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Deep eutectic solvents and agar were used to develop a green cleaning system
ChCh-U-agar gel successfully removes thin proteinaceous coatings

The green cleaning system is effective on both hydrophobic and hydrophilic surfaces
Micro SORS analysis was used to characterize the underneath paint layer

The gel prevents the diffusion of the cleaning agents in the paint layer.
Abstract

The selective removal of thin varnish layers from paintings is still an open challenge in the
conservation field. In this paper, anew cleaning system was developed by using a gel composed
of fully green components as deep eutectic solvents (DES) and agar. The gel exhibited good
rheological properties in terms of gel stiffness, allowing easy handling and removal of the gel.
The newly developed cleaning gel was successfully tested for the removal of proteinaceous



layers applied over both hydrophobic and hydrophilic surfaces. Moreover, an innovative non-
destructive approach based on micro-Spatially Offset Raman Spectroscopy (micro-SORS)
allowed demonstrateing how the gel impairs the diffusion of the cleaning agents in the paint
layers, highlighting the good solvent retention ability of the gel.

Keywords: Deep eutectic solvent; Agar gel; Proteinaceous; Green chemistry; Micro-spatially
offset Raman spectroscopy

1. Introduction

The selective removal of varnish layers from paintings is still an open challenge in the
conservation field [1], in particular when the varnish has similar solubility properties with the
binder present in the above painting layers. A particularly challenging situation occurs when a
proteinaceous varnish or overpainting has to be removed.

Proteinaceous materials, including animal glue, egg, and casein from milk have been
traditionally used as binders, coatings and adhesives in paintings thanks to their flexibility,
versatility, availability and adhesive properties [3-5]. Casoli et al. studied the effects of cleaning
egg tempera paintings with solvents of different polarity [6]: while apolar solvents exerted an
effect on the leaching of the lipidic components, water and polar solvents were found capable
of extracting the proteinaceous components [6]. The most challenging situation occurs when
the proteinaceous layer to be removed is applied on a layer of similar polarity. In this situation,
the use of aqueous systems may be extremely detrimental [7-10], causing wrinkles in the
hydrophilic layers and leaching of proteinaceous components from not aged films [7,9,10].

Hydrogels have been used for the removal of proteinaceous coatings and repaintings,
developing selective bio-based procedures which exploit the use of bacteria and protease
enzymes [2,11,12]. However, their application requires the use of complex procedures which
strongly depend on application time, pH or temperature.

Agar is a natural polysaccharide produced from several species of marine seaweeds, which can
form semi-rigid and thermo-reversible hydrogels by heating and cooling. Agar hydrogels form
a rigid network that allows to control of the release of water and to avoid mechanical stresses
during cleaning [4-6,10,13-15]. Thanks to these features, agar hydrogels can also be applied on
water-sensitive surfaces, however, this application time should be carefully limited [16].

To avoid the challenging use of water, in the present research we developed and tested a new
environmentally friendly gel obtained with agar and deep eutectic solvent (DES) for the
removal of thin proteinaceous layers from both hydrophobic and hydrophilic surfaces. DESs
are solvents composed of eutectic mixtures of hydrogen bond donors (HBD) and hydrogen
bond acceptors (HBA) that have a melting point much lower than those of the individual
components [17]. DESs have physico-chemical properties similar to those of common ionic
liquids (ILs), but DESs are not entirely composed of ionic species, and can also be obtained
from non-ionic species [18]. They present several advantages over traditional ILs, such as low
price, easy storage and preparation [19]. DESs have been applied in many areas of chemistry,
including catalysis and organic synthesis [20-22], separation technology [23], electrochemistry
[24] and pharmaceutical [25] due to their excellent physico-chemical properties, such as low



vapor pressure, non-flammability, good solubility and conductivity, wide electrochemical
window and large liquid range [17,18]. DES are also able to swell and solubilize proteins and
lipids even in the absence of water [26,27].

To the author’s knowledge, up to now DESs have not been tested to produce gels for cleaning
purposes. Other ionic liquids composed of imidazolium or pyridinium cations with different
alkyl chains and anions were found to be effective in producing soft, viscoelastic and flexible
gels with biopolymers comprising agarose [28]. These materials exhibit smart properties such
as conductivity and self-healing that can be used in sensors and electrochemical materials
[29,30]. The DES here prepared was composed by choline chloride and urea (ChCh-U, 1:2
molar ratio, named as reline). Choline chloride (ChCl) acts as HBA, and is a biodegradable and
non-toxic quaternary ammonium salt that can be either extracted from biomass or readily
synthesized from fossil reserves, whereas urea acts as HBD [18] The choice of using non-toxic
and biodegradable materials addresses the recent requirements of new safer and sustainable
restoration products and is in line with the new Horizon 2021 priorities [2,3,6-10,13, 31-34]. In
the present paper, DES can be prepared from natural components such as].

The new green gel (ChCh-U-agar) was tested on mock ups coated with whole egg or rabbit glue
applied on both hydrophobic (oil painting layer) and hydrophilic (egg tempera painting layer)
surfaces. The cleaning performance was evaluated with optical microscopy and FTIR
microscopy. Moreover, to evaluate ChCh-U diffusion inside the paint layer an innovative
analytical method based on micro-Spatially Offset Raman Spectroscopy (micro-SORS) was
tested. Micro-SORS is a non-destructive technique that allows obtaining information at the
micrometer scale on the molecular composition of the inner portions of materials, without the
need of resorting to a cross-section [35]. Recently, micro-SORS has been optimized to monitor
the diffusion of ChCh-U into a gypsum substrate, permitting to non-invasively obtain an
overview of the diffusion trend of this compound into the matrix, opening ways to the
evaluation of its transport processes [36].

2. Materials and methods

Choline chloride and urea were purchased from Sigma-Aldrich. Agar was purchased from
C.T.S. All the chemical reagents were commercially available and directly used without
treatment.

2.1 Synthesis of the gels

ChCh-U-agar gel was produced by mixing choline chloride (ChCh) and urea (U), at the mole
ratio 1:2 in a Petri dish. The mixture was stirred at 100 °C for 5 min until a homogeneous
colourless liquid was obtained. Then agar was added to the DES (10 wt%) and the mixture was
stirred until the gel was formed. The prepared ChCh-U-agar gel was stored in the fridge and
used within 1 week.

The EtOH-H,O/agar gel was synthesized by mixing ethanol and deionized water in a volume
ratio of 1:1. Agar was added to the obtained solution in a ratio of 1: 30 g/mL. The mixture was
stirred at 70 °C for 4 min then cooled down to form a homogeneous colourless gel.

2.2 Characterisation of the DES-agar gel



Rheology experiments were carried out on an Anton Paar Rheometer MCR 102 using a cone-
plate configuration (25 mm diameter, 1°). The experiment was performed at constant
temperature of 28 °C controlled by the integrated Peltier system and a Julabo AWC100 cooling
system. To keep the sample hydrated a solvent trap was used (H-PTD200). Amplitude and
frequency sweep analyses were performed with a fixed gap value of 0.5 mm on the gel samples.
Oscillatory amplitude sweep experiments (y: 0.01-100%) were carried out in order to determine
the linear viscoelastic (LVE) range at a fixed frequency of 10 rad s'. Once the LVE of each
hydrogel was established, frequency sweep tests were performed (o: 0.1-100 rad s!) at a
constant strain within the LVE region of the sample. Rheological measurements were
performed on a set of 3 replicates for each type of gel system studied and the trend showed no
significant differences.

2.3 Samples preparation

To evaluate the cleaning efficiency, the gel was tested on mock-ups presenting thin layers of
proteinaceous coatings (glue and whole egg) applied both on a hydrophobic surface, prepared
using linseed oil as binder, and on a hydrophilic surface in which the paint binder was egg
tempera. The painting mock-ups were produced according to traditional painting techniques
[37]: the preparation layer by dissolving 1.0 g of animal glue in 5.0 mL of hot distilled water
and mixing it with 6.0 g of grinded gypsum and the oil painting layer by mixing 1.0 g of red
burnt ochre in 0.5 mL of linseed oil. The egg tempera was prepared by adding 1.0 g of red burnt
ochre 101.0 mL of egg binder mixture, composed by egg white, yolk, and distilled water in a
1:1:1 (v/v) ratio. Whole egg coating was prepared by mixing egg white, yolk, and distilled water
ina 1:1:1 (v/v) ratio. Glue coating was obtained by dissolving 1.0 g of rabbit glue in 10.0 mL
of distilled water.

2.4 Cleaning procedure

All the different mock-ups were treated by applying the gel for 15 minutes on the painting
surface, changing the gel every 5 minutes and using cotton swabs between each application.
Due to the high viscosity and non-volatility of DES, trace residues can be eliminated to an
undetectable level with additional 10 s of EtOH-H,O/agar gel treatment. Since the use of
aqueous system may cause adverse effects on the painting layer, in particular when the layer is
hydrophilic, the application time of the EtOH-H,O/agar gel was optimised in order to prevent
the swelling of the painting.

2.5 Evaluation of the cleaning performances

Optical microscopy in visible and ultraviolet light (Olympus Optical Microscope BX51, Tokyo,
Japan) was used to observe the cross sections of mock-ups before and after the cleaning
treatment.

Total Attenuated Reflectance (ATR) FTIR analysis was performed directly over the surface
after the cleaning treatments to assess the cleaning efficiency and the presence of gels residues
after the treatment. A Thermo Nicolet (Thermo Fisher Scientific, Waltham, MA, USA),
iNTM]10MX imaging microscope, equipped with a mercury-cadmium-telluride (MCT) detector
cooled by liquid nitrogen, was used. The measurements were performed using a slide-on ATR
objective, equipped with a conical germanium crystal, in the range 4000-675 cm’!, with a
spectral resolution of 4 cm with 64 scans and an optical aperture of 150x150 pm. The



spectroscopic analysis was performed on 3 different areas treated with the same cleaning
procedure and 4 spectra were recorded before and after the treatment.

In the solvent diffusion experiments, a cotton swab soaked with ChCh-U was rolled over an
area of about 1x1 cm of a mock up prepared with egg tempera. The surface was treated for 5
min and the excess of solvents was removed with two dried cotton swabs. ChCh-U-agar gel
was put in contact with a similar area of the same mock up for 10 min, then the gel was removed
and cleaned as previously described with two dried cotton swabs.

Micro-SORS Raman analyses were performed immediately after the treatments to evaluate and
compare the solvent diffusion. A Senterra dispersive Raman microscope (Bruker Optik GmbH)
equipped with a Peltier cooled charge coupled device detector (1024x256 pixels) and a 785 nm
excitation laser was used. Reference spectra of ChCh-U and mock-up were performed using a
20% objective (NA 0.4 and WD 1.3 mm), a laser power ranging from 10 to 50 mW and an
acquisition time ranging from 50 s to 100 s. Micro-SORS sequences were acquired with the
defocusing micro-SORS modality [36], consisting on the acquisition of measurements on the
intact mock-up at imaged and defocused positions moving the 20x objective away from the
sample in z direction (Az = 50, 100, 200, 300, 400, 500, 600, 700, 800 um). The theoretical
laser spot diameter at imaged position was 2.4 um. The laser power was 10 mW and the
accumulation time of 100 s per spectrum. Micro-SORS spectra are baseline corrected and
normalized for comparison. The progressive change of ChCh-U DES signal was evaluated
calculating the intensity ratio between two selected Raman bands of ChCh-U DES and red
ochre, the pigment used in the mock-up. Calculations and plot construction were carried out
using OPUS and ORIGIN software.

3. Results and discussion
3.1ChCh-U agar gel mechanical properties

Rheological analyses have been performed to measure storage and loss moduli (G’ and G” ,
respectively) (Figure 1). The gel is characterized by a “solid-like” behaviour, with the storage
modulus approximately an order of magnitude higher than the loss modulus and a LVE region
of 1% (Figure la), determined according to ISO 6721-10:2015. Furthermore, the frequency
sweep analysis (Figure 1b) pointed out that G’ and G” were almost independent of the
frequency in the range from 0.1 to 100 rad/s (always with G’ > G" ), confirming the “solid-
like” rheological behaviour for the analysed organogel.
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Figure 1. a) Strain dependence and b) frequency dependence of storage modulus (black) and
loss modulus (red).
3.2 Diffusion behaviour of the ChCh-U solvent

Micro-SORS experiments were carried out to evaluate the diffusion behaviour of the DES
solvent into the thickness of the mock-up. Both ChCh-U-agar gel and ChCh-U soaked in cotton
swabs were applied on an egg tempera mock-up to simulate the cleaning treatments. Figure 2a
reports the average of the Raman spectra acquired on the surface of the mock-up before the
treatments. Bands at 409 cm™!, 291 cm™ and 224 cm™! are ascribable to red ochre [38], while
egg binder showed several broad bands in the region between 1200 and 1600 cm™ [39]. The
presence of carbonate is attributed to calcite (1089 cm™) and/or dolomite (1094 cm™') probably
added to the red pigment or present as impurity [40]. Figure 2a also reports the reference Raman
spectrum of ChCh-U solvent, with bands at 1450 and 999 cm™ which refer to C-N asymmetric
and C-N symmetric stretching, respectively, attributed to urea. Besides, the other C-N
asymmetric stretching band at 956 cm™ and C-N symmetric stretching band at 716 cm™ are
assigned to choline [41].

Micro-SORS spectra were acquired immediately after the treatment with cotton swabs soaked
with ChCh-U and after the ChCh-U-agar gel cleaning. In Figure 2b and c representative
sequences are reported, normalized to the red ochre signal at 409 cm™ for comparison. The
main differences between the cotton swabs and agar gel cleaning treatments concern the amount
of ChCh-U at imaged positions and its diffusion within the mock-up: after cotton swabs
treatment a relatively higher amount of ChCh-U is present on the mock-up surface, and its
diffusion has been detected up to 200 pm of defocusing distance (figure 2b), whereas after agar
gel cleaning the amount of ChCh-U is lower, barely visible, and at 200 pm of defocusing
distance its signal is no longer detectable (this spectrum is not reported in figure since it is
extremely noisy).

To properly monitor the micro-SORS sequence trends, the intensity ratio between the ChCh-U
band at 716 cm™ and the red ochre band at 409 cm™ has been calculated (Figure 2d) for both
treatments. As expected, this ratio progressively decreases from the imaged position up to 200
pum of defocusing distance; after this distance the micro-SORS spectra show a high degree of
noise, thus calculations are not reported. However, also within this small defocusing range the
differences between the treatments are unequivocal: agar gel application shows lower overall



ratio values and at 200 um of defocusing distance ChCh-U signal is not detected, thus the ratio
value tends to zero. This finding confirms the retention capability of the ChCh-U agar gel.
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Figure 2. a) Reference Raman spectra of the painted mock-up and ChCh-U, b) Micro-SORS
sequence after ChCh-U cotton swab application and c) after ChCh-U-agar gel application,
normalized to the red ochre signal at 409 cm™! (the defocusing distances in um are also reported),
d) ChCh-U DES/Red ochre intensity ratios of micro-SORS sequences after ChCh-U cotton
swab and agar gel applications.

3.3 Cleaning efficacy and residues
3.3.1 Cleaning efficacy on hydrophobic surfaces

Oil painting mock-ups varnished with either glue or whole egg were used to evaluate the
cleaning efficiency of ChCh-U-agar gel. Cross-sections of paint samples were collected from
the mock-ups before and after the cleaning treatments and compared with fragments collected
from the unvarnished areas. Under optical microscopy, samples collected from the unvarnished
area (Figure 3a and 3b) show a superficial thin yellow fluorescent layer, unevenly distributed,
which can be ascribed to a surface enrichment of the oil binder, due to local pigment
sedimentation. Observing the cross sections of sample taken from the varnished areas, it was
possible to identify the thin fluorescent layer of either the glue or the whole egg varnish above
the suspended oil. Figure 3 reports the cross sections obtained on the glue varnished sample
before and after the cleaning, showing the complete and selective removal of the proteinaceous
layer after the treatment with the ChCh-U agar gel. Similar results were obtained on mock-ups
varnished with whole egg.
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Figure 3. Cross-sections of oil painting reconstructions, a) VIS and b) UV photomicrographs
before cleaning, c), VIS, d) and e¢) UV photomicrographs of the mock-up varnished with glue
before cleaning, f) VIS, g) and h) UV photomicrographs of the of the mock up varnished with
glue after the cleaning.

To assess the cleaning efficacy, ATR-IR analyses were performed on the treated areas. In Figure
4, spectra acquired on the mock-up varnished with glue are reported.

After the treatment, the acquired spectra presented the same features of spectra acquired on the
unvarnished area and the characteristic signals of the proteinaceous varnish (N-H stretching
band at 3281 cm!, amide I and amide 11 bands at 1640 and 1539 cm™") completely disappeared
(figure 4b and c).

It is worth noting that, after the application of the ChCh-U agar gel, some residues of ChCh-U
were observed as the presence of the C=O stretching band at 1659 ¢m™ and of the N-H
scissoring band at 1620 cm™ suggests (Figure 4c). To remove the traces of ChCh-U, a gel
composed by agar, EtOH and water was gently applied for 10 sec. Thanks to the high solubility
of the DES solvent in water and EtOH, the gel was able to efficiently remove the residues
present on the surface with a very short application time, as demonstrated by the absence of the
diagnostic bands of ChCh-U in the spectra acquired after this treatment (Figure 4d).
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Figure 4. ATR-IR spectra acquired on a) ChCh-U DES reference, b) glue varnish before
cleaning, ¢) after ChCh-U-agar gel cleaning, d) after ChCh-U-agar gel + EtOH-H,O/agar gel
cleaning, ¢) an unvarnished area. The symbol A indicates ChCh-U DES bands, the symbol
indicates the glue characteristic bands and the symbol ¢ indicates the characteristic bands of oil
used as binder in the painting layer.

a e
T <
b TN ’ \/\\ AT
Ve
C —— Y
L\; C ——\\/\f H /;A/\f\,\\A/W

Wavenumber an-1

Figure 5. ATR-IR spectra acquired on a) ChCh-U reference, b) whole egg varnish before
cleaning, c¢) mock-up varnished with whole egg after ChCh-U-agar gel cleaning, d) an
unvarnished area, €) after ChCh-U-agar gel + EtOH-H,O/agar gel cleaning. The symbol A
indicates ChCh-U bands, the symbol @ indicates the whole egg characteristic bands and the
symbol ¢ indicates the characteristic bands of linseed oil used as binder in the painting layer.

The same procedure was applied on a red ochre linseed oil mock-up varnished with whole egg.
After the application of the ChCh-U gel, the proteinaceous characteristic bands (amide I at 1640
cm! and amide II at 1539 cm™! disappeared (figure 5b and 5¢). Some traces of ChCh-U were
detected (figure Sc¢) and successfully removed after the application of the EtOH-H>O/agar gel



just for 10 sec (Figure 5d).

3.3.1 Cleaning efficacy on hydrophilic surfaces

The same cleaning procedure, based on the use of ChCh-U agar gel and the subsequent
application of the EtOH-H,O/agar gel just for 10 seconds, was performed on water sensitive
egg tempera mock-up which was varnished with a layer of either glue or whole egg. Figure 6
showed that the thin varnishes were efficiently removed after the cleaning treatment.

Figure 6. Cross-section microphotographs of oil painting reconstructions varnished with whole
egg and glue before and after cleaning, image under visible light (left) and image under UV
illumination (right); a) whole egg varnish before cleaning with average thickness of 10.3 pm,
b) glue varnish before cleaning with average thickness of 2.8 um, c¢) whole egg varnish after
cleaning d) glue varnish after cleaning.

Particular attention was devoted to the evaluation of the effects of the EtOH-H,O agar gel on
the water sensitive painting layer. Thanks to the short application time, the EtOH-H,O agar gel
application appeared to be harmless toward the painting layer. Indeed, from a morphological
point of view no evidence of strong effects of the treatment on the paint layer was observed and,
after its removal, the gel surface did not contain any red particles coming from the painting
layer.

Due to the presence of proteinaceous materials both in the paint layer and in the varnish layer,
it is challenging to determine whether the varnish was completely removed or not with micro
FTIR. However, the change of characteristic bands intensity before and after the treatment
allows making some hypothesis. As shown in Figure 7, in the egg varnished mock-up the
intensity of the bands attributed to the proteinaceous materials (N-H stretching at 3282 cm’!,
amide I at 1635 cm™! and amide II at 1538 ¢cm™) decreased and the silicate band at 1013 cm!,
ascribable to the ochre pigment, appeared. In the glue varnished mock-ups, the band of silicate
was already detectable in the spectra acquire before the cleaning, probably due to limited
thickness of the varnish, but after the treatment the relative intensity of the proteinaceous bands
decreased with respect to the 1013 cm™! band.
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Figure 7. ATR-IR spectra acquired on a) whole egg varnish, b) glue varnish; I, before cleaning,
II, after ChCh-U-agar gel + EtOH-H,O/agar gel cleaning, III, an unvarnished area. The symbol
A indicates amide bands, the symbol @ indicates the silicate bands from the pigment and the
symbol ¢ indicates the ester bands from egg varnish or binder.

CONCLUSION

This study reports the first attempt to apply a deep eutectic solvent made by choline chloride
and urea for cleaning purposes in the cultural heritage field. A new green nonaqueous gel
cleaning system based on ChCh-U and agar was developed.

The gel displayed good mechanical properties which allow easy handling during cleaning,
especially in the laying and peel off procedures, reducing the presence of residual debris on the
paints.

Micro-SORS was successfully applied to characterize the diffusion behavior of the cleaning
agent in the paint layer, showing that the gel has better retention capacity and can control the
solvent release.

As regards the gel performance for the removal of proteinaceous varnishes, thin whole egg and
glue varnished oil and egg tempera painting mock-ups were selected for the test. ATR-IR and
optical microscope results showed that the ChCh-U agar gel can efficiently remove the
proteinaceous varnishes on both hydrophobic and hydrophilic surfaces. Trace of ChCh-U
residues can be easily removed by applying just for few seconds an EtOH-H,O agar gel. This
formulation has a reduced amount of water and may also be used on tempera substrates.
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