracrystals, etc. These contributions were therefore mod-
eled using standard gaussian peaks, namely IGaussian1 and IGaussian2
in Eq. (2), with the generic formula:

IGaussianX ¼ IGaX � exp �0:5 � q� qXð Þ2
r2

X

" #
ð6Þ

where IGaX is the scale of the gaussian peak, centered at qX and with
a standard deviation of rX . These contributions are not significantly
affected by changes in the composition (see Supporting Information
for further details).

The main fitting results are reported in Table 2, while all the
parameters are included in Table S2.

The size of inhomogeneities in the gel’s network, such as solid-
like polymer domains, described by the gyration radius Rg , is not
significantly affected by changes in the amount of PDI in the sys-
tems, while a slight increase in Rg was obtained in the case of
the addition of pre-formed linear polymer chains, i.e., PEG.

The studied samples are characterized by fractal dimension
m � 2.5, indicating branched systems, i.e., gels or networks.[79]
It can be concluded that the polymer chains are slightly collapsed
and are in between a semi-dilute system (m = 2) and a fully col-
lapsed system describing solid-like particles (m = 3). Moreover,
the obtained values are in agreement with those obtained from
scattering measurements performed on solvent free adhesives



Table 2
Main fitting parameters obtained from fitting dry gels’ data to Eqs. (3)–(6).

Sample Fitting parameters

IGð0Þ Rg ± 8 Å ILð0Þ n ± 0.5 Å m ± 0.1 IGð0Þ=ILð0Þ
CO82 0.25 76 0.22 2.1 2.6 1.14
COPEG 0.15 85 0.30 2.0 2.5 0.5

Fig. 3. SANS profiles of swollen gels (markers), together with their best fitting
curves (solid lines). The curves were arbitrarily offset, for sake of clarity. (A) CO82
(red markers) and COPEG (green markers) swollen in d-PeOH. (B) CO82 (red
markers) and COPEG (green markers) swollen in d-Xyl. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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derived from castor oil and a linear hexamethylene diisocyanate
(HDMI), where a fractal dimension of 2.8 was measured.[70] n is
usually associated to the distance between polymer chains, compa-
rable to the distance between the cross-linking points, which in
turn is commensurate with the mesh size.[81,82] The n values here
obtained from the fitting of the three cured gels do not seem to be
affected by changes in the composition of pre-gel mixtures. The
change of the crosslinker’s structure from a linear (HDMI) to a
branched isocyanate (PDI) results in a much smaller mesh size.

The IG=IL ratio is proportional to the density of inhomogeneities
with respect to the polymer network, and increases with the
amount of isocyanates used in the pre-polymer mixture
(IG=IL = 0.24 in CO84, see Table S2, and 1.14 in CO82, see Table 2),
proving that the inhomogeneities are mostly associated to the
solid-like regions denser in crosslinking points.[70] The addition
of PEG leads to intermediate values of IG=IL, probably due to some
of the –OH terminations in the PEG chains reacting with PDI and
decreasing the overall amount of crosslinking points between CO
chains with respect to the CO82 case.

3.3. Characterization of swollen gels

One of the most interesting features of the CO-based gels here
proposed is their capability of loading organic solvents in their
nanosized polymeric mesh, which is indeed a key point for their
use in the cleaning of works of art. To detail the changes in the
nanostructure of the systems as a result of the uptake of organic
solvents, gels were immersed in fully deuterated p-xylene (d-Xyl)
and n-pentanol (d-PeOH) and then analyzed using SANS, as
detailed in section 2.3.4. These two solvents were selected, as they
represent two common choices in the restoration practice with
opposite polar and hydrogen-bonding characters, to investigate a
wide range of possible interactions with the castor oil gel
networks.

SANS profiles of swollen gels were fitted with a custom model
implemented in SasView, [54] which needs only two different q-
dependent contributions, already defined in Eq. (3) and (4):

I qð Þ ¼ IPorod qð Þ þ INetwork qð Þ þ bkg ð7Þ
As a result of the swelling, characteristic lengths in the network

increase and, as it usually happens, some of the contributions are
not necessary in the fitting, either because the solid-like inhomo-
geneities disentangle or they swell so that their size is out of the
limits of the SANS range. With the aim of detailing the changes
in the network due to the sole uptake of deuterated organic sol-
vents, the contribution of dry gels, which was only slightly visible
at low q, was subtracted from the corresponding SANS curves of
swollen systems before the fitting procedure. The main fitting
Table 3
Main fitting parameters obtained from fitting swollen gels’ data to Eqs. (7), together with

Sample Fitting parameters

ILð0Þ n ± 3 Å

CO82-PeOH 9.7 39
COPEG-PeOH 9.9 38
CO82-Xyl 3.8 21
COPEG-Xyl 6.3 31
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results are reported in Table 3, while all the parameters obtained
are reported in Table S3. SANS profiles of swollen CO82 and COPEG
gels, together with their best fitting curves are shown in Fig. 3,
while data for CO84 are included in the Supporting Information.
the gel-solvent affinity (Ra, see Eq. (8)) and swelling degree (SD) values.

Ra SD %
(168 h)

m ± 0.1

1.6 3.1 178 ± 4
1.9 3.4 170 ± 3
1.7 9.5 119 ± 25
1.9 9.3 124 ± 10
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As a result of the uptake of the organic solvents, the network
scattering intensity at q = 0, ILð0Þ, is increased of about one order
with respect to that of the corresponding dry systems (see Table 2
and Table S2). After swelling, the exponentm obtained from the fit-
ting of SANS curves moves from 2.5, which correspond to branched
systems, to values lower than 2. It is worth recalling that the m
value is related to the Flory excluded volume exponent, v (i.e.,
m = 1/v), that describes the interactions between the polymer
chains and the solvent in which they are immersed. In particular,
for fully swollen polymer chains v is 3/5 (m = 1.66), while a v of
1/2 (m = 2) is observed when the polymer is in a theta solvent,
i.e., when chain-chain and chain-solvent interactions are equiva-
lent; on the other hand, v is 1/3 (m = 3) if chain-chain interactions
are favored, leading to the so-called ‘‘chain collapse”.[83] Polymer
chains seem to be fully swollen in samples CO82 loaded with d-
PeOH and in sample CO82 loaded with d-Xyl (m = 1.6–1.7). In
the other systems, an intermediate situation is shown, where the
highest m values are displayed by COPEG swollen in d-PeOH and
in d-Xyl, both of which seem to correspond to a theta solvent con-
ditions for this gel formulation (m close to 2).
Fig. 4. The figure shows the increment in the nanosized mesh of the polymeric
network, and the swelling of the CO gels passing from a dry system (A) to a gel
loaded with an organic solvent (B).

Fig. 5. (A) Frequency sweep curves of CO82 (red triangles) and COPEG (green squares) sw
markers) swollen in Xyl. Filled marks: storage modulus (G’); empty marks: loss modulus
color in this figure legend, the reader is referred to the web version of this article.)
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The solvent uptake causes the blob size n to significantly
increase with respect to the dry gels. In all cases, the highest values
were displayed by samples immersed in d-PeOH. These changes
have been visually schematized in Fig. 4 that shows the increment
in the nanosized mesh of the polymeric network, and the swelling
of the gels, upon loading and confinement of the organic solvents.

To explain the difference in swollen systems, Hansen solubility
parameters (HSPs) have been considered, which are a practical
extension of the Hildebrand parameter to polar and hydrogen-
bonding systems, primarily for polymer–liquid interactions [84–
86]. According to the literature, HSPs can be used for an evaluation
of gel swelling by a solvent [87]. Free-volume models can provide a
more comprehensive description but contain several parameters
that are not easily accessed experimentally.[88] In particular, the
affinity between a polymer (1) and a solvent (2) can be calculated
from their partial solubility parameters, i.e., dd, the dispersive term,
dp, the polar term, and dh, the hydrogen-bonding term, using a sim-
ple formula developed by Skaarup:[89]

R2
a ¼ 4 dd1 � dd2ð Þ2 þ dp1 � dp2

� �2 þ dh1 � dh2ð Þ2 ð8Þ
where the solubility parameter ‘‘distance” Ra is lower in systems
that are alike and higher for systems that are not similar. The factor
4 in front of the D dd term has aroused controversy for decades, but
theoretical reasons and experimental evidence have recently
showed that it is valid.[89] In our case, the HSPs for gel components
and for pure solvents were obtained from the HSPiP software - Han-
sen Solubility Parameters in Practice,[90] while the HSPs of gels
were calculated starting from those of pure components, combining
them on the basis of their volume fraction in uncured mixtures, as it
commonly occurs for solvent blends (see Supporting Information).
The values are reported in Table S4. Even if this approach does
not take into account the newly formed bonds in the cured systems,
it can provide useful data to explain the changes in the nanostruc-
ture of the gel network as a result of the uptake of different
solvents.

The calculated Ra between gel formulations and solvents,
reported in Table 3 and in Table S5, clearly demonstrated the
higher affinity of PeOH than Xyl to CO-based networks. This is in
good agreement with the swelling degree (SD) of the gels’ formu-
lations in the two solvents after 168 h (i.e., 1 week), which are
included in Table 3 and in Table S5. The SD values as a function
of different loading times are reported in Figure S3. Interestingly,
the uptake of PeOH by CO-based gels grows steadily until it
reaches a plateau after about 120 h, while the loading of Xyl dis-
plays a maximum at around 24 h, followed by a decrease and a pla-
teau at about 120 % after 5 days. It is worth noting that the
ollen in PeOH. (B) Frequency sweep curves of CO82 (red markers) and COPEG (green
(G”). Error bars are included in the markers. (For interpretation of the references to
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difference between the two series is well above the experimental
error, even if the uptake of xylene shows a greater dispersion of
the data.

COPEG shows the highestm value after swelling in PeOH, which
is characteristic of partially swollen polymer coils, and the lowest
increase in n with respect to the dry system. This can be explained
by the lower affinity of this formulation to the solvent, as con-
firmed by the highest Ra value in the series. SD data corroborate
this hypothesis, being the uptake of PeOH in COPEG sample lower
than those of the other systems. Moreover, it is interesting to note
Fig. 6. (A) Pictures of mock-ups acquired under visible light on the untreated sample (pri
following treatment with swollen CO82 gels (CO82 Xyl and CO82-PeOH). (B) Pictures of m
shows as a matte finish on the paint surface. Dark areas in the pictures of cleaned mock-u
ups. (D) 2D FTIR imaging of the same samples obtained by mapping the 1860–1685 cm
stretching) falls (see Figure S4 for representative IR spectra of the different samples); an
from each tile’s set of spectra, before imaging the 1860–1685 cm�1 region.
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that the system that features the lowest amount of PDI shows the
highest n value together with a solvent uptake of about 25 % higher
than the other two systems (see Supporting Information), probably
because of a less entangled network. A similar situation is shown
by systems swollen in Xyl, where the sample with the highest
value of n features a looser network with fewer junction points.
In terms of SD, given the dispersion of the experimental data, no
noticeable difference between the three gels was observed. The
value of n measured on the CO82 sample, on the other hand, is sig-
nificantly lower than the other systems, probably owing to a tigh-
stine), after the application and aging of the acrylic-ketonic varnish (varnished), and
ock-ups acquired by irradiating the same samples with UV light, where the varnish
ps indicate the removal of the varnish. (C) Optical microscope pictures of the mock-
�1 region, where the characteristic absorption of the acrylic-ketonic varnish (C@O
average spectrum of the pristine, unvarnished watercolor surface was subtracted
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ter network that comes from the higher amount of PDI used in the
synthesis. Finally, as indicated above, some of the –OH termina-
tions in PEG chains probably react with PDI, which decreases the
overall number of crosslinking points between CO chains, ending
in a higher n value with respect to CO82.

As shown in the frequency sweep curves reported in Fig. 5, fol-
lowing the uptake of the two solvents, G’ and G” decrease signifi-
cantly from the dry systems (Fig. 2B). In particular, the loss
modulus G” decreases by at least an order of magnitude and is
almost frequency independent, as expected for a swollen gel. This
is a clear indication that the systems become more compliant, and
that the crossover between the two moduli is shifted to higher fre-
quencies, outside the instrumental limits. This is due to a plasticiz-
ing effect of the solvent associated to the increase in blob size
showed by SANS investigations and explains the mechanical spec-
tra of the gels that become macroscopically less rigid. Rheological
investigations also confirm the effect of composition on the inter-
actions with solvents, as already suggested by the scattering mea-
surements: the reduction in the PDI amount decreases G’ and G”
after swelling, as a result of a less entangled network (see Support-
ing Information). On the other hand, the systemwith PEG has a sig-
nificantly higher G’ than the other systems both before and after
swelling. In particular, PeOH seems to have slightly less affinity
to COPEG, as also indicated by SANS data. Regardless the solvent
used for swelling, CO82 displays values of G’ and G” in line with
those of hydrogels commonly used for the conservation of works
of art, which are deemed as optimal values to allow easy handling
during application and a safe removal after cleaning procedure.
[29,34] Therefore, this system shows peculiar features that can
be exploited for the conservation (cleaning) of art.

3.4. Application of swollen organogels

To the best of our knowledge, the proposed CO-based gels are
the first organogels developed for the cleaning of works of art that
are synthesized without solvents or diluents. This implies that the
gels, which are formulated as dry systems, can be stored by conser-
vators in their laboratories without posing a risk to the safety of
the operators and used, when needed, after swelling in the pre-
ferred organic solvents. The organogels previously reported in
the literature are synthesized using solvents and must be stored
in ventilated cabinet before use, as they cannot be dried after the
preparation without irreversible shrinkage of their porous struc-
ture, making their application less feasible. Therefore, the solvent
to be used for application must be either selected before the syn-
thetic procedure or exchanged before application.[46,47,49,91].

For applicative tests, the gels were immersed in p-xylene (Xyl)
for 0.5 h and in n-pentanol (PeOH) for 4 h to load an appropriate
amount of solvent (weight increase of about 50 %). After swelling,
the gels were applied on the varnished surface for a variable
amount of time (from 30 s to few minutes).

As clearly shown by pictures of the mock-ups under visible light
(Fig. 6A and 6C), the acrylic-ketonic varnish coat produces some
aesthetic alteration of the watercolors; the varnish shows under
ultraviolet (UV) light as a matte finish all over the paint layer
(see Fig. 6B).

The application of swollen CO82 gels allowed recovering the
original look and gloss of the surface. 2D FTIR imaging of the
mock-ups is shown in Fig. 6D. First, a ‘‘single tile” set of spectra
(700 � 700 lm2, 128 � 128 independent spectra) was acquired
on the unvarnished mock-up, and an average reflectance spectrum
of the watercolor surface was obtained from 15 locations (pixels,
each of 5.5 � 5.5 lm2) homogeneously distributed over that area
to account for spectral variations owed to surface roughness and
compositional inhomogeneities. The latter are typically due to
the presence of additives such as fillers, extenders and dispersing
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agents (e.g. calcium carbonate, ox gall, starch) commonly used in
watercolor paints.[92].

The average spectrum was subtracted from the entire unvar-
nished tile set, obtaining reference spectra that reasonably exhibit
only weak or no absorptions. The 1860–1685 cm�1 region of this
reference tile was then imaged to produce the ‘‘PRISTINE” false col-
ors map in Fig. 6D, where green (low-absorbance) pixels dominate,
and only sparse spots with slightly higher absorption (yellow pix-
els) are randomly distributed over the surface. Subtracting the
same average spectrum from a tile acquired on the varnished
(and aged) mock-up, yielded spectra with a clear absorption band
in the 1860–1685 cm�1 region, owed to the C@O stretching peak of
the acrylic-ketonic varnish. The corresponding false color map
(‘‘VARNISHED” in Fig. 6D) is indeed dominated by red and orange
(high absorbance) pixels. When the same elaboration is repeated
on varnished mock-ups treated with CO82 Xyl or CO82-PeOH gels,
the same pattern as for the unvarnished watercolor surface is
obtained in the false color maps (‘‘CLEANED CO82-Xyl” and
‘‘CLEANED CO82-PeOH” in Fig. 6D), confirming that varnish removal
occurred homogeneously even at the micro-scale. Representative
Reflectance spectra of the unvarnished, varnished, and cleaned
mock-ups (before subtraction of the average unvarnished spec-
trum) are showed in Figure S4 for additional comparison. No
absorption characteristic of the CO gel (e.g. carbonyl stretching in
the 1780–1735 cm�1 region) was observed in the spectra of the
cleaned mock-ups (see also Figure S4), indicating that no measur-
able gel residues were left on the surface after cleaning. It is worth
noticing that the detection limit of the FPA detector in Reflectance
mode, using the same setup, was recently proved to be < 0.6 pg/
pixel, i.e. < 0.02 pg/lm2.[31].
4. Conclusions

Castor oil (CO)-based systems were specifically designed to
address the challenge of cleaning artistic surfaces that cannot
withstand the application of water. In such contexts, when conser-
vators frequently opt for organic solvents over aqueous formula-
tions, the new systems proved to be highly effective tools,
complementary to the chemical hydrogel networks that we previ-
ously demonstrated as the most performing systems nowadays
available. [27–31,34].

Our starting hypothesis was that the CO networks, formulated
as dry systems, could upload organic solvents commonly used in
restoration and confine them in the polymeric mesh, and then
release the fluids at controlled rate to remove varnishes from
painted layers.

The overall synthetic route, based on polyurethane crosslinking
chemistry, is cost-effective and ecofriendly, as the starting materi-
als are not harmful, and organic solvents are not used during the
preparation, differently from other organogels.[46,47,49] The gels
are obtained as dry systems that can be loaded with organic sol-
vents when needed, allowing for an easy storage (i.e. outside ven-
tilated cabinets).

Changes in the composition of the pre-gel mixtures, e.g. tuning
the CO-isocyanate ratio or partially substituting CO with polyethy-
lene glycol, affects the overall number of crosslinking points
between CO chains. This, in turn, results in differences in the
mechanical behavior, as evidenced by rheological measurements,
and in the nanostructure, as detailed by SANS measurements.
The different affinity between the gel network and solvents can
be used to explain the difference between swollen systems in
terms of elastic and loss moduli, of network organization at the
nanoscale, and swelling degree. The swollen CO gels are transpar-
ent, which is advantageous to check their step-by-step cleaning
action, and retain their good mechanical properties. Loading and
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confinement of the solvents in the nanosized polymeric mesh of
the gels is likely key to explain their optimal cleaning effective-
ness: the systems are highly retentive, allowing for the controlled
release of solvents over delicate paint layers. This is a crucial fea-
ture, as modern and contemporary paintings frequently exhibit
pronounced sensitiveness to solvents and cleaning fluids. The CO
gels represent thus a promising new tool to expand the palette of
art conservators, and explore new possibilities in the use of hyper-
crosslinked resins, a promising class of materials that already
showed great applicative potential as adsorbers.[63,93–95].

Considering that nowadays only few options are available for
the cleaning of such sensitive works of art, the results here pre-
sented are a significant step forward in the development of feasible
and ‘‘green” solutions for art conservation, fostering the transfer of
our heritage to future generations. Future work will involve explor-
ing different crosslinkers to improve the characteristics of the CO
gels, verifying their affinity to other classes of solvents, and testing
these gels on works of art belonging to the modern/contemporary
art production; the latter typically exhibits problematic and deli-
cate cleaning requirements, which prevent the use of traditional
non-confined or thickened solvents.
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