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Abstract: This study investigates the potential of fatty acid methyl esters (FAME) as environmentally
sustainable alternatives to traditional solvents for the removal of low-polarity materials commonly
found in cultural heritage artefacts. Recognizing the environmental and health concerns associated
with conventional solvents, this research focuses on FAME to remove low /non-polarity or non-polar
substances used in cultural heritage preservation. Laboratory samples coated with low molecular
synthetic resins (LMW) such as Regalrez 1094 and microcrystalline wax were treated with FAME
applied in gel to prevent solvent—substrate interactions. Photographic documentation under UV-
vis light, optical microscope observations, and spectrocolorimetric analysis were used for assessing
surface “cleanness”, while FTIR-ATR spectroscopy was used to detect possible residue from treatment.
Moreover, SEM analysis was used for a better understanding of the results. The best results were
obtained using FAME base on methyl stearate according to Hansen-RED.

Keywords: green solvents; fatty acid methyl esters (FAME); cleaning; low /non-polar substances;
cultural heritage conservation

1. Introduction

The conservation of cultural heritage requires meticulous approaches to preserving
artworks, often relying on organic solvents for various restoration and maintenance tasks.
Most of the solvents used, while effective, have raised concerns regarding their environmen-
tal impact and adverse health effects on conservators [1,2]. Today it has become imperative
to commit to sustainable conservation practices, in line with global initiatives such as the
EU Green Deal and Agenda 2030.

Organic solvents play a multifaced role in cultural heritage conservation, from surface
cleaning and protective coating to adhesive dilution and organic matter removal [3-7]. An
unresolved challenge in this domain pertains to the removal of substances exhibiting low
polarity or non-polar characteristics [8,9]. Solvents commonly used for their removal [10,11]
pose considerable environmental and health risks, particularly in the case of material such
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as microcrystalline waxes, which are widely employed as protective coatings for the
substrate of diverse artworks [12-17].

In response to the escalating demand for sustainable practices, various new strategies
for removing low/non-polar substances have been studied [18-21]. Recently, fatty acid
methyl esters (FAME) are being studied as a potential green solvent. These compounds have
emerged as promising candidates to replace low-polarity solvents due to their biodegrad-
ability, minimal volatile organic compound (VOC) emission, and non-toxic nature [22,23].
Synthesized through alkali-catalysed reactions involving fats and methanol [24], the fatty
acid chains comprise carbon chain lengths ranging from C6 (e.g., methyl hexanoate, CAS
106-70-7) to C18 (e.g., methyl stearate, CAS 112-61-8), mainly saturated but also mono- and
di-unsaturated C18 (e.g., methyl oleate, CAS 112-62-9 and methyl linoleate, CAS 112 63 0).

The present study endeavours to explore the potential of FAME as an alternative
solvent for removing low-polarity materials commonly used as in-painting media and
picture varnishes like low molecular weight (LMW) synthetic resins (Regalrez 1094) and
microcrystalline wax [25,26].

The aim of the experiment was to evaluate the effectiveness of FAME in removing
the aforementioned low-polar substances. FAME were applied to the surface of prepared
laboratory mock-ups (four canvases coated with two different types of non-polar coatings:
microcrystalline wax and Regalrez 1094 varnish) using a gel formulation due to their negli-
gible or low volatility, thus addressing the need to prevent solvent—substrate interactions
in cultural heritage applications. The cleaning efficacy was assessed on the laboratory
samples utilizing the following analytical techniques: visible (vis) and ultraviolet (UV)
imaging, digital microscope observations, spectrocolorimetry, Fourier-transform infrared
(FTIR) spectroscopy, and scanning electron microscopy (SEM).

In cleaning restoration practice, an important step (and the first that should be carried
out) is the evaluation and choice of the most suitable solvent in order to assess different
parameters;namely, assessing compatibility with the artwork’s constituent materials, find-
ing the solvent with the most suitable strength to remove the substances in question, and
avoiding unwanted solvent-substrate interactions. The prevalent tool among conservators
for solvent evaluation and identification of potential eco-friendly alternatives is the Teas
Chart [27]. Although the Teas Chart is characterized by several limitations pertaining
to solute-solvent interaction phenomena like leaching and swelling and by its inability
to address substance solubility under varying pH conditions [28], for the conservator, it
represents an invaluable resource. The solvent power is described on a triangular graphic
using the three Hansen solubility parameters (6d: dispersion forces; dp: polar forces; and
dh: hydrogen bonding). According to the Teas Chart, the area for wax (non-polar material)
is located at the lower right corner. Petroleum ether, toluene, and xylene were placed
in the Teas Chart in the same area of waxes, and hence were used as solvent for them.
Due to the toxicity of toluene and xylene, mineral spirits and ligroin were selected during
experimentation as reference solvents used in the removal of microcrystalline wax and
Regalrez 1094 varnish.

The findings indicate that FAME could be a suitable alternative to common toxic
solvents used in cultural heritage restoration practices, providing a level of cleaning compa-
rable to reference toxic solvents (i.e., white spirits and ligroin) while respecting the health
of the operator and the integrity of the artwork.

2. Materials and Methods
2.1. FAME Selection

The list of FAME available on the ECHA website (https:/ /echa.europa.eu/it/regist
ration-dossier/-/registered-dossier/15897/7/2/1 (accessed on 23 September 2023) was
examined in order to choose potential FAME to employ in the experiment. Table 1 presents
a list summary of FAME found on the ECHA website, reporting their name, their formula,
and when available, the compound structure.


https://echa.europa.eu/it/registration-dossier/-/registered-dossier/15897/7/2/1
https://echa.europa.eu/it/registration-dossier/-/registered-dossier/15897/7/2/1
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Table 1. List of FAME.

Compound Name

Formula Structure

Methyl Canolate

CH;3(CH,)19CO,CH,CH,SO5Na -

o]
Methyl Caprate (Methyl decanoate) C11Hp Oy g \H/\/\/W

o
~
Methyl Caproate (Methyl hexanoate) C;H 140, \ﬂ/\/\/

Methyl Capylate (Octanoate) CHj3(CH,)¢CO,CHj3 G /\/\/\)J\O _CHs
3

Methyl Cocinate

C14Hog0, e

Methyl Laurate (Methyl Dodecanoate) Cy3Hp607 /\/\/\/\/\)]\ _cHy

e

Methyl Linoleate

Methyl Linolenate

C19H3,0,

CH:
O—CHs3
C19H340, ) ©
H
H H
H H
H
H
(o}
H
O—CH:z
H CH:

Methyl Myristate (Methyl tetradecanoate) C15H300, ‘ W\MA[I -

H H

5. Outadecenonts) CiotiseO:
Methyl Palmitate C17H340;
Methyl Ricinoleate C19H3603
Methyl Stearate C19H350;
Methyl Soyate Fatty acids C16-18. -

The solubility parameters were evaluated from the list of FAME shown in Table 1,
starting with the Hansen solubility parameters (HSPs). The cohesive energy or HSPs of
FAME were computed using the commercial software HSPiP 6.0, and they were based
on two methods: the van Krevelen—Hoftyzer approach and the Stefanis and Panayiotou
approach [29,30].

The former, based on the additive theory of functional group contributions, com-
putes the solubility parameter components (8d, op, and dh) from group force contributions
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using a first-order equation. Meanwhile, the latter employs a second-order equation to
achieve greater accuracy in determining these parameters. The average between FAME
van Krevelen—Hoftyzer and Stefanis and Panayiotou solubility parameters was trans-
formed into Teas parameters that are mathematically derived from Hansen values using
the following equations by allowing a 2D view of 3D data:

Fd=5d /6d +6p + 6h; Fp=0p/dd+6p+06h; Fh=25h/bdd+dp+dh

Fd + Fp + Fh = 100

where Fd is the dispersion component of the fractional cohesion, Fp is the polar component,
and Fh is the hydrogen bonding.

From the list of FAME presented in Table 1, six pure FAME were then selected based on
the Teas Chart and compared to Ligroin and Mineral spirits (which were taken as reference
solvent), respectively employed as common solvent for the removal of microcrystalline
wax and varnish called “Regalrez 1094”. These were further compared to a commercially
available FAME product consisting of a blend of methyl esters (Agnique® ME).

2.2. Laboratory Samples

Two non-polar materials, microcrystalline wax and Regalrez 1094 varnish, were ap-
plied to two types of substrates—commercial canvases coated with red acrylic paint and
red pigment dispersed in linseed oil, respectively. A total of four canvases were prepared.
The choice of these sample types was driven by the necessity to understand potential
interactions between FAME and common substrates prevalent in the realm of cultural
heritage, such as oil paintings or contemporary acrylic artworks.

The decision to craft laboratory samples in this manner stemmed from the fact that the
solubility parameters of FAME coincide with the swelling and leaching areas of supports
made with acrylic and linseed o0il. Stone materials were disregarded due to their high
polarity, which precludes such interactions. Paint layers were aged to simulate conditions
akin to real scenarios, following the ageing by SUNTEST method for 144 h [31]. A uniform
layer of non-polar coating was applied atop the prepared paint layers. To facilitate the
macroscopic tracking of cleaning on both varnishes, Fe304 was introduced as a marker.

2.3. FAME Application

The laboratory samples were divided on to nine squares of the same dimension
(5 x 5 cm). Due to the interaction with the substrate, for the application a gel formulation
was prepared. A homogenous solution was prepared by using poly-hydroxybutyrate (PHB);
the polymer was stirred at 50 °C for 6 h. This polymer was chosen because in previous
studies, this bioderived-based polymer has been used within a similar scope [32,33].

The FAME were added to the polymer, and the formulation was cooled at room
temperature for two hours. Figure 1 shows the placement of the different FAME gels on
the laboratory samples. Starting from the upper left corner, the succession of the different
FAME gels that were formulated is placed from top to bottom.

The gels formulated with the refence solvent (ligroin for microcrystalline wax and
white spirit for “Regalrez 1094” varnish) were placed on the top left corner and marked
as Gel 1. In the square at the top right corner, the gel formulation prepared with only the
polymer was placed (named Gel 9) to assess the possible solubility powder of the polymer.

The cleaning process involved direct application of gels onto the surface of canvases
treated with non-polar varnishes, allowing a five-minute contact time. Eventually, residues
of gel formulations present on the surface were subsequently removed by rolling a dry
cotton swab across the cleaned surface. Upon repeating the application on the surface, the
areas were found to be completely clean. However, the repeated application led to the
interaction between the gels and the paint layer.
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Gel1 Gel 4 Gel9

Gel 2 Gels Gel 8

Gel 7

Gel3 Gel 6

Figure 1. Placement of the FAME gels on the prepared laboratory samples.

2.4. Efficacy of Cleaning Test

To define the effectiveness to remove the varnish and microcrystalline wax, targeted

analytical methods were employed:

UV-vis imaging was conducted to macroscopically assess the efficacy of cleaning
using various FAME. Visible and UV light imaging was employed to capture crucial
data regarding surface layer conditions and the extent of varnish removal. Imaging
was performed on the canvas using a CANON EOS M50, Canon, Tokyo, Japan full
spectrum camera equipped with specific filters: the HOYA UV-IR (Madatec, Milan,
Italy) cut filter 52 and Yellow 495 52 mm F-PRO MRC 022(Madatec, Milan, Italy)
even though the camera was positioned as parallel as possible to the surface some
reflection of the varnish can still be seen. For each FAME, the removal area ratio was
calculated by processing acquired images: the percentage of the residues area (in
black) to the entire sample area of the cleaning test. The percentage of the black area
was determined used Photoshop Adobe (v.CS6) software to identify the pixels with
the different colour in the picture, using a tolerance of 5% (Figure 2). The image was
rasterized at 600 DPI and subsequently, its histogram was analysed using Photoshop.
The obtained value was divided by 255 and then subtracted from 1. This process
allowed for obtaining the percentage of black normalized to 1 (where 1 represents
100% black and 0 represents 0% black). Additionally, the values of clean areas were
normalized based on the values obtained from the same areas in the untreated canvas,
as shown below.

A DinoLite AM411-FVW digital microscope (Leica Microsystems, Wetzlar, Germany)
operating at 40and 220 magnifications in both visible (VIS) and ultraviolet (UV) light
modes was used to observe surface morphology.

Spectrocolorimetry was conducted using the YS3010 3nh Handheld Spectrophotometer
(Shenzhen ThreeNH Technology Co., Ltd, Shenzhen, China) to define the colour
surface difference before and after the cleaning treatments, using the total colour
variation (AE) as a quantitative index to evaluate cleanliness. AE was calculated as the
difference between the colour parameters of the surfaces following cleaning treatment
and those of the surfaces both without the application of crystalline wax and Regarlez
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1094 varnish and with the application of the two coatings. To facilitate the analysis
of colorimetric data, emphasis has been placed on calculating chromatic variation
concerning the surface obtained after the cleaning treatment in comparison with the
painted surface and the surface coated with Regarlez or microcrystalline wax. For this
purpose, the following index has been computed:

Threshold X
Thresheld Levet TR oK ]
Cneal
[ Prevarw

| le ]

o

Figure 2. The step in the process of calculating the percentage of black present on the surface of canvases.

v = AE (Surface after the cleaning Treatment — Painting surface)/

AE (Surface Surface after the cleaning Treatment — Surface with the wax/Regarlez coating)

Colorimetric data were collected from the same regions of the painted canvas, treated
with both types of varnish, and cleansed (five areas divided into a central zone and four cor-
ners). The data represent an average of measurements collected from the following areas.

e To confirm the absence or presence of surface residues, Fourier-transform infrared
(FTIR) spectroscopy in attenuated total reflection (ATR) mode was performed using
the Nicolet Summit Pro instrument from Thermo Scientific (Waltham, MA, USA).
The areas that appeared macroscopically clean were brought into contact with the
instrument’s diamond. Spectra were acquired in the range of 400-3200 cm !, with a
total of 32 scans at a resolution of 4 cm~1;

e  Scanning electron microscopy (Tescan Vega model) was performed to better under-
stand the interaction between the non-polar coating and the underlying pictorial layer.
The SEM observations were obtained by appropriately varying the instrumental pa-
rameters with an electron beam potential of 30 KeV by using the secondary electron
detector for a definition of the surface morphology but also, in some cases, by using
the coupling with backscattered electron vision. In this way, it is possible to exploit
the atomic number contrast in backscattered electrons, allowing for the identification
of different surface compositions from the grey gradient.

3. Results
3.1. FAME Selection

Table 2 reports the value of Hansen and Teas parameters for the FAME shown in
Table 1. The increment in the CH; groups within the ester molecule directly associates with
an increase in the dispersion solubility parameter (5D) due to heightened van der Waals
intermolecular forces. Moreover, distinct structural features intrinsic to different fatty acid
esters result in further disparities. Factors such as chain length, levels of unsaturation, and
branching exert substantial influence over the overall properties of FAME.

The CCOO group, constituting a minor fraction of the molecule, exhibits a limited
dipole moment and minimal capacity to engage in hydrogen bond formation. Consequently,
slight variations in the 6P and 6H values are observable, such as in the comparison between
methyl caprylate and methyl linoleate. However, an exception arises with ricinoleate,
which contains a hydroxyl group at C-12, resulting in notably higher 5P and 6H values
compared to other esters.
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Table 2. Hansen parameters and the corresponding Teas parameters.

Compound Name Hansen Parameters Teas Parameters
&d Sp Sh Fd Fp Fh
Methyl Canolate 14.8 2.7 45 67.3 12.3 20.5
Methyl Caprate (Methyl decanoate) 159 24 57 66.3 10.0 23.8
Methyl Caproate (Methyl hexanoate) 16.0 43 5.8 61.1 16.6 223
Methyl Capylate (Octanoate) 15.4 2.7 5.9 64.2 11.3 24.6
Methyl Cocinate 16.0 1.8 47 71.1 8.0 20.9
Methyl Laurate (Methyl Dodecanoate) 16.0 2.1 52 68.7 9.0 223
Methyl Linoleate 16.2 1.6 3.9 747 74 18.0
Methyl Linolenate 16.2 1.7 4.2 73.3 7.7 19.0
Methyl Myristate (Methy] tetradecanoate) 16.0 1.9 42 72.4 8.6 19.0
Methyl Oleate (Methyl (Z)-9-Octadecenoate) 16.1 1.5 3.5 76.3 7.1 16.6
Methyl Palmitate 16.0 1.6 3.6 75.5 7.5 17.0
Methyl Ricinoleate 16.4 3.5 9.3 56.2 12.0 31.8
Methyl Stearate 15.9 14 3.2 77.6 6.8 15.6
Metthyl Soyate 16.1 1.6 3.8 74.9 7.4 17.7
Agnique® ME (mix methyl ester) 16.4 3.3 4.7 67.2 135 19.3

Table 3 displays the relative energy difference (RED) of FAME shown in Table 2,
calculated using white spirit as reference.

Table 3. Hansen parameters and the RED values calculated in relation to white spirit (highlighted

in green).
Compound Name dD dpP dH RED
Agnique® ME (mix methyl ester) 16.4 3.3 4.7 0.80
Methyl Canolate 14.8 2.7 45 0.77
Methyl Caprate (Methyl decanoate) 15.9 2.4 5.7 0.84
Methyl Caproate (Methyl hexanoate) 16 43 5.8 1.00
Methyl Caprylate (Octanoate) 15.4 2.7 5.9 0.89
Methyl Cocinate 16 1.8 4.7 0.68
Methyl Laurate (Methyl Dodecanoate) 16 2.1 5.2 0.76
Methyl Linoleate 16.2 1.6 3.9 0.58
Methyl Linolenate 16.2 1.7 42 0.62
Methyl Myristate (Methyl tetradecanoate) 16 19 42 0.62
Methyl Oleate (Methyl (Z)-9-Octadecenoate) 16.1 1.5 3.5 0.51
Methyl Palmitate 16 1.6 3.6 0.53
Methyl Ricinoleate 16.4 3.5 9.3 1.38
Methyl Stearate 16 1.4 32 0.46
Metthyl Soyate 16.1 1.6 3.8 0.56
Ligroine 15 0 0 0.23
Mineral spirits (white spirit) 15.8 0.1 0.2 0.00

As the affinity for the miscibility of the two substances decreases, RED numbers
increase. RED = 0 signifies that solvent 1 can replace solvent 2; RED < 1 indicates com-
patibility between the two solvents; and RED > 1 suggests their incompatibility. Methyl
Caproate and Methyl Ricinoleate are incompatible with ligroin and white spirit.

Figure 3 plots the tested solvents on the Teas chart. On the same Teas’ diagram, the
area of solubility for different materials used in cultural heritage applications is reported.
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Figure 3. FAME plotted on a Teas chart. Yellow area: synthetic resins; green area: natural resins; grey
area: waxes; blue area: oils; red area: polymerized oils; pink area: polysaccharides and proteins.

For the experiment, we selected FAME readily available in the market based on the
RED value; a progressively lower affinity toward white spirit was observed (at a value of
0.1). Table 4 lists the FAME used in the experimentation and the name assigned to each
gel formulation.

Table 4. Selected FAME used in the experimentation and the gels’ names.

ID Composition
Gel 1 Ligroin/White spirit
Gel 2 Methyl Myristate
Gel 3 Methyl Stearate
Gel 4 Methyl Palmitate
Gel 5 Methyl Oleate
Gel 6 Agnique® ME
Gel 7 Methyl Caprate
Gel 8 Methyl Laurate
Gel 9 poly-hydroxybutyrate (PHB)

3.2. Visible (Vis) and Ultraviolet (UV) Light Imaging

The observations of the painted canvases allow for the definition of different response
to the UV-vis imaging. The untreated canvases revealed visible brush strokes. Under
ultraviolet light, the oil-painted canvas exhibited a subtle fluorescence indicative of oil
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aging, as discussed by Cairns et al. [34], while canvases painted with acrylic showed no
fluorescence [35].

Under visible light, microcrystalline wax displayed an opaque appearance, while
Regalrez 1094 varnish exhibited a glossy appearance. In ultraviolet light, neither displayed
any fluorescence response, which was attributed to the marker’s presence (FezO4). All
cleaning areas exhibited varnish residues. Table 5 presents the images acquired for the oil-
based canvases. Gel 3 emerged as the most effective cleaning agent for both microcrystalline
wax and Regalrez varnish. It resulted in a level of cleanliness comparable to ligroin for the
wax and superior to white spirit for Regalrez 1094.

Table 5. Visible and UV fluorescence images acquired before and after the cleaning test on the

canvases prepared with an oil pictorial layer.

Pictorial Layer
without Varnish

Before Cleaning Test After Cleaning Test

Crystalline wax Regalrez Crystalline wax Regalrez

Vis

uv

In the evaluation of acrylic canvases (Table 6), all tested gels obtained poorer clean-
ing outcomes in the designated areas. This outcome might be attributed to a potential
interaction between the varnishes and the paint layers, influencing the efficacy of the
cleaning process.

Figure 4 shows the percentages of residual black aspect after the cleaning treatment for
the various treated areas. The images confirm the result obtained with the macroscopical
observations, establishing Gel 3 as the most effective treatment. Based on the percentage
of black aspect remaining, the following order for the removal of microcrystalline wax on
both oil and acrylic paint layers can be established:

Gel3>Gell=Gel2>Geld=Gel5=Gel 6> Gel 8> Gel7 =Gel 9

Regarding the removal of Regalrez 1094 varnish (Figure 5), the following order can be
established based on the percentage of remaining black substance after cleaning treatment:

Gel3=Gel5>Gel7>Gel6=Gel8>Gell=Gel4>Gel9

3.3. Digital Microscope Observations

Utilizing optical microscopy, the experiment enabled the evaluation of various gels
cleaning effectiveness and the exploration of potential interactions with the substrate. It is
important to highlight that the application of reference solvents in gel formulation resulted
in a reduced solvent action compared to their liquid state.

’
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Regarding the oil-painted canvas (Table 7), observations yielded a solvent power
ranking for the removal of microcrystalline wax as follows: Gel 3 > Gel 4 > Gel 1 > Gel 2 >
Gel 5 =Gel 6 > Gel 7 > Gel 8 > Gel 9.

Table 6. Visible and UV fluorescence images acquired before and after the cleaning test on the
canvases prepared with an acrylic pictorial layer.

Pictorial Layer

without Varnish Before Cleaning Test After Cleaning Test

Crystalline wax Regalrez Crystalline wax Regalrez

80%

Vis

uv

70%

60%%

50%

40% i
30% !
20% |
” m

0
Gel 1 Gel 2 Gel 3 Gel 4 Gel 5 Gel 6 Gel 7 Gel 8 Gel 9

% Black

®»

B Qil painting @ Acrylic painting

Figure 4. Histograms of the residual black aspect (%) for microcrystalline wax.

Regarding the acrylic canvases coated with Regalrez 1094 varnish, the established
order is as follows:

Gel3>Gel5>Gel6>Gel7=Gel8>Gel2=Gel4 > Gel 1> Gel9

The application of all the different FAME gels on acrylic surfaces unveiled distinct
interaction with the substrate. Conversely, no discernible interactions were noted on the
oil-painted surface.
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3.4. Spectrocolorimetric Analysis

To evaluate the cleaning effectiveness, spectrocolorimetric analyses were carried out
before and after the cleaning test to determine whether the color of the surface had returned
to the color measured before cleaning. Figure 6 reports the total chromatic variation
(AE). The areas represent zones that are cleaned, partially cleaned, or marked by varnish
residues; consequently, the standard deviation associated to the measurements is high and
thus not reported.

For the canvases coated with acrylic layers (Table 8) and treated with microcrystalline
wax, Gel 3 demonstrated the most effective removal of the coating, while Gel 9 showed no
efficacy. Visible residues were observed with Gel 5, Gel 1, Gel 6, and Gel 2, whereas Gel 8
and Gel 7 exhibited partial residue removal.

60% ——

50% —— -
40% — — | B
30% — - mll W
20% — — N H
ol B e
N NN ml omd GNORMOEN RN

Gell Gel2 Gel3 Geld Gel5 Gel6 Gel7 Gel8 Gel9

% Black

m Oil painting ™ Acrylic painting

Figure 5. Histograms of the residual black aspect (%) for Regalrez 1094 varnish.

Table 7. Microscopic images acquired after the cleaning test on the oil-prepared canvases.

Oil Painting

Microcrystalline wax Regalrez 1094 varnish

Vis uv Vis
- - - -

Gel 2
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Table 7. Cont.

Oil Painting

Gel 3

Gel 4

Gel 5

Gel 6

Gel 7

Gel 8

Gel 9
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Table 8. Microscopic images acquired after the cleaning test on the acrylic-prepared canvases.

Acrylic Painting

Microcrystalline wax Regalrez 1094 varnish

Gel 1

Gel 2

Gel 3

Gel 4

Gel 5

Gel 6

Gel 7
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Table 8. Cont.

Acrylic Painting

Gel 8
Gel 9
35 35
30 30
25 25
20 20 . :
L i
=] <
15 15
10 10
5 il o NN I
, uil NN o : |
Gell Gel2 Gel3 Geld Gel5 Gele Gel7 Gelg8 Gel9 Gell Gel2 Gel3 Gel4d Gels Gelé Gel7 Gelg8 Gel9
B cleaning regarlez -oil painting m cleaning regarlez - regarlez on oil painting m clean wax -oil painting ® clean wax -wax on oil painting
35
35
30 30
23 25
20 20
15 15
10 10
5 I I I I 5
] I . . o
Gel 1 Gal 2 Gel 3 Gol 4 Gel 5 Gel 6 Gel 7 Gel 8 Gel 9
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Figure 6. Histograms showing the results of total colour variation calculation.

The data highlight that for all cleaning systems used, the colour values of the cleaned
surface and the painted surface differ. This difference is significant for canvases painted
with acrylic; for oil-painted canvases, however, some cleaning systems achieve AE values < 5,
making the differences imperceptible to the human eye [36].

For the acrylic-painted and wax-finished canvas, the area treated with Gel 3 presents
the greatest disparity relative to the coated canvas and the smallest difference compared to
the canvas surface covered only with the acrylic paint layer.

The ratio between the AE, representing the difference between the dirty surface and
the surface of canvas with only the acrylic varnish on AE of the surface cleaned with Gel 3
of the acrylic-painted canvas coated with microcrystalline wax, is 0.4. Below is this ratio
calculated for other gels:
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Gel3(v=04)>Gel4d(v=0.7)<Gell =Gel2(v=11)<Gel 6 (v=12) <
Gel8(v=18)<Gel5(v=21)=Gel7 (v=23) <Gel 9 (v=4.56).

The lower this ratio, the more the surface appearance is akin to that of the original
painted canvas. The most effective cleaning treatments were executed using Methyl Stearate
and Methyl Palmitate FAME, which provided superior results compared to ligroin gel.

Upon examining the oil-painted canvas (also coated with microcrystalline wax) and
analysing the data through the same ratio, the following order can be defined: Gel 1 = Gel 3
=Geld(v=04)<Gel2(v=0.6)<Gel5=Gel 6 (v=0.7)<Gel7 (v=11)<Gel 8 (v=13) <
Gel 9 (v = 5.3). These data facilitate the superior cleaning capability of all the experimental
systems for the oil-painted canvas relative to the same treatment performed on the acrylic-
painted canvas. Considering the results obtained in the cleaning of the Regalrez 1094
varnish covering the acrylic paint layer, the relationship between the chromatic variations
of the cleaned area with respect to the painted canvas and the chromatic variations relative
to the varnish layer defines the following cleaning order:

Gel3=Gel5=Gel 6=Gel 7=Gel 8 (0.2 <v<05)<Gel2=Gel4 (v=11)<Gel 1 (v=3.1)<Gel9 (v=16.6).

A greater cleaning effect of the various FAME tested was observed following applica-
tion of the Regalrez 1094 varnish over the oil paint layer. All the tested Gels present a v
ratio < 0.3, apart from Gel 6 and Gel 9.

3.5. FTIR-ATR

The main peaks in the FTIR spectra of the painting sample surfaces are listed in Table 9.
C-H stretching vibrations of the -CHj3 and ~CH, groups were located in the 2950-2800 cm™
area. The C=0 double bond stretching vibration of carbonyl groups was present around
1745 cm™. The peaks in the 1470-1200 cm™! area are associated with the CH bending of
CH; and CHj;. Due to CHj rocking vibration and C-O ester group stretching vibration, the
fingerprint region was located between 1250 and 700 cm™'.

Table 9. IR assignment of the peaks collected on the painting material (unaged and aged).

Unaged Acrylic

Unaged Oil Aged Acrylic Aged Oil

Painting Surface Painting Surface Painting Surface Painting Surface Assignment
3010 2923 CHj stretch
2897 2852 CH, stretch
1712 1746 1735 1739 C=0
1655 1652 Cc=C
1474 1408 1403 1408 CHj3 Asymmetric bend
1240 1227 C-O ester bond
1170 1155 CCH (C=C)
1150 1120 C-O Ester bond
1021 1013 1021 C-O Ester bond
872 870 872
753 C-H2
710 711 710 C=C-H (cis) bend

The FTIR spectra (Figure 7) acquired from Methyl caprate, Methyl laurate, Methyl
myristate, and Methyl oleate show the same characteristic peaks at 2921, 2852, 1458, 1434,
1358, 1239, 1195, 1169, 1009, 719, 711, and 700 cm 1. Similarly, the Methyl palmitate, Methyl
stearate, and Agnique ME have peaks at 2951, 2914, and 2847 cm !, albeit with different
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intensity to the first, while in the Methyl stearate the peak at 1741 cm ™! was not present.
Methyl stearate and Agnique ME have peaks at 1471, 1462, 1343, 1279, 1241, 1446, 1109,
1059, 1023, 964, 839, 731, and 718 cm 1. Methyl palmitate was instead characterized by
numerous peaks in the region between 1500 and 1000 cm~!; specifically, the peaks were at
1472, 1462, 1434, 1381, 1309, 1286, 1264, 1241, 1219, 1196, 1167, 1099, 883, 729, and 719 cm ™.

Absorbance Absorbance Absorbance Absorbance Absorbance Absorbance Absorbance

04 éMelnyI caprate
0 27
00
04 éMemyI laurate
02:
001

MWM
JWM

04 EMemyI myristate
0. 27

0. oé

04 éMemyI oleate
021

00+

04 IMethyl stearate

04 éMemyI palmitate
0. 27
0.0=
0 4£Agnique ME

ZZ;WW’\;JMMWMMWM

4000

3500

WMM

3000 ’ 2500 2000 1500 1000
‘Wavenumbers (cm-1)

Figure 7. All the spectra collected for each FAME used in the experimentation.

Regarding the coatings, some variation in the IR spectrum after the aging process was
observed only for Regalrez 1094. In particular, the aged Regalrez spectrum is characterized
by increasing absorption of the hydroxyl region between 3650 and 3050 cm ™!, suggest-
ing the formation of new O-H bonds. Furthermore, a new absorption band appears at
1712 cm~! with the appearance of new C=0 bonds. Additionally, there is a slight increase
in absorption at 1200 cm ™!, indicating the appearance of C-O bonds. These structural
changes suggest that upon irradiation, the hydrogenated hydrocarbon resin undergoes
photo-oxidation with the generation of new oxidation products. There is an observable
decrease in absorption for the C-H stretching and bending regions, 3000-2750 cm~! and
1500-1400cm 1, respectively. It is uncertain exactly why these bands decrease so much in
intensity, but it could be related to photo-oxidation of the material [37].

To define the presence of residue of FAME gels, spectra were acquired on the cleaned
canvases; on the coated canvases, on the canvases after the cleaning treatment, and on
the spectra of all the solvents and the polymer used for the formulation of the gels (PHB)
(Figures 8-11).

Considering the overlap of the same peaks relative to functional groups present in
all the substances, to define FAME gel residues, more consideration was given to the
“Fingerprint” region. This region represents peculiar characteristics of the substance, while
the other regions of the spectra are related to functional groups that may be present in
different kinds of molecules; in this study, this was the case for the non-polar coating
and the FAME. To evaluate the presence of the polymer PHB, the peaks at 1280 cm ™!
and 1057 cm ™! were searched in the spectrum acquired on the canvas after the cleaning
treatment. For the FAME, specific peaks were taken into consideration.
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Figure 9. All the FTIR spectra acquired for the acrylic painting coated with microcrystalline wax.
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Figure 10. All the FTIR spectra acquired for the oil painting coated with Regalrez 1094 varnish.

For example, the spectra acquired on the canvas prepared with an acrylic layer coated
with Regalrez 1094 varnish and treated with Gel 3 show no presence of the PHB peaks
(1280-1057 cm™!) nor the FAME (Methyl stearate, in this case) peak at 1239 cm™!. The
peaks at 2917-2848 cm ! in the spectrum collected after the cleaning treatment, were
attributed to the presence of some residue of Regalrez 1094 on the painted canvas.
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Figure 11. All the FTIR spectra acquired for the oil painting coated with microcrystalline wax.

The collected spectra after the cleaning are characterized by the presence of some
residues of the Regalrez 1094 varnish or microcrystalline wax on the surface, defined by
the following peaks: 2916-2848 cm ™! for the microcrystalline wax and 2917-2848 cm ™! for
the Regalrez 1094 varnish.

However, for all the different cleaning treatments, no peaks related to gel or FAME
were found.

3.6. Scanning Electron Microscopy (SEM) Analysis

The diverse outcomes obtained in the cleaning tests can be justified by the morphology
of the painted surfaces. Below, SEM analyses of painted canvases subjected to aging treat-
ment are presented, aiming to simulate a condition as close as possible to the characteristic
surfaces of cultural heritage.

The SEM images obtained (Figure 12) through backscattered electrons reveal a high
porosity of the surface painted with acrylic. This result is attributed to the ageing-induced
shrinkage phenomena compared to oil-painted canvas. This result allows us to hypothesize
heightened interaction between the acrylic-painted layer and the applied varnishes, leading
to increased difficulty in cleaning.

Surface of Aged Acrylic Canvas Surface of Aged Oil Canvas

SEM HV: 25.0 kV ‘;ND: 12.82 mm VEGA3 TESCAN| SEM HV: 25.0 kV WD: 11.87 mm VEGA3 TESCAN|
View field: 2.64 mm Det: BSE 500 ym View field: 2.14 mm Det: BSE 500 pm
SEM MAG: 105x  Date(m/dly): 01/23/24 SEM MAG: 129 x | Date(m/dly): 01/23/24

Figure 12. SEM images acquired on the canvases before the application of the non-polar coatings.
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4. Discussion

Solubility and optical characteristics are often crucial considerations for conservators,
and an intriguing correlation between the two emerges through the study of cleaning. The
observation of morphological variations induced during cleaning allows for an understand-
ing of the effectiveness of new green solvents in applications similar to real cases. The data
collected from various analytical techniques confirm the predictions developed using RED
calculations in the Hansen diagram, compared to what is expected from the TEAS diagram.

All tested FAME can be utilized to solubilize two of the most commonly used low- and
non-polar substances in the cultural heritage sector. The best results were obtained from
FAME characterized by carbon chain lengths ranging from C16 to C18, both in the removal
of microcrystalline wax and Regarlez paint applied on canvas painted with acrylic and oil.
The FAME were applied in gel form through a single step with a contact time of 5 min. This
method was chosen to avoid potential interactions with the support and to compare the
effectiveness of the different tested FAME. A second application, considering the different
efficiency of the tested FAME, would have led to total cleaning in some areas, with the
possibility of interacting with the surface, thus not allowing a real comparison. Optical
microscopy images confirmed the hypotheses developed through macroscopic observations,
highlighting greater interaction between the paints and the canvas painted with acrylic.
This result is attributed to the aging process, which causes acrylic to retract more compared
to the oil-painted layer, as observed in SEM images. Microscopy observations correlated
with spectrophotometric analyses show that with an increase in non-polar carbon chain
length, solubility typically increases. However, greater efficiency was achieved with FAME
characterized by saturated chains compared to FAME characterized by structures of the
allylic and bis-allylic methylene groups.

The overall analysis data allowed us to assess the efficacy of the gel formulation in both
removal and interaction with the underlying canvas, evaluating the presence of surface
residues through optical microscopy and FTIR spectra, enabling us to achieve the objectives
set in the introduction. Different gels were defined for the various canvas compositions,
highlighting the extensive customization possibilities of the gel based on specific case needs.
Further studies are necessary to evaluate the stability of gel-FAME-emulsifier systems, for
example, through aging cycles.

In synthesis, concerning the canvas painted with oil colour and coated with micro-
crystalline wax, the optimal results, following various analyses, were achieved using Gel 3
(the best surface cleaning seems to have been obtained with Gels 1, 3, and 4 from imaging
observation; with optical microscopy observation, the best cleaning results were obtained
with Gels 1, 3, 4, and partially with Gel 5; colorimetry revealed a AE value of 1.36 for Gel 3).
For the canvas painted with oil and coated with Regalrez resin, the best outcomes were
obtained with Gel 1, Gel 3, Gel 7, and Gel 4 (the best cleaning appears to be given by Gels 1,
2,3,4,5,and 7 from imaging observation; with optical microscopy observation, the best
results were provided by Gels 1 and 7; colorimetry showed the lowest values for Gels 1, 4,
and 2).

For the canvas painted with acrylic and coated with microcrystalline wax, the most
favorable results were obtained using Gel 3 (imaging showed cleaning results with Gels 1,
3, 5, and 6; optical microscopy observation indicated Gel 3, and partially Gel 5; colorimetry
showed a lower ratio value for Gel 3 and Gel 5). Regarding the canvas painted with acrylic
and coated with Regalrez resin, the optimal results were achieved with Gel 3 and Gel 5
(imaging demonstrated better cleaning results with Gels 3, and partially scarce results with
Gel 5 and 2; optical microscopy observation confirmed those results).

5. Conclusions

The present study enabled us to evaluate the possible use of FAME as substitutes
of more toxic solvents used in the cleaning of non-polar or low polar substances and
assess their solubility power toward those materials. The tests carried out highlighted the
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possibility of using FAME through a gel formulation and the customizable characteristics
of FAME based on the specific material properties.

Due to their minimal volatile organic compound (VOC) emissions and non-toxic
nature, FAME Gels represent suitable candidates to replace organic solvents used in conser-
vation practices, thereby helping to safeguard the health of operators. From the cleaning
tests conducted, FAME were able to solubilize both microcrystalline wax and Regalrez 1094
varnish, achieving a high level of cleanliness, as evidenced by spectrocolorimetric analysis
and optical microscopy observations. Gel 3 (methyl stearate) yielded the best results for
oil canvases coated with microcrystalline wax, while Gels 1, 3, and 7 performed best for
oil canvases coated with Regalrez 1094. Similarly, Gel 3 yielded the best results for acrylic
canvases coated with both microcrystalline wax and Regalrez 1094 varnish.

Methyl stearate gel emerges as the best cleaning system for removing low-polarity
materials such as microcrystalline wax and synthetic varnish (Regalrez 1094). It produced
excellent chromatic results and left no solvent residue on the surface after the passage with
a dry cotton swab.

This research contributes to the ongoing efforts in the cultural heritage conservation
field to adopt sustainable practices, aligning with global initiatives for an eco-friendlier
approach to artifact restoration.
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