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This study describes the investigation on the use of hydrophobic Deep Eutectic Solvents (DESs) for the
removal of nonpolar coatings from works of art to replace toxic solvents. Beeswax and two
microcrystalline waxes (R21 and Renaissance®™) have been selected as reference nonpolar coatings since
they are commonly present in their aged state on metal and stone artifacts. The interaction between the
DESs and three waxes has been evaluated through contact angle measurements, solubility tests, and
cleaning tests carried out by implementing a method that is ordinarily used by restorers. Tests have
been conducted on mockups consisting of microscope glass slides covered by wax. The effective
removal of the wax-based coating from the mockups has been assessed through spectrocolorimetry
and multispectral imaging under visible (VIS) and ultraviolet light (UV) at 365 nm by loading the waxes

Received 14th January 2023, with a fluorescent marker (Rhodamine 6G). Fourier Transform Infrared (FT-IR) spectroscopy in the

Accepted 3rd March 2023 Attenuated Total Reflectance (ATR) mode was performed to assess the presence of both the wax and
DOI: 10.1039/d3nj00228d the solvent on the swabs used for the cleaning tests, confirming the actual interaction among the

solvent and the solute. The experimental process proved DESs’ potential of being used as green solvents
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Introduction

Wax-based protective coatings have been traditionally used to
protect both stone and metal sculptures from the erosive action
of weather and the corrosive action of rain and atmospheric
pollutants such as SO,, NO,, CO,, and chlorides.'” The hydro-
phobic feature of these materials is one of the main reasons for
their persistent use on outdoor metal and stone artworks.
Indeed, outdoor bronzes, iron, and lead sculptures undergo
corrosion processes that are essentially caused by the presence
of water on the artwork’s surface resulting from precipitation or
condensation and by the washing effect of rainwater.*” On the
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for cleaning treatments on Cultural Heritage.

other hand, the growth of salt crystals within pores is one of the
major damage factors in stone weathering and is driven or
enhanced by water.® Waxes have low water vapor permeability
and low gloss, which makes them ideal protective coatings.’
Formerly, beeswax used to be applied on outdoor stone and
metal artifacts.">”'>'" The so-called “waxing” process repre-
sented a common practice in ancient restoration treatments
that allowed for the protection of the artwork from rainfall and
atmospheric pollution and sometimes for the toning of the
surface.” Nowadays, stone and metal sculptures are usually treated
with microcrystalline-wax-based protective coatings.'>™** When it
comes to metal artifacts, the coating is typically applied on an
acrylic layer to reduce its exposure to the surrounding environment
and moisture.'® This nonpolar coating is considered a “sacrificial
layer” able to protect the acrylic one underneath, avoiding its
degradation.

Wax coverings tend to degrade over time, making the
removal of this layer necessary.”'® They tend to embed pollu-
tants and dust due to their low melting point (between 39-65 °C
depending on the type of wax), also showing chromatic and
morphological alterations.'” Indeed, even though wax-based
coatings are commonly used to protect outdoor sculptures from
degradation and are still considered more beneficial maintenance
products for outdoor sculptures than most other coatings, their
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barrier properties are affected by defects in their structure -
namely, where the layer is not consistent — and their vulnerability
to chemical alterations induced by weathering.>®*®? These fac-
tors are the main causes of their short lifetime - 2 to 5 years for
microcrystalline waxes, which tend to exfoliate and become pow-
dery, thus also altering the aesthetic appearance of the artwork.
Indeed, the tendency to deteriorate requires constant mainte-
nance, which means periodic cleaning treatments.* For this kind
of intervention, hazardous solvents for both the environment and
human health are still widely used. Highly flammable and toxic
solvents, namely aliphatic and aromatic hydrocarbons, such as
Petroleum Ether and White Spirit, are being used due to their
physical-chemical properties, even though they are known to cause
adverse effects to humans by both inhalation and dermal
adsorption."'®*** Their medium-high volatility, low cost, transpar-
ency, and purity make them ideal for these applications, while
more sustainable low-polar cleaning systems capable to combine
the need for the preservation of the artwork’s integrity with a
greener approach are still lacking.

The role of green chemistry in improving sustainability in
the cultural heritage conservation field is increasingly
growing.>>?® The general aim is to replace traditional hazar-
dous methods and products that are still widely used in the
field, especially for the removal of aged coatings from artistic
surfaces, thus ensuring the safety of both the artworks and the
operators.”” ? Even though a low-impact and effective approach to
cleaning treatments is now recognized as an urgent need, novel
environmentally friendly solutions and protocols are yet to be
investigated. In this framework, Deep Eutectic Solvents (DESs) can
be considered promising alternatives to conventional organic
solvents due to their excellent physical-chemical properties - ie.,
low volatility, high dissolution power, biodegradability, and low
toxicity - together with their easy synthesis, accessibility of their
natural compounds, low cost, and recyclability.*® They are mix-
tures of two or more solid components leading to a strong
depression of the melting point when compared to their individual
counterparts, due to the presence of nonsymmetric ions with low
lattice energy.** They form eutectic mixtures of a hydrogen-
bonding acceptor (HBA) and a hydrogen-bonding donor (HBD)
able to self-associate via hydrogen bonds and van der Waals
interactions, inducing the charge delocalization responsible for
the decrease in the melting point.*®> Hydrophilic DESs can be
described by the general formula:

Cat' X" zY (1)

where Cat’ represents any ammonium, phosphonium, or sul-
phonium cation, X is a Lewis base — generally a halide anion -
acting as a counter ion, and Y is a Lewis or Brgnsted acid of
which z molecules interact with the X~ anion.** The properties
of the final DES are classified based on the nature of the
complexing agent and can be adjusted through the selection
of the individual components based on their chemical structure
and molar ratio.*®*” The discovery of these non-toxic formula-
tions generated a breakthrough in the world of green chemistry.
As eco-friendly solvents, DESs are being used in many areas of
science and technology due to their excellent physicochemical

5992 | New J Chem., 2023, 47, 5991-6000

View Article Online

NJC

properties, such as low volatility and low toxicity. However,
although few attempts have been made so far to use hydrophilic
DESs in the Cultural Heritage field, hydrophobic DESs have not
been yet investigated.*®*! Hydrophobic DESs can be obtained
from a mixture of two components (component A and compo-
nent B), a hydrogen-bonding acceptor (HBA) and a hydrogen-
bonding donor (HBD), generally having no charge. Therefore,
they are neutral compounds:****

[Component 1(HBA)-component 2 (HBD)] 2)

They represent promising solutions, since other potentially
suitable compounds that could hypothetically replace aliphatic
hydrocarbons come in solid form at room temperature and
cannot be used as liquid solvents. Indeed, most of the potential
alternatives to toxic solvents consist of molecules having long
alkyl chains. As the length of the chain increases, the polarity of
the substance decreases, while its melting point increases,
making the substance solid at room temperature. The substan-
ce’s physical state at standard temperatures does not allow for
its utilization as a solvent in the liquid form as it needs to be. In
this framework, DESs’ feature to deeply reduce the melting
point value can overcome this limitation and turn low-polar
solid substances with medium-long alkyl chains into liquid
solvents, while exploiting the solubility properties of their
constituents.

The potential of hydrophobic DESs not only relies on the
possibility of exploiting the properties of compounds that
cannot be used as solvents at room temperature due to their
physical state but also on their biocompatibility and low
toxicity. These two features are of the outermost importance
in the conservation of Cultural Heritage since the operators
working on the removal of non-polar coatings are often sub-
jected to inhalation of toxic solvents vapors - i.e., petroleum
derivatives — which may cause pathological diseases with long-
term exposure.”® For this reason, we exploited and herein
propose for the first time the potential of hydrophobic DESs
as new eco-friendly solvents for the removal of low-polar coat-
ings - i.e., waxes — from artistic surfaces, aiming at replacing
more hazardous traditional solvents commonly used in the
Cultural Heritage sector.

Experimental
Materials and methods

Materials. Beeswax and two microcrystalline waxes that are
commonly present as protective coatings on stone and metal
sculptures were used. Beeswax and Renaissance® microcrystal-
line wax polish were purchased from Roma Restauro srl. R21
dispersion of microcrystalline wax in turpentine essence
(10% w/v) was purchased from AN.T.ARES srl. Ligroin 100-
140 °C (CAS: 8032-32-4) was provided by LM.A.R. Italia. Rhodamine
6G (CAS: 989-38-8) was purchased from Sigma-Aldrich®, while
dearomatized White Spirit was provided by Antichita Belsito
s.r.l. The eight Deep Eutectic Solvents (DES 1 - DES 8) pre-
sented in this paper and reported in Table 1 were synthesized

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 1 Composition of the tested DESs
DES Molar Melting
code  Component 1 Component 2  ratio  point [°C]
CHs
(@]
DES 1 oH HO)LM; 1:1% 11.5%
HaC™ “CHs o
Decanoic Acid
Thymol
CHj
(0]
DES 2 OH HO)L(\/)G/ 1:1% —
HsC™ “CHs o
t Al
L-(-)-Menthol Octanoic Acid
BU\+/BU (0]
DES 3 N )LM 1:1° —
Bu Bu HO 5 .
Tetrabutylammonium  QOctanoic Acid
CHj3 CH3
DES 4 OH OH 1:2*  —4.5°
HsC” “CHs HsC™ “CHs
Thymol L-(-)-Menthol
CHs
Me O
Me—N¥
DES 5 iﬂ o OH 1:3*%  —15%
:etaine HiC CHs
Thymol
CHs CHj
DES 6 OH OH 1:1Y7  —
HsC” “CHs HsC” “CHs
Thymol L-(-)-Menthol
(0] (0]
DES 7 ’Jlf\/f/ /ﬂf\/7/ 1:3%  —
HO 10 HO s
Dodecanoic Acid Octanoic Acid
(0] o
DES 8 ’Jlf\/f/ ’Jlf\/f/ 1:29  —
HO ho HO A

Dodecanoic Acid

Decanoic Acid

by the Laboratory of Industrial and Synthetic Organic Chem-
istry (LISOC) within the Department of Chemistry and
Chemical Technologies at the University of Calabria. For the
synthesis of DESs, Thymol, 1-(—)-menthol, tetrabutylammo-
nium bromide, betaine, octanoic acid, decanoic acid, and
dodecanoic acid were purchased from Sigma Aldrich (Merck
KGaA, Darm-stadt, Germany). Eventually, the only precursor
that comes in liquid form at room temperature, namely octa-
noic acid, was used for the testing as well. With the only
exception of DES 3, all the tested solvents consist of com-
pounds of natural origin. Hence, they can be defined as NADES
(Natural Deep Eutectic Solvents).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Hydrophobic DESs preparation. Hydrophobic DESs were
synthesized by mixing component 1 and component 2 at the
proper molar ratio - as shown in Table 1 - and heating them to
a temperature between 80 °C and 100 °C until homogeneous
liquids were formed in times ranging from 1 to 3 hours.**™*°

Solubility tests. Solubility tests were performed by mixing 2
parts of wax and 5 parts of solvent (w/v) in vials. Along with the
8 DESs, one precursor - Le., octanoic acid — and reference solvents
were tested for each wax, namely White Spirit for the beeswax and
Ligroin 100-140 °C for the two microcrystalline waxes.

The vials were placed in a Vevor® digital ultrasonic cleaner
(120 W, 50 Hz) to accelerate the solubilization process for
24 hours. The degree of solubilization was evaluated through
turbidity measurements by filtering the mixture to remove solid
residues. The analysis was performed using a Haze 3001
Turbidity Meter.

Contact angle measurements. Contact angle measurements
were performed with the LAUDA Surface Analyzer LSA60 to
assess the waxes’ wettability using the tested formulations, thus
evaluating the surface-liquid interactions. The eight DESs were
examined, as well as reference solvents - i.e., White Spirit and
Ligroin 100-140 °C - and deionized H,O. The analysis was
carried out by bringing down a drop of each solvent on
microscope glass slides covered with 0.5 g of each wax. During
the preparation of the mockups, the R21 dispersion was simply
applied on the slides and let harden, while Beeswax and
Renaissance® were slightly heated up to 50 °C to make them
melt and form a flat and uniform surface. For each solvent-wax
combination, three measurements were performed to reduce
the uncertainty of the analysis. The results are presented as
mean values.

Cleaning tests. Laboratory specimens were prepared by
applying 0.5 g of each wax, both pure and mixed with the
fluorescence marker Rhodamine 6G, on microscope glass
slides to evaluate the solvents’ solubility on an inert substrate.
The waxes were loaded with Rhodamine 6G to allow for the
evaluation of the effective removal of the wax layer in the
treated areas through spectrocolorimetric analysis and multi-
spectral imaging. Beeswax was heated up to 50 °C, while
Renaissance®™ up to 40 °C to facilitate their application. Rho-
damine 6G was added after the heating process. Once the solid
state was reached, specimens were soaked in ethanol/water
solution (20:70) for 3 hours to remove the excess marker, thus
avoiding further extraction of the sole Rhodamine 6G during
the cleaning tests. Swab cleaning tests were carried out simu-
lating the operational mode commonly used by restorers: each
solvent — also comprising reference solvents (i.e., White Spirit
for beeswax and Ligroin 100-140 °C for microcrystalline waxes) —
was left on the layers of wax in the same amount (1 mL) for
increasing contact times - ie., 1 minute, 2 minutes, and 3
minutes - and then the solvent’s residues were removed from
the surface using cotton swabs wounded on a thin stick. Tests
were summarized in the Results section by assigning an
average value to each wax-solvent combination. During the
treatment, mechanical rubbing action was minimized to limit
its contribution to the removal of the layer. Deionized water was

New J. Chem., 2023, 47, 5991-6000 | 5993
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also used as a reference solvent, as it should not have any kind
of interaction with wax. Spectrocolorimetric analyses were
performed before and after the cleaning treatment using a
portable spectrophotometer Y3060 3nh, equipped with a D65
illuminant and an 8 mm size aperture. The analysis was carried
out in the SCI mode (Specular Component Included) and by
measuring the spectra between 400 and 700 nm. The acquisi-
tions were performed three times on each sample to reduce the
uncertainty of the analysis. Data were then analyzed through
the CIELab color system. The variation of the parameters L*, a*
and b* was calculated by evaluating the Euclidean distance
between the mean of the values acquired on the areas after the
treatment and the ones collected on the blank sample. AL*,
Aa*, and Ab* were summarized in the total color difference AE,
given by the following equation:

AE = /(AL + (Aa")? + (Ab")? 3)

For each sample, AE uncertainty was estimated through the
calculation of the standard deviation of the AE; computed for
each triad of measurements. Smaller values indicate greater
proximity of the treated area to the sample without the wax
coating, thus demonstrating the higher effectiveness of the
solvent. Higher values mean that the wax layer is still present to
different degrees, hence proving the less interaction between
the solvent and the wax.

Multispectral imaging was performed using UV (365 nm)
and visible (VIS) light sources before and after the cleaning
tests to evaluate the solvents’ effectiveness. The analysis was
carried out using the Madatec multispectral system, which
consists of a full-spectrum Samsung NX500 Digital Camera
(28.2 MP BSI CMOS) and Madatec spotlights with 365 nm
(UV) wavelength. Images of the induced fluorescence were
taken using the HOYA UV-IR filter cut 52 and the Yellow 495.
52 mm F-PRO MRC 022 filter to reduce the component of the
UV spotlight, thus better highlighting possible fluorescence
effects.”® Fourier Transform Infrared (FT-IR) spectroscopy in
the Attenuated Total Reflectance (ATR) mode was performed
on the swabs used for the cleaning tests as well to further
confirm the presence of the wax-solvent mixture on them,
hence assessing the actual interaction between the solvent
and the solute. The IR spectra were collected using the Nicolet
Summit FTIR spectrometer equipped with the Everest™ Dia-
mond ATR accessory. A total of 32 scans were performed on

each sample with an instrumental resolution of 8 cm™.

Results
Solubility tests

Fig. 1 shows the dissolution degree of the waxes in the tested
solvents. Total dissolution was not achieved with any of the
tested DESs, including reference solvents that are commonly
used for the removal of wax layers from works of art, namely
Ligroin 100-140 °C for the microcrystalline waxes and White
Spirit for the beeswax. Indeed, the interaction between the
waxes and the solvents resulted in turbid colloidal dispersions

5994 | New J. Chem., 2023, 47, 5991-6000
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R21 microcrystalline wax

Fig. 1 Solubility tests, from the top to the bottom: R21 microcrystalline
wax, Renaissance® wax, and beeswax mixed with the tested solvents in
vials. L: ligroin 100-140 °C; octanoic acid: OA. DESs are labelled with
consecutive numbering. Fatty acids-based DESs: 1, 2, 3, 7, 8; thymol-based
DESs: 4, 5, 6.

instead of solutions. This effect is explained by the fact that the
waxes form opaque colloidal systems in nonpolar organic solvents,
by having particles with a size of few nanometers to 1 um range.>*>*

Due to the formation of colloidal dispersions, turbidity
measurements were used to assess the degree of solubilization
of the waxes in each solvent. High Nephelometric Turbidity
Unit (NTU) values imply significant cloudiness of the mixture,
meaning the formation of intermolecular interactions among
the solvents and the waxes with the formation of the suspen-
sion. Conversely, low NTU values highlight a lack of interaction
between the wax and the solvent. Fig. 2 illustrates the NTU
values for each solvent-wax combination normalized to the
reference solvents, ie., Ligroin and White Spirit. The degree of
dispersion of the microcrystalline wax R21 in each solvent can be
defined as follows: L > DES 2 > DES 4 > O.A. > DES 6 >
DES 3 > DES1 > DES 8 > DES 5 > DES 7. As to the Renaissance®™
wax polish, turbidity measurements showed that: DES 2 > O.A. >
DES7 > L > DES6 > DES8 > DES4 > DES1 > DES 3 > DES5.
Fewer Deep Eutectic Solvents had the same dispersive effect on the
beeswax, probably due to the presence of more polar groups in the
beeswax chemical composition (complex wax esters, linear wax
monoesters and hydroxy monoesters, free fatty acids, and free fatty
alcohols).> The turbidity of the beeswax-solvent mixtures can be
summarized as follows: WS > DES 8 > O.A. > DES2 > DES 6 >
DES1 > DES 7 > DES 4 > DES 3 > DES 5.

Contact angle measurements

Contact angle measurements demonstrated the tendency of
each solvent to spread over the surface or be repelled by it, thus

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 2 Normalized values derived from turbidity measurements of sol-
vent—wax mixtures. L: ligroin 100-140 °C (used as a reference for R21 and
Renaissance®™); WS: White Spirit (used as a reference for beeswax);
octanoic acid: OA. DESs are labelled with consecutive numbering. Fatty
acids-based DESs: 1, 2, 3, 7, 8; thymol-based DESs: 4, 5, 6.

defining the wettability of the three waxes by the tested DESs
and references (Fig. 3). The poor wettability of the substrate by
water is evidenced by the high contact-angle values, ranging
from 91.4° + 1.5 to 120° £ 0.3. On the other hand, the
hydrophobicity of the reference solvents and DESs caused a
high reduction of the contact angle values, highlighting the
overall wettability of the three waxes by these formulations. As
to the microcrystalline dispersion R21, the solvents showing
the lower contact angle values, meaning the higher wettability,
are as follows: WS, DES 4, DES 6, DES 2, and L, while higher
values were acquired for DES 8, O.A., DES 7, DES 1, DES 3,
DES 5. Results obtained from the analysis of Renaissance®™ wax
showed similar results, even though outlining the general lower
wettability by all the hydrophobic solvents, except for White
Spirit. Indeed, only WS and DES 2 provided values lower than
20° - respectively 2.2° £ 1.3 and 19.9° £ 1.6. The results related
to the other formulations can be summarized as follows (from
the lower to the higher values): L, O.A., DES 8 = DES 6, DES 1,
DES 7, DES 4, DES 3, DES 5.

Beeswax exhibited a general lower wettability by the tested
solvents, whose contact-angle values are in the following order
(from the lower to the higher one): WS, DES 2, DES 8,
DES 1 = DES 7 = O.A., DES 6, DES 4, L, DES 3, DES 5.

120

100

23
S

Y

h

< 60

g

S 40 =

- + ml
. Wil . A
R21 Renaissance® Beeswax

m Deion. H20 Ligroin 100-140 °C White Spirit DES 1
mDES 2 mDES 3 mDES 4 mDES S
mDES 6 mDES 7 mDES 8 mO.A.

Fig. 3 Contact angle values: mean resulting from three measurements
and standard deviation.
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Cleaning tests

Spectrocolorimetric analysis. Table 2 reports the results of
the spectrocolorimetric measurements, which enabled the
definition of the DESs’ cleaning performance on an inert
substrate - ie., glass slides - hence assessing the effective
removal of the coating by each solvent. The chromatic variation

~

AE) was calculated by comparing the chromatic values
obtained after the cleaning tests with the ones of the micro-
scope glass’ (blank sample), thus describing the ability of the
tested solvents in removing the wax. High AE values denote the
presence of wax on the sample’s surface, while low ones
indicate the higher effectiveness of the solvent.

For R21, the solvents’ efficacy based on spectrocolorimetric
analysis can be defined as follows: L > DES 2 > DES 6 >
DES4 > DES1 > DES8 > DES7 > O.A. > DES3 > DES5 >
H,. As to the Renaissance™ wax polish, the results can be
summarized as L > DES 2 > DES 4 > DES 7 > O.A. > DES
6 > DES 8 > DES 1 > DES 5 > DES 3 > H,O. Finally,
beeswax’s AE values can be explained as WS > DES 2 >
DES 8 > DES1 > DES7 > DES 4 > DES 6 > DES 5 > DES
3 > H,0. The observations made during the removal of the wax
layer, coupled with the results of the spectrocolorimetric mea-
surements, enabled the definition of the cleaning performance
on an inert substrate - i.e., glass slides — hence assessing the
effective removal of the coating by each solvent. As a general
remark, longer contact times (i.e., 3 minutes) allow for more
efficient removal of the layer. Also, more hydrophobic DESs
seem to interact with beeswax, while lesser with the microcrys-
talline wax R21. Indeed, beeswax is particularly responsive to
DES 2 and 8, but also to DES 1, resulting in the following
descending ranking: WS = DES 2 = DES 8, DES 1, DES 4 = O.A. =
DES 7, DES 6, DES 3 = DES 5. The results obtained from the
cleaning tests on Renaissance® can be summarized in descend-
ing order as L = DES 2, DES 4, O.A. = DES 7, DES 1 = DES 8,
DES 3 = DES 5 = DES 6 while, as to R21, only DES 2 almost
equals the result of the reference solvent (Ligroin). The other
solvents appear to be able only to partially remove the wax layer,
in the following descending sequence: L, DES 2, DES 1 =
DES 4 = DES 6 = DES 8, DES 3 = O.A. = DES 7, DES 5. The

Table 2 Spectrocolorimetric parameter AE for each solvent—solute
combination, resulting from the mean of three measurements. The stan-
dard deviation computed on AEgis 0.47 < SD < 7.95

AE* values
Solvent R21 Renaissance® Beeswax
Deionized water 28.64 17.41 7.87
DES 1 13.66 16.02 3.06
DES 2 8.04 0.76 2.38
DES 3 24.21 16.77 7.01
DES 4 13.34 4.58 5.56
DES 5 27.01 16.76 7.00
DES 6 12.99 15.55 6.19
DES 7 22.86 9.96 5.34
DES 8 14.03 15.83 2.54
Ligroin/white spirit 4.44 0.63 2.33
Octanoic acid 23.67 10.46 5.69

New J. Chem., 2023, 47, 5991-6000 | 5995
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Table 3 Average rating assigned during the cleaning tests. Legend: —
stands for “no” removal”, while ***** indicates complete removal of the
wax layer

Solvent R21 Renaissance®™ Beeswax
Deionized water - - _
Ligroin or white spirit HHHHH XXX AKX
DES 1 H XX XX HHHK
DES 2 KKK XK KKK XK KKK
DES 3 *X * *
DES 4 *XH HHHKH P
Octanoic acid xx XK *xk
DES 5 * * *
DES 6 XX * *x
DES 7 H*H KKK HHH
DES 8 HHK XX KHHKH

results reported in Table 3 summarize the outcome of the
cleaning tests, expressed as an average rating based on the
observations made during the removal considering the three
different contact times.

Multispectral imaging. Multispectral imaging allowed show-
ing the solvents’ effectiveness in removing the waxes, support-
ing the observations made during the cleaning tests. The
results obtained using three DESs — namely, DESs 1, 2, and
6 — are reported in Table 4 in both visible (VIS) and UV light, as
an illustration of the different degrees of cleaning effectiveness
defined in Tables 2 and 3. Furthermore, the differences given
by the increasing contact times are visible in the pictures
shown in Table 4. Thus, the results suggest the need for longer
application times that are made possible by the negligible
evaporation rate of the hydrophobic DESs, which also reflects
their low impact on the operator, which is safeguarded from
their inhalation.

FT-IR ATR. The presence of the wax-solvent mixture on the
swabs used for the cleaning treatment was evaluated through
FT-IR ATR. The analysis was performed on the swabs used for
the cleaning tests to assess the presence of a mixture of the
DESs and the waxes on all of them, thus confirming the actual
formation of the colloidal dispersion during the cleaning
treatment. The spectra were interpreted considering the peaks
related to the presence of cellulose-based swabs, that were prior
acquired as blank determination.

Indeed, the absorption band at 3391 cm™
hydroxyl groups stretching.® Bands at 2906 cm™
1373 cm™ " are assigned to stretching and deformation vibra-
tions of the C-H group that can be either related to the glucose
unit of cellulose, the DESs, or the waxes (Fig. 4). The absorption
band at 898 cm ' is characteristic of B-glycosidic linkage
between glucose units.

The signal at 1061 cm™ " is assigned to the -C-O- group of
DESs’ precursors and secondary alcohols or ethers functions
existing in the cellulose chain backbone. Nevertheless, multiple
peaks can be specifically attributed to the DESs or the wax,
providing information about the dispersion of the substance.

As an example, the spectra acquired on the swabs used
for the treatment of each type of wax with DES 1 are shown in
Fig. 4-6.

' is assigned to

1 and
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Table 4 Multispectral imaging in VIS and UV (365 nm) lights showing the
effects of DES 1, DES 2, and DES 6 on the three waxes based on the
increasing contact times (1’, 2/, and 3’). SOL: solvent; RAD: radiation; R21:
microcrystalline wax R21; RE: microcrystalline wax Renaissance®; BE:
beeswax

Before (VIS) After (VIS)

Wax SOL RAD 1/ 2! 3 1 2 3’
| ]
VIS ‘ 1 -
DES 1 _ i
— — -
VIS 1
R21 DES2 ]
% B
VIS ;
DES 6 - _
| 3 " 4 ]
VIS 1 53
DES 1 ______
UV -
_— ]
-
VIS :
o S
RE  DES 2
.
VIS ﬁ
DES 6 —
DES 1 _
UV -
VIS =y
BE DES 2 _
UV -
VIS i
DES 6 )

As to the microcrystalline wax R21, the characteristic peaks
at 725 ecm ' (C-H rocking of alkenes), 2850, and 2920 cm ™"
(C-H stretching of alkenes) are visible in all the acquisitions,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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R21 + Rhodamine 6G [
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Wavenumbers (cm-—1)

Fig. 4 FT-IR ATR spectra comparing DES 1, R21 mixed with Rhodamine
6G, and the swab used for the cleaning treatment.

except for deionized water (Fig. 4).”” At the same time, the
peaks at 1720 cm ™' of C=O stretching of carboxylic acids,
1575 and 1620 cm ™' of C=C stretching of cyclic and conju-
gated alkenes, 1220 and 1290 cm ™" of C-O stretching, 815 cm ™
of C—=C alkene bending can be associated with the solvent.

Due to the nature of the two microcrystalline waxes, the
Renaissance™ wax shows the same characteristic peaks as the
R21 (Fig. 5). Hence, the same considerations can be made, also
due the presence of the same bands related to the three DESs
that can be seen in the previous spectra.

As to beeswax, the characteristic peaks at 2850 and
2920 cm ™' (C-H stretching of alkenes), 1740 cm ' (C=O
stretching of esters), 1460 cm ' (C-H bending of alkanes),
1150 cm ™' (C-O stretching), 960 cm " and 725 cm ™' (C=C
bending of alkenes) can be seen in the spectrum acquired on
the swab after the treatment (Fig. 6) (Dubey, Sharma, & Kumar,
2017). Additionally, the peaks at 1720 cm ™" of C=O stretching
of carboxylic acids, 1425 cm ™" of O-H bending, and 1150 cm ™"
of C-O stretching are related to the solvent.

Discussion

The degree of dispersion of the waxes in the tested solvents was
examined. The results showed that DES 2 and DES 4 produce a
higher degree of dispersion on the microcrystalline wax R21,
while DES 2, octanoic acid, and DES 7 showed the same good
results in the dispersion of the microcrystalline wax Renais-
sance®™. Also, DES 8, octanoic acid, and DES 2 effectively
interacted with beeswax. However, it is worth mentioning that
the degree of dispersion hinges not only on the affinity between
the solvent and the dispersed phase but also on their relative
proportion. The presence of solid residues of wax could be
related to the oversaturation of the dispersion, thus suggesting

Reinassance + Rhodamine 6G
Swab - After treatment ’
(\ I

DES 1 f | \

Absorbance

T K¢\ I\ \
I |

w00 3600 G0 20 2000 180 160 1400 1200 1000 800
Wavenumbers (em-1)

Fig. 5 FT-IR ATR spectra comparing DES 1, Renaissance™ mixed with
Rhodamine 6G, and the swab used for the cleaning treatment.
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**1 Swab - After treatment

Absorbance

Wavenumbers (cm- 1)

Fig. 6 FT-IR ATR spectra comparing DES 1, beeswax mixed with Rhoda-
mine 6G, and the swab used for the cleaning treatment.

that complete dispersion of the wax can be obtained with a
higher solvent volume. The R21-DES4, beeswax-DES2, beeswax-
0.A., beeswax-DES8, and Renaissance®™-DES2 mixtures were
highly opaque, possibly entailing the saturation of the disper-
sion and, in the case of the R21-DES4, beeswax-DES2, and
beeswax-O.A., leading to the formation of a semi-solid paste.

Contact angle measurements highlighted the general ten-
dency of the DESs to spread onto the waxes’ layers as opposed
to deionized water, due to the higher affinity between the DESs
and the solute having high hydrophobicity. Cleaning tests
enabled the direct evaluation of the solvents’ effectiveness by
using the operating procedure commonly employed by
restorers — ie., the swab-cleaning method - thus providing
valuable information on the DESs’ actual potential for their use
as new sustainable cleaning systems for the removal of non-
polar substances from Cultural Heritage materials. The conclu-
sions resulting from the cleaning tests, multispectral imaging,
and spectrocolorimetry show that DES 2 almost equals the
efficacy of Ligroin in removing the R21 microcrystalline wax,
while DES 2 and DES 4 have a greater effect on the cleaning of
the Renaissance™ wax polish. In addition, DES 2, DES 8, and
DES 1 were able to remove the beeswax layer successfully. Also,
all the proposed formulations formed a semi-solid paste with
the wax, allowing for easy removal of the solvent-solute mixture
from the specimens’ surface.

FT-IR ATR analyses confirmed the actual interaction
between the solvent and the solute during the cleaning treat-
ment, thus disproving the hypothesis that the removal of the
layer may have been due to mechanical action. Indeed, the
presence of both solvent and wax residues on the swabs used
for the cleaning treatment showed that the agglomerated
particles of the wax are effectively separated from each other
through the action of the solvent.

Based on the whole study, it is possible to conclude that the
combination 1-(—)-menthol-cctanoic acid 1:1 (DES 2) shows a
higher affinity with the three types of wax. Besides, promising
results are also given by the application of DES 2 on the
microcrystalline wax Renaissance®™ and by the utilization of
dodecanoic acid-decanoic acid 1:2 (DES 8), followed by DES 2,
and thymol-Decanoic acid 1:1 (DES 1) for the removal of
beeswax.

The different solvent-solute interactions observed in the
experimentation can be related to the different compositions
of the three waxes. Indeed, microcrystalline waxes are produced
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by de-oiling petrolatum, as part of the petroleum refining
process. While paraffin wax contains mostly unbranched
alkanes, microcrystalline wax is composed of a higher percen-
tage of isoparaffinic (branched) hydrocarbons and naphthenic
hydrocarbons.>® Indeed, the presence of cyclic hydrocarbons in
their composition explains the better dissolution of the micro-
crystalline wax R21 in DESs based on r-(—)-menthol. Their
respective structures interact due to the formation of weak
intermolecular forces involving the hydrophobic portions of
the molecules - i.e., cyclic hydrocarbons. This phenomenon
becomes particularly evident when DES 4 and DES 6 are
compared. While DES 6 consists of equal proportions of
L-(—)-menthol and thymol - containing an aromatic structure
instead - DES 4 has twice as much 1-(—)-menthol, thus causing
greater dissolution of the solute.

Even though the Renaissance®™ wax polish is a microcrystal-
line wax as well, it does not contain naphthenic hydrocarbons.
According to the information provided by producers, it is a
mixture of waxes containing polyethylene wax - i.e., ultra-low
molecular weight polyethylene based on ethylene monomer
chains - which makes it more stable compared to other micro-
crystalline waxes intended for conservation.>®

This difference in the composition between the two micro-
crystalline waxes may be the cause of their different interaction
with the tested solvents. Octanoic acid seems to have greater
compatibility with the Renaissance® wax, probably due to the
chain length of low-molecular weight-based waxes. Indeed, low-
molecular-weight waxes might have C8-C9 alkyl chains which
could better interact with the alkyl chains of octanoic acid.

Even though differences have been pointed out between the
two microcrystalline waxes, the intermolecular forces driving
their interaction with the proposed solvents presumably consist
of London dispersion forces involving the linear alkyl chains of
the solvents - i.e., carboxylic acids - the branched hydrocarbons
of the waxes, and the cyclic structures of both r-(—)-menthol
and R21 microcrystalline wax.

Eventually, beeswax is a complex mixture of hydrocarbons
(12-16%) with a predominant chain length of C27-C33, free
fatty acids (12-14%), with a chain length of C24-C32, linear wax
monoesters and hydroxy monoesters (35-45%) with chain
lengths generally of C40-C48, complex wax esters (15-27%),
and exogenous substances.’” The presence of long alkyl chains,
-OH, -COOR/, and -COOH groups in beeswax’ structure
explains the broad range of solubility of beeswax in low- and
medium-polar solvents.”® Also, the higher interaction between
beeswax and DES 8 can be related to the presence of fatty acids
having -COOH groups, similar to beeswax, and the longer alkyl
chains among the tested acids. As to carboxylic-acids-
containing DESs, the interaction between the solvents and
beeswax can be mainly ascribed to the formation of hydrogen
bonds between the polar moieties of the solvent and the
beeswax. The carbonyl group -C—O of carboxylic acids can
form hydrogen bonds with both the hydroxyl groups -O-H of
fatty acids and wax hydroxy monoesters contained in the
beeswax. Likewise, the hydroxyl group of the solvent can form
hydrogen bonds with the carbonyl group of wax’s fatty acids,
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monoesters, and hydroxy monoesters. London dispersion
forces play a significant role as well, by involving the hydro-
phobic moieties of the solvent and the solute. These interac-
tions tend to increase with increasing the chain length, due to
the higher number of electrons able to generate more instan-
taneous dipoles. Indeed, the reduction of the alkyl chain’s
length - as with octanoic acid-based and i1-(—)-menthol or
thymol-based DESs - the action on beeswax decreases, even
though the hydroxyl groups should partially interact with the
ones present in the wax.

Conclusions

The experimental process provided valuable results proving
hydrophobic DESs’ potential of being used as sustainable
solvents for cleaning treatments on Cultural Heritage materials.

Hydrophobic Natural Deep Eutectic Solvents proved to be
potentially suitable alternatives to more toxic organic solvents
that are currently popular in the conservation of Cultural
Heritage sector. Indeed, NADESs have low toxicity for the
operator, as they consist of natural and biocompatible sub-
stances and have low volatility. This latter aspect has a twofold
implication: a reduced amount of solvent is needed, since it
does not evaporate and continues to interact with the coating to
be removed as long as required, making the treatment fully
sustainable; the operator does not inhale solvent vapors, thus
avoiding health risks. Also, the low evaporation rate allows for
the recovery of the DESs, which can be extracted from the
solvent-solute mixture and reused. Several recycling methods
are currently being studied for both hydrophilic and hydro-
phobic deep eutectic solvents - i.e., adsorption with activated
carbon, back extraction, anti-solvent addition, crystallization,
liquid-liquid extraction, solid-liquid extraction, short-path
distillation, supercritical fluid extraction, membrane-based
processes, and separation due to density and viscosity
differences.>*"®" In addition, DESs have physical properties that
make them suitable for use in cleaning operations, such as
transparency, moderate viscosity, and effective interaction with
the material to be removed.

In the present study, the potential of different NADES has
been revealed. Specifically, 1-(—)-menthol-based DESs-thymol/
1-(—)-menthol 1:2 in particular - provided positive results in
combination with the R21 microcrystalline wax, presumably
due to the presence of naphthenic hydrocarbons in the wax’
composition. Octanoic acid-based DESs - i.e., L-(—)-menthol/
cctanoic acid 1:1 and dodecanoic acid/octanoic acid 1:3 -
showed higher interaction with the Renaissance®™ wax, prob-
ably due to the alkyl chains’ length of low-molecular-weight
polyethylene waxes and branched hydrocarbons that may
resemble that of octanoic acid. Eventually, fatty acid-based
DESs with the longer alkyl chains - ie., dodecanoic acid/
decanoic acid 1:2, 1-(—)-menthol/octanoic acid 1:1 - show a
greater affinity with beeswax due to the presence of the same
—-COOH functional groups and long alkyl chains in the structure
of beeswax’ constituents.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Future research will focus on the definition of the solubility
parameters of hydrophobic deep eutectic solvents to determine
the solubility parameters and the areas of the Teas Triangle in
which they stand. The cleaning performance will be also
evaluated on mockups reproducing Cultural Heritage works,
such as stone and metal surfaces, examining once again the
presence of solvent residues and the interaction between the
hydrophobic NADESs and the substrate.
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