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This study focuses on the characterization of fatty acid methyl esters (FAMEs) and their implementation
as solvents for removing beeswax and microcrystalline wax from cultural heritage materials, emphasizing
their potential as sustainable alternatives to conventional solvents. FAMEs, derived from renewable
sources through triglyceride transesterification, offer biodegradability and low toxicity. Additionally, the
inclusion of an innovative aluminum stearate-based organogelator aims to regulate the evaporation rate
of FAMEs, enhancing their application on artwork surfaces while minimizing their penetration into a
substrate. Solubility tests, scanning XRF, spectrophotometry, SEM, FT-IR ATR, and contact angle
measurements confirmed that all tested cleaning systems could remove up to 99% of beeswax and
microcrystalline wax. Volume effectiveness calculations demonstrate that lower-polarity FAMEs, with
reduced evaporation rates, require smaller solvent volumes. Restricting evaporation and solvent
quantities enhances sustainability and reduces environmental and operator risks. However, adopting less
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in porous artwork substrates. This research underscores FAMEs' potential not only as solvent alternatives
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Introduction

Green Chemistry represents a fundamental tool to address
the modern challenge of sustainable development. Periodic
re-examination and redesign of processes and materials
involved in producing, transforming, and utilizing chemical
products play a key role in waste and harm minimization while
maintaining or increasing efficiency. Mitigation of the adverse
consequences derived from substances produced and used by
mankind constitutes one of the main sustainability goals,
dictating to deal with threats posed by toxicity to the welfare
of all living things.”
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but also as promoters of sustainable conservation practices.

Moving in this direction, it is important to increase the
people’s understanding of sustainability and Green Chemistry
as complex and multifaceted concepts requiring adequate
dissemination to avoid misinformation.** Business, regulatory,
and consumer interests generate pressure in defining particu-
lar chemicals or products as green or not green, but rigid
categorization can be easily misleading for multiple reasons:
(a) green criteria may vary based on the end use; (b) continuous
improvement is always necessary; (c) substances that have not
undergone thorough toxicological assessment are often sold or
promoted as greener alternatives even though further studies
are needed.’

It is of utmost importance to emphasize this concept among
professionals in cultural heritage conservation, who should
make consulting toxicological properties — through regulatory
bodies like the European Chemical Agency (ECHA) or the
Environmental Protection Agency (EPA) - a standard practice
to prevent the development of long-term health issues.®™?
Indeed, restorers are often subject to inhalation of solvent
vapors while conducting conservation interventions, as clean-
ing treatments are primarily carried out using substantial
quantities of solvents, often applied as free solvents by using
and rubbing cotton swabs on the surface. Even though aware-
ness on the risks that chemical products might pose is
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continuously growing, high compatibility with the materials of
artifacts still represents the leading feature for the selection of
either traditional or new chemicals, often outweighing environ-
mental and health concerns.*® This is compounded by practical
and economic reasons that limit the feasibility of engineering
controls (such as fume extraction) to mitigate these concerns
for many conservation professionals.

Solvents having medium-high evaporation rates are often
preferred to reduce interaction between the cleaning agent and
the constituent materials, thus possible damage in both the
short and long terms. However, a high evaporation rate also
implies higher dispersion of the solvent in the environment."*

In an attempt to replace harmful substances that are still
widely used in the sector, many newly developed products have
been introduced as ‘“green” solutions. However, most of these
should be more accurately considered ‘‘greener” alternatives to
the more toxic options currently available, aimed at reducing or
eliminating primary and secondary products that pose risks to
human health and the environment."”® Recent studies on
Green conservation have been exploring bio-based or low-toxic
solvents and methods involving the use of ionic liquids, deep
eutectic solvents, supercritical fluids, microemulsions, micellar
systems, and physical and chemical gels."*?"?*?°** However,
the development of greener cleaning systems for cultural
heritage conservation is still an open topic, as these innovative
methods must comply with the artifacts’ original materials
avoiding any kind of undesired alteration."” In addition, the
majority of newly developed cleaning systems are intended to
remove medium-to-high polar substances, while the removal of
low-to-nonpolar substances has been achieved mostly with the
implementation of composite systems such as chemical gels,
inorganic emulsions, micellar solutions, and silicone-based
systems.>***7*® While these composite systems are constantly
gaining more attention as viable sustainable options for clean-
ing treatments, not many studies are focusing on the replace-
ment of toxic low-polar solvents with greener ones.'®2%2439

Fatty acid methyl esters (FAMEs) have been garnering
increasing attention as greener fuel alternatives to petroleum
diesel due to their biocompatibility and low-toxic nature.*’
FAMEs are produced via transesterification of triglycerides
from recyclable and sustainable feedstocks such as vegetable
oils or crude sources with methanol or ethanol as a solvent in
the presence of a catalyst.*'** Their use reveals advantages due
to their lower dependence on restricted resources, lower pollu-
tion, biodegradability, and renewability.*’ However, there are
non-fuel uses for FAMEs, showing applications as solvents,
lubricants, feedstock chemicals, and more.*>*> These remark-
able properties fostered the study of their performances as
alternative solvents for the removal of low-polar substances
from cultural heritage materials.

Natural and microcrystalline waxes have been extensively
used as low-polar coatings to protect metal and stone artifacts
from corrosion and erosion caused by weather, rain, and both
primary and secondary atmospheric pollutants such as CO,,
SOy, NO,, and chlorides.>***™*® The low vapor permeability of
waxes helps prevent corrosion processes on outdoor metal
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sculptures and growth of salt crystals within stone pores being
driven or aggravated by precipitation, condensation and the
washing effect of rainwater.’*> While beeswax was commonly
used historically in restoration treatments for both protection and
toning on metals and stones, nowadays, outdoor sculptures in
these materials are mostly treated with microcrystalline
wax, 1047335660 Ror metal surfaces, acrylic coating is usually
directly applied on the artifact before the application of the wax,
which is used as a “sacrificial layer” intended to protect the acrylic
layer from degradation by atmospheric pollutants and water.®!

Structure defects, chemical alteration induced by weather-
ing, and embedding of pollutants induced by low melting
points cause the deterioration of these waxes,*¢:*8:51:52:62764
Microcrystalline waxes have the tendency to become powdery
and exfoliate after two to five years, necessitating periodic
maintenance and cleaning treatments aimed at removing the
deteriorated layer and applying a new protective coating.*’

Solvents posing major hazards to human health and the
environment still represent the preferred tool to achieve this
goal. Aliphatic and aromatic hydrocarbons such as mineral
spirits/white spirits and petroleum ethers are being extensively
used as pure solvents or in mixtures due to their lack of
inaction towards the artifact’s original materials, medium-high
evaporation rates - causing inhalation of high amounts of
solvent vapor - low cost, transparency, and purity.>*>%63758
For this reason, this study aims at exploring the application
of fatty acid methyl esters (FAMEs) in cleaning interventions on
cultural heritage materials as a possible alternative to aliphatic
and aromatic hydrocarbons. Due to their extensive use in
conservation practice, beeswax and the microcrystalline wax
R21 have been used as reference low-polar materials to be
removed from stone and metal substrates.

In addition, aluminum stearate (Cs4H;05A106) has also been
introduced as a new thickening agent for low-polar solvents
and tested in combination with FAMEs to compensate for the
solvents’ low evaporation rate, thus controlling their release on
the artwork’s surface and penetration in the substrate porosity.
Aluminum stearate is soluble in all types of solvents - including
low-polar ones - and oils when heated to form permanent
transparent and viscous solutions or gels.®”’® Due to the
limited use of thickening agents for low-polar solvents in the
conservation sector, aluminum stearate has been explored as a
gelling agent for low-polar substances.

Materials and methods
Selection of greener formulations and organogel preparation

Aiming at exploring the overall dissolution ability of FAMEs as a
solvent class, five FAMEs with alkyl chains ranging from C6 to
C18 were used. Based on their physico-chemical and toxicolo-
gical properties, methyl hexanoate (MH, CAS no. 106-70-7),
methyl octanoate (MO, CAS no. 111-11-5), methyl laurate (ML,
CAS no. 111-82-0), methyl myristate (MM, CAS no. 124-10-7),
and methyl oleate (MOL, CAS no. 112-62-9) were selected and
purchased from Merck.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Hansen solubility parameters (3D, 5P, and 8H) with RED value, Teas fractional parameters (Fgy, Fp, and Fy), boiling point (BP), and vapor pressure

(VP)

Compound D 3D ap SH RED Fy E, Fy, BP (°C) P° (kPa@25 °C)
Methyl hexanoate MH 16 4.3 5.8 1.00 61.30 16.48 22.22 149.5 0.50

Methyl octanoate MO 15.4 2.7 5.9 0.90 64.17 11.25 24.58 192.6 0.07

Methyl laurate ML 16 2.1 5.2 0.77 68.67 9.01 22.32 262 55 x 107"
Methyl myristate MM 16 1.9 4.2 0.63 72.40 8.60 19.00 323 6.5 x 107°
Methyl oleate MOL 16.1 1.5 3.5 0.52 76.30 711 16.59 218 8.4 x 1077
Mixture Mix 15.24 3.29 6.21 0.99 61.59 13.30 25.11 160.95 2.45

Mineral spirits MS 15.87* 0.17* 0.27* 0.00 100.00 0.00 0.00 98 2.7

With respect to the physico-chemical properties, solubility
parameters were evaluated through Hansen solubility para-
meters (HSPs) (Table 1).”7> Due to the lack of data on HSPs
of beeswax and microcrystalline wax R21, the center of the
sphere corresponds to the solvent that is most commonly used
for the removal of these substances from artifacts, mineral
spirits (MS). 8D, 5P and 3H are the parameters corresponding to
dispersion, polar and hydrogen bonding forces, respectively,
which were used to plot the solvents in the 3D graph and define
the center of the sphere (Fig. 1a). A radius (R,) of 7 has been
chosen for the sphere amplitude. The solvents that fall within
the Hansen sphere can be defined as ‘“good solvents”, thus
potential candidates. The distance between the solvent and
the solute is called R,; the greater the R, is, the less likely the
solvent will have solubility comparable to the one of the
reference solvent.”' HSPs were then translated into Teas frac-
tional parameters (commonly used in the cultural heritage
conservation field) and plotted in the TEAS triangle, where Fy4
represents the dispersion force, F,, represents the polarity, and
Fy, represents hydrogen bonding (Fig. 1b).”*

The physical state was also taken into consideration, and
only solvents that are liquid at room temperature were con-
sidered. The selection was conducted according to the hazard
classification provided by ECHA.®
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Fig. 1 (a) The Hansen sphere showing FAMEs' and mineral spirit parameters
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In addition, a mixture (mix) of MO and another supposed
greener, more polar solvents have been tested in order to
achieve similar evaporation rates to MS.

The physico-chemical properties of solvents are reported in
Table 1, including the Hansen solubility parameters (3D, 5P,
and J8H), relative energy difference (RED), Teas fractional para-
meters (Fq, Fp, and Fy), boiling point (BP), and vapor pressure
(P°). The RED is defined as the ratio R,/R,, where values lower
than 1 are associated with “good solvents”.”*

Aluminum stearate (Thermo Scientific Chemicals, CAS
no. 637-12-7) was used as a thickening agent coupled with
the non-ionic surfactant Ecosurf EH-9 (CAS no. 64366-70-7)
and mixed with one FAMEs to assess eventual differences
between the pure solvent and the gelled one in selective
removal, solvent release, residues left, and the amount of
solvent used.

The final relative proportions of the constituents were
determined after experimental testing, considering different
concentrations of the surfactant and the thickening agent.
Specifically, 12 ml of MM and 1 g of Ecosurf EH-9 were
combined with 0.8 g of aluminum stearate (AS), placed in a
closed vial, and heated to 85 °C under magnetic stirring until
gelation occurred. The organogel (OG) was then allowed to
equilibrate at room temperature and used for cleaning tests.

80 Methyl hexanoate 20
Fh *

90 Methyl octanoate g _wethyl laurate 10
Methyl myristate * Qprethy| oleate
Minerahspirits
100 . . . . : AN
0 10 20 30 40 50 60 70 80 % 100
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(b)

. (b) Teas triangle showing FAMEs' and mineral spirit fractional parameters.
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FAMEs and organogel characterization through FT-IR ATR

Fourier transform infrared spectroscopy in the attenuated total
reflectance mode (FT-IR ATR) was employed to characterize the
FAMEs and to confirm the presence of various constituents
within the formed organogel. A Bruker Alpha II FT-IR spectro-
meter equipped with a platinum ATR accessory and OPUS 5.0
software was used for acquisitions. A total of 24 scans were
performed on each sample, with a resolution of 4 cm ™", within
the range of 4000-400 cm ™.

Solubility tests

Solubility tests were conducted on both bleached beeswax
and the microcrystalline wax R21 with each solvent by adding
0.1 g of the solute and 5 ml of the solvent into 10 ml glass vials.
The closed vials were placed in a FS20 Fischer Scientific™
Ultrasonic Cleaner (90 W, 50-60 Hz) for five minutes and
brought to ~20 °C to reach thermal equilibrium. Solutions
were then filtered through an Advantec® PTFE filter (PF100,
47 mm) after imbibing it with ethanol to facilitate solvents flow
through the filter and enhance the evaporation rate of low-
volatile solvents. Each PTFE filter was weighted with an AY220
Shimadzu Corporation electronic balance (0.2 mg readability)
before filtration and thirty days after filtration to drain low-
volatile solvents. In addition, blank filters were poured in 5 ml
of each solvent separately after imbibing them with ethanol.
They were weighted both before imbibition and after solvent
bath to understand the retention of the sole solvent in the filter.
Eventual weight differences were subtracted from the weight
difference between filters before and after pouring the solvent-
wax solution to reduce solvent interference in gravimetric
measurements.

Each measurement was repeated three times to reduce
uncertainty. Results are reported as the percentage of wax
dissolved relative to the total initial amount of wax present.

Contact angle measurements

Contact angle measurements were conducted with a Data
Physics OCA 15 PRO Optical Tensiometer. Pure FAMEs and
MS drops were applied on glass slides coated with both beeswax
and R21 microcrystalline wax to observe waxes wettability and,
consequently, their affinity with the solvents. MS and deionized
water were used as nonpolar and polar reference materials,
respectively. Each measurement was carried out ten times to
reduce the uncertainty of the analysis.

Mock-up testing

Mock-up preparation. White Carrara marble and Roman
travertine were purchased from a stone fabrication company
in Los Angeles (CA), and bronze sheets (88% Cu, 12% Sn) were
purchased from a local store. All samples were cut to 3.5 x
3.5 x 1.5 cm. Ten marble and ten travertine samples were
covered with 1 ml of microcrystalline wax R21 in 20 wt% MS
(CAS no. 64475-85-0, Spectrum® Chemical) loaded with 4 wt%
cerium oxide (CeO,, Gold Label). Ten marble and ten travertine
samples were covered with 1 ml of bleached beeswax in 16.6 wt%
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mineral spirits (CAS no. 64475-85-0, Spectrum® Chemical)
loaded with 4 wt% cerium oxide (Gold Label). As an intermediate
acrylic layer is usually applied on outdoor metal artifacts before
the application of the microcrystalline wax, 0.4 ml of Paraloid
B72 (Kremer Pigmente GmbH & Co. KG) in 10 wt% acetone (CAS
no. 67-64-1) was loaded with 2 wt% Cobalt Blue-Turquoise Dark
(Cobalt Chrome Aluminate, Co(Cr,Al),0,, Pigment Blue 36, CAS
no. 68187-11-1; Kremer Pigmente GmbH & Co. KG) and applied
on ten bronze samples. One week after the application of the
acrylic layer, 0.5 ml of microcrystalline wax R21 in 20 wt%
mineral spirits (CAS no. 64475-85-0, Spectrum® Chemical)
loaded with 4 wt% cerium oxide (Gold Label) were applied.

Cerium oxide and cobalt blue were used as markers in order
to make the coatings detectable using elemental and spectro-
scopic techniques and evaluate the effectiveness of the cleaning
tests. The samples were analyzed before and after each coating
layer was applied, as well as after the cleaning treatment, and
then compared.

Mock-up cleaning. Cleaning tests were conducted using
neat FAMEs and the mixture was applied with cotton swabs
gently rolled over the sample surface to enhance dissolution
while minimizing the mechanical pressure on wax removal.
The duration of the treatment varied depending on the effec-
tiveness and chemical-physical properties. The organogel was
spread onto the surfaces of the mock-ups using a small spatula,
with two layers of tengucho Japanese paper interposed to allow
the solvent to gradually penetrate and release onto the target
surface, minimizing the risk of leaving gel residues behind and
aligning with common operational practices in cultural heri-
tage conservation. The tengucho Japanese paper was also used
to facilitate periodic observation of the treatment effects. By
lifting the paper and gently rolling a cotton swab to remove the
dissolved wax, it was possible to determine the optimal appli-
cation times. Following the treatment with the organogel, any
potential gel residues were not removed with a washing step to
ensure that we could accurately observe the eventual presence
of residues through FT-IR ATR analysis.

For neat solvents, the volume used was quantified to assess
the environmental impact of the proposed solvents based on
the amount required for the treatment. Solvents were placed in
closed vials in predetermined quantities, which were only
opened to immerse the swab before being closed again. The
residual solvent was measured at the conclusion of the cleaning
treatment. Concurrently, the time required for removal was
recorded by measuring only the swabbing duration.

Technical photography: visible light (VL) and ultraviolet
fluorescence (UVF). Photographic documentation in visible
light (VL) and ultraviolet fluorescence (UVF) was used for the
preliminary assessment of the presence of wax residues on the
surface of samples. CeO, minimizes marble and travertine
exhibiting fluorescence emission in UVF and, together with
cobalt blue, can be easily detected on bronze samples in VL.
Pictures were taken before and after the application of each
coating and after the cleaning tests. Images in VL were acquired
with a Z 7II Nikon digital camera equipped with a ZEISS T* UV
filter, while a Peca #916 Visible Pass Filter and a LDP LLC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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X-NiteCC1 filter were used in addition to the ZEISS T* UV filter to
block UV light and IR light, so as to acquire the response in the
visible part of the spectrum. Two Interfit Quartz Halogen 1000
lamps (AC 120 V, 60 Hz) were used for acquisitions in VL, while
two Wildfire IronArc® UV Lmp-150S Lamps (AC 120-227 V, 50—
60 Hz) were used for UVF. Images were elaborated with Adobe
Bridge, ColorChecker Camera Calibration, and Adobe Photoshop.

Spectrophotometry. A CM-2600d spectrophotometer (Konica
Minolta Sensing, Inc.) was used with an 8 mm aperture for
spectrophotometric analysis before and after the application of
each coating and after the cleaning tests. Data were acquired
using the Color Data Software CM-S100w SpectraMagic NX (ver-
sion 3.4) with a specular component included (SCI), then elabo-
rated by using the CIELAB AE;, "> described as follows (eqn (1)):

5 = (ALY +(Aa ) +(Ab) o)

where AE}, is the total color difference, AL* is the difference in
lightness/darkness values (+ = lighter; — = darker), Aa* is the
difference on the red/green axis (+ = redder; — = greener), and Ab*
is the difference on the yellow/blue axis (+ = yellower; — = bluer).

Each analysis was performed three times at three different
locations of the same sample to reduce uncertainty. The clean-
ing efficacy has been calculated as the percent return to the
color of the blank sample, where AE}, is the CIELAB color
difference between the blank and the wax-coated sample and
AEY 0k cleanca 1S the CIELAB color difference between the blank

76

lank, wax

and the cleaned samples (eqn (2))
AE;lank, wax AE:;

lank, cleaned
(2)
AE}

Cleaning efficacy (%) =

For the bronze samples, the goal was to remove only the
microcrystalline wax layer (R21) while preserving the under-
lying Paraloid B72 layer. For this reason, two key metrics were
calculated: the percent return to the color of the blank sample,
indicating the complete removal of both the wax and Paraloid
B72 layers, and the percent return to the color of the Paraloid
B72 layer, reflecting the selective removal of only the R21
wax layer.

Negative values indicating great color differences with the
reference values were conventionally assigned 0% efficacy.

X-Ray fluorescence scanning (XRF). A Bruker M4 Tornado
scanning micro-XRF spectrometer was used to map the ele-
mental distribution of Ce and Co present as markers in the two
waxes and Paraloid B72, respectively. The analysis was per-
formed on samples before and after the application of each
coating, as well as after the cleaning tests to examine the
presence of CeO,-loaded wax both on the sample surface and,
as to stone samples, within the pores with a depth of analysis of
0.5 cm. The analysis was conducted in “area” mode, and the
X-ray tube parameters were set at 50 kV/600 pA, a detector
energy resolution of 40 keV/130 keps, and a measuring time of
14.2 mm s ' (1 cycle). A 3 x 3 cm area at the center of the
sample was selected as the target analytical area to reduce
eventual thickness unevenness due to wax accumulation on the
edges. Each analysis was performed three times and the net

© 2024 The Author(s). Published by the Royal Society of Chemistry
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counts of the relevant elements — ie., Ca and Ce for stone
samples, Cu, Co, and Ce for bronze samples - were used to
define the effectiveness of the cleaning tests. Student’s t-test
was used to verify that the difference between the Ca values -
for stone samples — and between the Cu values - for bronze
samples — was not statistically significant so as to use them as
fixed parameters and compare Ce counts.

Scanning electron microscopy (SEM). SEM was carried out
on bronze samples after the application of both the acrylic layer
and the R21 to ensure that the acrylic layer and the wax layer do
not merge during the application of the wax. For this reason, it
is essential to verify that there is no interaction between the
solvent in which the wax is dispersed (MS) and the Paraloid
B72. Such verification was deemed necessary to evaluate the
results of the cleaning tests because, if a fusion of the two layers
is observed, it is no longer possible to assess the selectivity of
the solvents in removing only the wax layer. The analysis was
conducted on specimens prepared by applying a pre-defined
amount of wax with a pipette, as well as on an additional mock-
up where, after the application of the acrylic layer, the wax was
applied with a brush. This approach was used to investigate the
potential influence of the mechanical action on the fusion of
the two layers. SEM analysis was conducted in variable pressure
mode (VP = 30 Pa) with a GeminiSEM 300-71-20 scanning
electron microscope (Carl Zeiss Microscopy Ltd) in combi-
nation with SmartSEM software (version 6.06). A SE2 detector
(type II secondary electrons) was used with a beam electron
high tension target (EHT) of 3.00 kV and a 7.500 pm aperture.

Image]J. XRF maps of blank travertine samples were used to
measure big pores sizes and correlate the results with the
amount of residual wax detected with XRF analysis. Maps were
elaborated using Image]J 1.54g, converted into 8-bit images, and
binarized. The area of large pores was calculated using image
thresholding. Results were correlated with the amount of
residual wax detected with XRF analysis to understand the
influence of the pore distribution on differences in the amount
of residual wax between travertine samples.

Fourier transform infrared spectroscopy in the attenuated
total reflectance mode. FT-IR ATR was carried out on samples
before and after the application of each coating and after the
cleaning tests to assess the presence of residues related either
to the acrylic coating — for bronze samples — wax or to the
tested cleaning systems. IR spectra were collected using a
Bruker Vertex 70 FT-IR spectrometer and OPUS 5.0 software.
A total of 64 scans were performed on each sample with a
resolution of 4 cm™" using a RT-DLATGS detector, within the
range of 4000-400 cm ™.

Results
Solubility parameters and evaporation rates

As both the Hansen sphere in Fig. 1 and RED values suggest
that the selected FAMEs possess suitable solubility parameters,
becoming increasingly similar to reference values - the MS
ones - as the carbon alkyl chain increases. However, it is worth
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noting that as the alkyl chain grows, the vapor pressure
decreases and the boiling point increases, meaning that the
evaporation rate of the solvent becomes ever lower.

FAMEs and organogel characterization through FT-IR ATR

From the comparison of the spectra acquired for the various
FAMEs, differences attributable to the molecular structure can
be observed (Fig. 2). The peak at 3006 cm™ ' corresponds to the
medium C-H stretching of alkenes and is present only in the
spectrum of MOL, which is the only proposed solvent with a
double bond in its molecular structure. The relative intensities
of the peaks in the region between 2956 and 2850 cm ' are
indicative of the chain length of the solvents.”” Shorter chain
FAMEs, such as MH, exhibit more pronounced peaks corres-
ponding to the asymmetric and symmetric -CH; stretching at
2956 and 2874 cm ', respectively, as ~CH; groups are more
concentrated compared to -CH, groups. In contrast, the peaks
associated with the asymmetric stretching at 2933 cm ™' and
the symmetric stretching at 2850 cm™ " of -CH, groups increase
in intensity with the solvent chain length. A similar trend is
observed for the same reasons in the range between 1465
and 1376 cm ', where the peak at 1465 cm ' corresponds
to the -CH, bending of alkanes while the peaks at 1437 and
1376 cm™ ' correspond to the C-H bending of the methyl group
(-CH3y). Other characteristic peaks of FAMEs can be observed at
1745 ecm~ " (C=O0 stretching of esters), 1365 cm ™" (medium
-CH bending of alkanes), between 1250 and 1117 cm ™" (strong
C-O stretching), between 879 and 862 cm ' (strong -CH
bending), and at 725 cm™' (methylene rocking vibration in
alkanes, observed only in long-chain alkanes).

By examining the spectrum of the organogel once equili-
brated at room temperature, the predominant peaks corres-
ponding to MM, which is present in greater quantities than the
other components, can be observed (Fig. 3). The presence of
these peaks demonstrates the entrapment of the solvent -
acting as a cleaning agent — within the 3D network following
preparation, indicating that it has not evaporated and can be
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released from the organogel during cleaning. Some of these
peaks are also attributable to aluminum stearate and Ecosurf
EH-9. However, the presence of aluminum stearate in the
organogel is observable also through peaks at 1590 cm™*
(COO™ stretching attributable to the O™ on the polar head of
the stearate) and the relative intensity of the peaks at 1470 cm ™"
(-CH, bending, intense in stearate) and 1438 cm ™' (bending of
the methyl group, less intense in stearate).”® The presence of
Ecosurf EH-9 within the organogel is confirmed by the peak at
1102 cm ™', related to C-O stretching.

Organogel formation

The mixing of the constituents in the specified relative propor-
tions resulted in the formation of a semi-transparent organo-
gel, which remains physically stable when stored at room
temperature (20 °C). This product exhibits a viscosity conducive
to easy application to the target material, while minimizing
infiltration into porous substrates - an essential requirement
for its use as a cleaning agent in the conservation of cultural
heritage. This outcome was achieved after a series of experi-
mental trials aimed at optimizing the proportions of the
different components.

Initial tests explored the gelation of the solvent using only
aluminum stearate — a metallic complex consisting of alumi-
num ions and stearate ions - at varying concentrations.
Depending on the solvent-to-aluminum stearate ratio, the
mixture either failed to form gel, forming only a liquid solution,
or resulted in a semi-solid paste composed of microcrystals
suspended in liquid upon cooling, as noted in previous
studies.”® In the former case, the lack of gelation was attributed
to an insufficient amount of gelling agents. In the latter, the
semi-solid paste was attributed to the linear arrangement of
the long saturated alkyl chains from both the gelling agent and
the solvent, which interacted via weak intermolecular London
dispersion and van der Waals forces, creating a tightly packed
structure. This method of preparation, however, is unsuitable
for applications requiring a free-flowing viscous liquid, and it

2000 1000 500

Wavenumbers (cm-1)

Fig. 2 FT-IR ATR spectra collected on FAMEs.
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Fig. 3 FT-IR ATR spectra collected on the organogel and its raw components (MM, aluminum stearate, Ecosurf™ EH-9).

has been observed that the introduction of certain hydroxyl
group (-OH)-containing substances can decrease the rigidity of
the gel while simultaneously enhancing its viscosity.”®

To increase the fluidity of the gel and disrupt its rigid
structure, the surfactant Ecosurf EH-9 was added to the formula-
tion. Ecosurf EH-9, an ethylene oxide-propylene oxide copolymer
mono(2-ethylhexyl)ether, presumably acted by positioning itself
between the interlaced structures, with its -OH end groups
interacting with the carbonyl groups (-C—O0) of both the alumi-
num stearate and methyl myristate (MM), thus relieving strain
and tension within the gel matrix.*® Indeed, the presence of
polar groups effectively enhances interfacial tension between the
nonpolar organic solvents and the gelator molecules, improving
the overall fluidity of the system.®!

Solubility tests

MO and MH showed in descending order the best results in
terms of dissolution of beeswax, providing the lowest amount
of wax residues (Table 2). Solubility tests conducted with ML,
MM, and MOL resulted in the formation of a dispersion with

Table 2 Results of the solubility tests showing the percentage of wax
dissolved relative to the total initial amount of wax present. S: maximum
dissolution achieved, D: formation of a dispersion system consisting of
both the wax and the solvent entrapped within it, U: undissolved, NM: not
measurable because the weighted residue consists of the solvent—wax
dispersion system

Beeswax R21

Solvent  Result Dissolved wax (%) Result Dissolved wax (%)
MH S 57 + 14 S 42 + 1.4

MO S 40 £ 1 S 38 +44

ML D NM S 19 + 2.1

MM D NM S 14 + 9.4

MOL D NM D NM

MS U NM U NM

© 2024 The Author(s). Published by the Royal Society of Chemistry

beeswax, preventing the quantification of the wax residue
alone. This result does not necessarily imply that ML, MM,
and MOL have a lower ability to dissolve beeswax, but rather
that their low evaporation rates enhance the retention of the
solvents within the wax matrix, forming a dispersion where the
low-volatility solvents become entrapped. Indeed, the final
residue consists of both the wax and the solvent trapped within
the wax matrix, resulting in a final weight exceeding that of the
original wax used in the experiment (Table 2).

MH, MO, ML, and MM proved to have the greatest dissolu-
tion ability on the microcrystalline wax R21, in a descending
order. A correlation between solvents’ evaporation rate and the
amount of residue wax can be noticed for the microcrystalline
wax R21 as well, but of a lesser extent compared to beeswax. For
the aforementioned reasons, the results of the solubility tests
have to be interpreted taking into consideration the low eva-
poration rate of ML, MM, and MOL.

Contact angle measurements

The measurements show the affinity of the FAMEs and the MS
with the two waxes, justified by the low-polar properties of the
solvents and the solutes, while water shows a very high contact
angle due to the hydrophobicity of both waxes (Fig. 4). The R21
microcrystalline wax exhibits greater hydrophobicity compared to
beeswax, presumably due to the presence of more polar compo-
nents in the composition of beeswax.?> Additionally, a progressive
increase in the average contact angle value is observed as the
chain length of the FAME increases. These differences may be
partly due to a greater affinity of the solvents with the waxes, but
also to the gradual, though slight, increase in the surface tension
of the FAME as the chain length increases.®***

Mock-up testing

Technical photography: visible light and ultraviolet fluores-
cence. Images in VL and UVF enabled the preliminary
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Fig. 4 Contact angle values measured by applying FAMEs on beeswax
and R21 microcrystalline wax.

assessment of the presence of wax residues on the sample
surfaces (Tables S1-S5, ESIT). As stone samples, it is possible to
observe how the fluorescence of the samples re-emerges after
cleaning with all the solvents used, demonstrating that all of
them were able to remove the wax layer present. At the same
time, it can be noted that the fluorescence is less pronounced
compared to that of the white samples, indicating that a certain
amount of wax is still present within the pores. Regarding the
bronze samples, it is evident that MH and MO have removed
both the wax layer and the acrylic layer, due to their higher
polarity. ML, on the other hand, caused the complete removal
of the wax layer and partial solubilization of the Paraloid B72
layer, while MM and MOL, due to their lower polarity, allowed
the acrylic layer to remain intact while removing the wax.

Spectrophotometry. Spectrophotometry was employed to
assess whether the chromatic characteristics of the samples
reverted to their reference values after the cleaning tests.®® The
higher the values of AE}, , AL*, Aa*, and Ab* obtained from the
comparison between the cleaned and the reference values, the
lower the cleaning efficiency.

Fig. 5-8 show the cleaning efficacy of the tested solvents in
removing microcrystalline wax R21 and beeswax loaded with
cerium oxide from the marble and travertine. It can be observed
that all tested cleaning systems, with the exception of MOL, were
able to remove between 73 & 10% and 89 £ 6% of the R21 wax
from the marble (Fig. 5). The tests conducted on R21-treated
travertine produced different results, where shorter-chain
FAMEs demonstrated lower efficacy (Fig. 6). This phenomenon
can primarily be attributed to the inherent heterogeneity of the
stone, which contains large pores into which the wax infiltrates,
thus increasing the variability in colorimetric measurements, as
reflected by the larger associated errors. For this reason, cleaning
efficacy was predominantly assessed using marble specimens, as
they present a more homogeneous surface.

A lower cleaning efficacy was observed in marble samples
treated with beeswax, suggesting a more challenging removal
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Fig. 5 Cleaning efficacy (%) on marble samples treated with microcrystal-
line wax R21 loaded with CeO, expressed as the percent return to the color
of the blank sample. M: marble, R21: microcrystalline wax R21, mix: MO—-
polar solvent mixture, and OG: organogel.

process (Fig. 7). The highest efficacy was observed with MH, MO,
ML, and OG, achieving removal rates between 39 £+ 16% and
60 £ 12%. The persistent color alterations detected in the sample
treated with MOL may be attributable to the saturation of the
substrate due to the solvent’s low evaporation rate. In contrast, the
results obtained for travertine exhibited different behaviors, owing
to the intrinsic heterogeneity of the substrate (Fig. 8).

In this case, no significant alterations were observed with
MOL, and the cleaning efficacy was higher compared to marble
samples, likely due to the infiltration of wax into the larger
pores, resulting in a thinner layer of wax to be removed.
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Fig. 6 Cleaning efficacy (%) on travertine samples treated with micro-
crystalline wax R21 loaded with CeO, expressed as the percent return to
the color of the blank sample. T: travertine, R21: microcrystalline wax R21,
mix: MO-polar solvent mixture, and OG: organogel.
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Fig. 7 Cleaning efficacy (%) on marble samples treated with beeswax
loaded with CeO, expressed as the percent return to the color of the blank
sample. M: marble, B: beeswax, mix: MO-polar solvent mixture, and OG:
organogel.
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Fig. 8 Cleaning efficacy (%) on travertine samples treated with beeswax

loaded with CeO, expressed as the percent return to the color of the blank

sample. T: travertine, B: beeswax, mix: MO—polar solvent mixture, and OG:

organogel.

Cleaning efficacy appeared more uniform across all solvents,
although MOL, OG, and MS exhibited higher error margins,
indicative of uneven removal.

For the bronze samples, Fig. 9 illustrates the cleaning
efficacy of the tested systems in selectively removing the R21
wax layer while preserving the underlying Paraloid B72 layer,
which contains cobalt blue pigment - this being the desired
outcome. The figure also shows cases where both the wax and
Paraloid B72 layers were removed, indicating that the cleaning

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Bronze samples treated with Paraloid B72 — loaded with cobalt
blue — and the microcrystalline wax R21 — loaded with CeO. The efficacy
(%) of cleaning systems is evaluated for the removal of the sole R21 wax
layer, expressed as the percent return to the color of the Paraloid B72
layer, and for the removal of both the wax and Paraloid B72 layers,
expressed as the percent return to the color of the blank sample. Mix:
MO-polar solvent mixture and OG: organogel.

system interacted with the underlying acrylic layer, which was
meant to be preserved. The two metrics exhibit inverse trends.
In cases where both layers were removed using the cleaning
system - such as with MH, MO, and mix - the efficacy for
removing both layers ranged from 78 £ 5% to 92 + 7%, while
the efficacy for selectively removing only the wax was zero, as
both layers were completely removed.

Conversely, for the other cleaning systems, the removal
efficacy of both layers was zero, while the efficacy for removing
only the wax ranged from 85 £ 6% to 95 £ 5%. The exception
was ML, which partially affected the Paraloid B72 layer, result-
ing in an efficacy of 42 + 40% for the removal of both layers.
The high variability, indicated by the large error margin, is
attributed to the uneven removal of the acrylic layer. These
results demonstrate that MM, MOL, OG, and MS are capable of
preserving the acrylic layer while effectively removing the over-
lying microcrystalline wax. This also suggests that the wax and
acrylic layers do not merge during the application of the second
layer, a hypothesis that will be further examined in the SEM
analysis.

X-Ray fluorescence scanning. The XRF analysis provided
data on element net counts, enabling a comparison of condi-
tions before and after treatment. Simultaneously, the maps
highlighted differences between the wax and the cerium oxide-
coated sample and the sample post-treatment. Fig. 10 presents
the normalized differences in Ce net counts in stone samples
after cleaning with various solvents, compared to the Ce net
counts in the waxes before treatment. The data clearly show
that, despite variations in solvent effectiveness, all tested
cleaning systems were able to remove approximately 82% to
99% of both beeswax and microcrystalline wax, demonstrating
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the overall efficacy of the proposed solvents. However, the net
Ce count in the treated travertine samples was higher than that
in the treated marble samples. This is likely due to the larger
pores in the travertine, which complicate the removal of
wax with the cleaning method used. The XRF analysis, with
its 0.5 cm resolution depth, reveals wax residues in the super-
ficial layer of the samples. The generally lower effectiveness
observed in the travertine samples treated with R21 wax can
also be attributed to the wax’s deeper penetration. This wax,
due to its lower molecular weight compared to beeswax, more
readily infiltrates the sample’s structure.

To enhance result interpretation, the XRF maps obtained
from the white samples were processed in ImageJ 1.54g, con-
verted into 8-bit images, and binarized (Fig. 11a and b). The area
of the largest pores was then calculated and correlated with the
presence of residual cerium on the samples. The results show a
positive correlation (p = 0.68 in the case of microcrystalline wax
and p = 0.30 for beeswax), indicating that the pore sizes had an
influence on the amount of detected cerium.

Due to inhomogeneity of travertine porosity, marble
samples were given greater consideration to define the differ-
ences in the degree of cleaning among the different cleaning
systems because their smoother surface provides a clearer
indication of the cleaning effectiveness. It can be observed that
all the FAMEs, except for MOL, were able to remove more than
98.6% of the applied beeswax and R21 wax (Fig. 10).

In the case of bronze samples, the analysis also allowed for
the quantification of cobalt, indicating the residual amount of
Paraloid B72 on the bronze surface post-wax removal. This
highlights the solvent’s ability to selectively remove the wax
layer while preserving the integrity of the Paraloid B72 layer, in
line with the objectives commonly pursued by conservators.

Upon examination, it can be observed that all cleaning
systems were able to remove more than 98.7% of the applied
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Cleaning efficacy (%, Ce decrease)
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Fig. 10 Stone samples: normalized values of the removed wax calculated
as the percentage difference in detected Ce between the cleaned samples
and those coated with the waxes. M: marble, R21: microcrystalline wax
R21, T: travertine, B: beeswax, mix: MO-polar solvent mixture, and OG:
organogel.
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R21 wax, further confirming the results of the investigations
conducted on the stone samples and also demonstrating the
MOL’s ability to remove the protective layer similar to the other
FAMEs when porosity is not a factor (Fig. 12). It is evident that
the preservation of the acrylic layer was achieved primarily with
less polar solvents - i.e., MM, MOL, and MS - and the organogel,
confirming previous analyses. Additionally, the dissolution abil-
ity of the organogel loaded with MM proves that the solvent is
released by the 3D network and shows the same dissolution
ability of the sole solvent while preserving the acrylic layer.

Scanning electron microscopy (SEM). SEM acquisitions con-
firmed the successful separation of the microcrystalline wax
layer from the acrylic layer, regardless of whether the wax was
applied with a brush or a pipette (Fig. 13a and b).

It can thus be affirmed that, regardless of the introduction of
mechanical action - such as the brushing motion used to apply
wax dispersed in mineral spirits (MS) onto the acrylic layer on
one of the two samples analyzed - the two layers do not tend to
merge. Consequently, Paraloid B72 does not undergo even
partial dissolution by the MS. This observation thus allows
for the evaluation of the results obtained from the treatment of
the bronze samples, especially concerning the ability to pre-
serve the acrylic layer beneath the wax coating.

Fourier transform infrared spectroscopy in the attenuated
total reflectance mode. FT-IR ATR was utilized to detect the
presence of the organic components, specifically the two waxes
and Paraloid B72, post-cleaning treatment, and to corroborate
findings from elemental analysis techniques. In the analysis of
stone samples, particular attention was given to the characteristic
peaks of waxes at 2850 and 2920 cm ™ *, indicative of C-H stretch-
ing in alkanes (Fig. 14). Considering that FT-IR ATR is a point-
specific, predominantly qualitative technique, the acquisitions
were not interpreted in quantitative terms. However, it is possible
to observe that a wax residue was detected on all marble and
travertine samples, regardless of the type of wax, validating the
results of the XRF investigations — which identified residual Ce in
all samples, albeit in reduced quantities — as well as spectro-
photometric analyses and technical photography (Tables S6-S8,
ESIt). Consequently, it is feasible to effectively correlate the
presence of residual Ce with the persistence of wax on the
samples. It is important to note that the peaks at 2850 and
2920 cm™ " could also be associated with the presence of solvent
residues on the surface, as these are the characteristic peaks of
FAMEs. However, unlike microcrystalline wax R21, such solvents
exhibit a distinct peak at 1736 cm ', corresponding to the
stretching mode of the carbonyl group C=O0, which is not present
in the spectra acquired after the cleaning treatments.**®” Most of
the peaks related to beeswax instead correspond to the character-
istic peaks of FAMEs, which do not allow for a straightforward
interpretation of the spectra. However, they exhibit a similar trend
to that observed in samples treated with R21 wax, where solvents
with lower evaporation rates were also not detected, likely due to
their penetration into the pores.

A key observation is that no detectable stearate residues
were observed on the sample surface using FT-IR spectroscopy.

The characteristic peak at 1588 cm™ ', indicative of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a)

(a) Example of an XRF map obtained from a white travertine sample and (b) a binarized map.
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Fig. 12 Bronze samples: normalized values of the removed R21 wax
calculated as the percentage difference in detected Ce between the
cleaned samples and those coated with the wax, and the percentage
difference in detected Co (corresponding to Paraloid B72) between the
cleaned samples and those coated with the acrylic layer. Mix: MO-polar
solvent mixture and OG: organogel.

asymmetrical stretching vibration of the COO™ group, was
absent, suggesting that the organogel, when applied as
described, does not leave residues detectable by FT-IR ATR on
the treated surface (Fig. S1-S5, ESIT).%®

Regarding the bronze samples, although the peaks at 2960,
2925, and 2870 cm ™' of Paraloid B72 may partially overlap with
the characteristic peaks of wax, the spectra obtained allow for a
clear distinction between the two materials. Moreover, Paraloid
B72 is more easily identifiable due to its distinctive peaks at
1720, 1460, 1385, 1235, 1141, 1032, 966, and 745 cm™'. The
sample treated with methyl hexanoate (MH) exhibits faint

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
N . 'Y ¢ 4
-' i 'v- ’ . “‘ .
. S . . RN
® ."o"‘ ’ - & N
oo L]
A 3 Q. - o
L. e & .\ . q
-‘ [ - o
' . oe, »
» ; .. \rv - ‘ :
: ~ v-'{ N
> o - ., J.’ -
e , ¥ ’ -

peaks that correspond to the presence of residues of either
wax or Paraloid, with these peaks being slightly more pro-
nounced in the sample treated with methyl octanoate (MO)
and the blend.

This suggests that both MH and MO effectively remove
layers of both the acrylic and wax, leaving only slight residues
indicative of the two protective materials. The longer chain
solvents (ML, MM, and MOL) and mineral spirits (MS) also
show more distinct peaks attributable to wax residues. Simulta-
neously, the prominent peaks of Paraloid B72 in these samples
indicate the potential for preserving the acrylic layer when
using longer chain solvents. The mixture yields results similar
to those obtained with MH. Notably, the sample treated with
the organogel demonstrates more prominent peaks associated
with Paraloid B72, while the peaks related to wax are less
evident, confirming the organogel ability to selectively remove
the wax layer.

Volume of solvent used and time required for the tests.
During the cleaning tests, both the amount of the solvent used
to remove the wax layer and the time required for removal were
quantified. An observable trend emerged for microcrystalline
wax and beeswax, influenced by various factors. The interaction
between solvents and solutes plays a crucial role in dissolution
efficiency, affecting both the speed of coating removal and the
quantity of the solvent required. However, this is balanced by
the solvent’s evaporation rate; higher evaporation rates lead to
greater solvent dispersion into the environment, necessitating
larger quantities for complete cleaning.

It can be observed that the volume required for the removal
of microcrystalline wax increases with the polarity of the
solvents (Fig. 15). This is due to the lower compatibility of
more polar solvents with the non-polar microcrystalline wax.
However, it is interesting to note that MOL (low volatility
solvent) requires even less solvents than MS (reference solvent).
Given its extremely low volatility, MOL, as well as ML and MM,
although to a lesser extent, does not evaporate and remains on
the surface to be treated for longer periods compared to more
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Fig. 13 Cross-section of bronze samples treated with Paraloid B72 and the microcrystalline wax R21: (a) application using a brush and (b) application
using a pipette. Red point: bronze sheet, blue point: Paraloid B72, and yellow point: microcrystalline wax R21.
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Fig. 14 FT-IR ATR spectra of beeswax and the microcrystalline wax R21.

volatile FAMEs. This factor allows for the use of reduced
quantities of the product, with effectiveness similar to that of
MS. At the same time, less volatile solvents like ML, MM, and
MOL generally require shorter removal times compared to
more volatile FAME solvents such as MH and MO (Fig. 16).
For beeswax, the trend is somewhat different, as more polar
solvents interact more significantly with the wax due to the
presence of more polar functional groups in the beeswax
compared to those in the microcrystalline wax. Nonetheless,
in this case as well, MOL requires smaller quantities of solvents

9370 | Mater. Adv.,, 2024, 5, 9359-9375
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and shorter removal times - similar to MO and ML - compared
to the more toxic reference solvent (MS) (Fig. 16 and 17).

Cultural heritage professionals often prefer to use solvents
with a medium to high evaporation rate to minimize the
interaction time with the materials of the artwork and to
mitigate the risk of excessive solvent penetration. However,
reducing the evaporation rate leads to lower dispersion of the
substance into the environment and decreases the amount of
solvent required, resulting in health, environmental, and
potentially economic benefits.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Solvent volume used (ml) for the removal of the wax layer from
the marble, travertine and bronze samples. M: marble, T: travertine, Br:
bronze, R21: microcrystalline wax R21, and B: beeswax.

Discussion

This study evaluated the efficacy and sustainability of fatty acid
methyl esters (FAMEs) as potential alternatives to conventional
solvents in the removal of wax coatings from stone and metal
artifacts. The findings highlight the significant potential of
FAMEs, especially in terms of solubility performance and
reduced health and environmental impacts.

The solubility tests revealed that MO and MH appeared to be
particularly effective in dissolving beeswax, even though the
partial entrapment of the solvent within the wax matrix com-
plicates the interpretation of solubility efficiency for beeswax.
However, it is possible to observe how shorter-chain solvents
like MH and MO are particularly effective in dissolving not only
beeswax, where the effectiveness of more polar solvents can be
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Fig. 16 Time (s) required for the removal of the wax layer from the
marble, travertine and bronze samples. M: marble, T: travertine, Br: bronze,
R21: microcrystalline wax R21, and B: beeswax.
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Fig. 17 Volume effectiveness: the ratio between the removed wax (in
percentage) and the volume of the solvent used. M: marble, T: travertine,
Br: bronze, R21: microcrystalline wax R21, and B: beeswax.

explained by the presence of various polar compounds in the
wax composition, but also the microcrystalline wax R21, which
is exclusively composed of hydrocarbons and therefore non-
polar. Indeed, MO, ML, and MH were found to be particularly
effective on the dissolution of the microcrystalline wax R21.
This phenomenon can be explained by considering that smaller
molecules have a greater solvent power, partially independent
of solubility parameters. Indeed, the molecular size of both
solvents and solutes plays a crucial role in phenomena such
as solubility, permeation, diffusion, and chemical resistance.
Both the Hildebrand solubility parameter theory and the Flory-
Huggins theory of polymer solutions highlight that solvents
with smaller molar volumes tend to be more effective than
those with larger molar volumes, even when they have identical
solubility parameters.®*°° Currently employed solubility para-
meters for solvent selection - ie., Hildebrand and Hansen
solubility parameters - do not comprehensively consider this
factor. Indeed, efforts to incorporate a molecular volume into a
composite solubility parameter and a size parameter have not
yielded significant success. This may be because the impact of
the molecular size is often more related to kinetic factors such
as diffusion rates or considerations of free volume, rather than
the thermodynamic principles that typically underpin solubility
parameters.®® However, this factor must be taken into consid-
eration particularly in the field of cultural heritage conserva-
tion, where solubility parameters are the predominant tool, in
combination with practical tests, for selecting solvents for
artwork cleaning. Although solubility parameters are indispen-
sable for solvent selection, considering molecular sizes could
broaden the range of solvents to choose from, potentially
paving the way for the use of even greener cleaning systems.
XRF analysis indicates that all tested cleaning systems,
including FAMEs, are capable of removing between 82% and
99% of beeswax and microcrystalline wax. The higher net
cerium (Ce) count in travertine samples post-treatment suggests
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that larger pores in travertine hinder complete wax removal,
leading to the presence of residual wax. This observation indi-
cated that while FAMEs are effective, their performance may vary
based on the substrate’s porosity. Nonetheless, all FAMEs except
MOL achieved more than 98.6% removal of both beeswax and
microcrystalline wax, demonstrating their high efficacy in various
substrates. This is corroborated by the high removal efficiency
(>98.7%) of all cleaning systems on bronze samples, under-
scoring the suitability of FAMEs in cleaning low-porosity surfaces.

The trend observed in the solubility tests conducted on
microcrystalline wax R21 aligns with the XRF analyses
carried out on the marble coated with microcrystalline wax.
Given the uniform porosity of the marble and the consistency
in the results from the solubility tests on R21 wax and the
spectrophotometric analysis on the marble coated with R21, it
is feasible to consider these data to assert that MH, MO, ML,
and MM are the most effective solvents for the removal of
microcrystalline wax.

As a general remark, MOL induced the most significant
chromatic changes on marble, possibly due to solvent penetra-
tion that, even after a prolonged period, did not evaporate and
increased the saturation of the sample. This phenomenon is
not observed in travertine, likely because the solvent penetrated
deeper due to the presence of larger pores, nor in bronze, due
to the absence of porosity.

Based on the XRF and spectrophotometric analyses, as well as
the solubility tests (though the latter are challenging to interpret
due to the retention of less volatile solvents by the wax), beeswax
appears to be slightly more soluble in the more polar FAMEs
(MH, MO, and ML) compared to microcrystalline wax, despite
also showing good solubility in the more non-polar FAMEs.

The observed differences between beeswax and microcrystal-
line wax can be attributed to their distinct compositions. Beeswax
is composed of hydrocarbons (12-16%) with a predominant chain
length of C27-C33, free fatty acids (12-14%) with chain lengths of
C24-C32, linear wax monoesters and hydroxy monoesters (35-
45%) typically ranging from C40 to C48, and complex wax esters
(15-27%) and exogenous substances.>**" The broad solubility of
beeswax in low- and medium-polar solvents can be attributed to
the presence of long alkyl chains as well as more polar moieties,
including -OH, -COOR’, and ~-COOH groups.”> Furthermore, the
fatty acid esters within beeswax contribute to a strong compat-
ibility with the tested FAMEs. The carboxylic group -C—O0 of the
FAMEs form hydrogen bonds with the hydroxy monoesters pre-
sent in beeswax. Additionally, London dispersion forces play a
significant role in the final solubility, involving the hydrophobic
chains of both the solvent and the solute. As the chain length of
the FAMEs increases, these dispersion forces also strengthen.
However, molecules with shorter alkyl chains possess a higher
concentration of polar groups per unit volume, which more
effectively enhance the solubility of beeswax through interactions
with its polar components. This explains why shorter-chain
FAMEs tend to be somewhat more effective, even if no significant
variations in efficacy are observed.

In contrast, microcrystalline wax is characterized by isopar-
affinic (branched) hydrocarbons and naphthenic hydrocarbons,
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which are solubilized via weak intermolecular forces. Notably,
the linear chains of FAMEs likely interact with the linear chains
of the wax, enhancing compatibility with FAMEs that have
longer alkyl chains compared to beeswax.

On bronze samples, MM, MOL, and MS showed minimal
chromatic variations compared to the Paraloid B72-covered
samples, indicating that these solvents can remove microcrystal-
line wax while preserving the underlying acrylic layer. While each
tested cleaning system was able to remove the wax layer, these
results highlight the importance of solvent selection in preser-
ving the aesthetic and structural integrity of protective coatings
that are intended to be preserved. This interpretation of the
results was made possible by SEM analyses, which demonstrated
that, regardless of the application method of the two protective
layers, the microcrystalline wax and Paraloid B72 do not merge
during application. Therefore, they can be selectively removed
individually by choosing the appropriate solvent.

In addition, the organogel based on MM demonstrates
approximately the same solvent removal capabilities as the
pure solvent, highlighting the organogel’s ability to release
the solvent once applied to the surface without leaving residues
detectable by FT-IR ATR analyses. This finding is particularly
significant because the gelation of organic solvents, especially
non-polar ones, which are suitable for use as cleaning agents
on cultural heritage materials, is notably complex. The identifi-
cation of a gelling system with the same cleaning efficacy as the
pure solvent allows for the removal of the material from the
artwork’s surface while preventing excessive solvent release,
laying the groundwork for further studies that explore the
entrapment of the solvent within the gel system, as well as
the release rate. Additionally, gelation helps reduce the release
of solvents into the environment, consequently minimizing
operator inhalation and pollutant dispersion, factors that
enhance the sustainability of the entire cleaning process. In
the same manner, it can be observed that the use of less volatile
solvents allows for the use of smaller quantities of product, as
they are not dispersed into the environment. Examining the
volume effectiveness of the solvents, defined as the ratio
between the removed wax (in percentage) and the volume of
the solvent used, a trend is evident where a decrease in solvent
polarity and volatility corresponds to an increase in volume
effectiveness (Fig. 15). This means that a smaller quantity of the
solvent is required to remove the same amount of wax. This
finding is particularly important for understanding the impact
that more volatile solvents have on sustainable development
and how the use of lower evaporation rate systems can offer
significant benefits for operator health and the reduction of
environmental pollutants. It is equally critical to emphasize
that this discussion should be contextualized into the field of
cultural heritage conservation, where intervention methods
must always consider potential side effects on the artifact.
Indeed, the use of low-volatility solvents is generally avoided
to limit solvent penetration into the substrate of the artifacts
and prevent possible interactions, both short and long terms,
with the constituent materials of the artifact, which could lead
to degradation over time, such as color alterations or chemical
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reactions between materials. For this reason, despite MOL
having good solvent properties and requiring a smaller volume
compared to other solvents, it risks causing significant color
alterations and remaining in the pores for prolonged periods.
Given their low volatility, the same applies to ML and MM.
Therefore, the application of these products as pure solvents on
porous materials should be avoided and replaced with alter-
native application methods, such as trapping the solvents in
organogel systems that allow for gradual release exclusively at
the organogel-surface interface of the artifact.

Conclusions

This study highlights the potential of FAMEs as effective, more
sustainable alternatives to conventional solvents for the
removal of low-polarity wax coatings from cultural heritage
materials. The findings highlight that FAMEs, particularly
MO, MH, ML, and MM, are highly effective in the removal of
both beeswax and the microcrystalline wax R21, with the added
benefit of reduced environmental impact and lower health risks
compared to traditional solvents. Specifically:

o All FAMEs are capable of removing both waxes. However,
beeswax exhibits slightly higher solubility in more polar FAMEs
compared to microcrystalline wax.

e MM and MOL are the only FAMEs capable of removing the
R21 wax layer while preserving the acrylic one underneath.

e The MM-based organogel exhibits comparable wax
removal capabilities to pure MM, being able to release the
solvent without leaving residues detected by FT-IR ATR.

e Solvents composed of small-sized molecules are effective
even on completely nonpolar materials, such as R21 wax,
despite their polarity not closely matching that of the material
being removed.

e Despite the benefit of using less volatile solvents in smaller
quantities, reducing environmental and health impacts, their
direct application on porous or absorbent artworks is unsuita-
ble due to the risk of prolonged persistence in the substrate
possibly inducing further degradation. Therefore, alternative
application methods, such as gelling systems, are recom-
mended for further study.

As a general remark, the ability of FAMEs to remove wax
coatings while preserving the underlying materials makes them
promising candidates for conservation applications, aligning
with green chemistry principles and sustainability goals.

However, it is important to emphasize that sustainable
development should be intended as a gradual and progressive
process, also suggesting that personal protection equipment
(PE) is always recommended, and a careful approach is needed,
especially when dealing with new materials. Agencies such as
the European Chemicals Agency (ECHA) and the Environmen-
tal Protection Agency (EPA) ensure that companies comply with
the legislation, advancing the safe use of chemicals, but also
provide the final user with information on the physico-chemical
and toxicological properties of chemicals.®® Studies on the
toxicological properties of certain substances are often
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incomplete and verification of any missing information should
be undertaken by conservation professionals when handling
new materials, always bearing in mind that future research
might uncover adverse consequences that were previously
unknown.

Additionally, it is important to consider that the implications of
solvent evaporation extend beyond cleaning efficacy. The environ-
mental and health impacts of solvent use are critical considerations
in conservation practices. Higher volatility solvents — such as MH
and MO - while potentially more effective, could result in pro-
longed exposure for the operator and greater environmental per-
sistence. Therefore, the selection of solvents for conservation tasks
should balance effectiveness, safety for both the operator and the
artwork, and environmental impact. The findings underscore the
importance of considering both the solubility and volatility char-
acteristics when assessing solvent effectiveness for conservation
purposes. Future research should focus on the long-term effects of
FAMEs on treated surfaces and the development of formulations to
further optimize their application for conservation use. Although
an initial step in this direction has been made through the
development of the gelling system described in this article, further
studies are needed to more thoroughly verify the presence of
residues following cleaning - for instance, through the use of gas
chromatography/mass spectrometry (GC/MS) - as well as the
release rate of the solvent and the ability to effectively retain it
exclusively at the contact interface. Furthermore, other metal
stearates known to be less toxic than aluminum stearate, such as
calcium stearate, should be evaluated for their gelling and release
capabilities.

Finally, future research should also focus on investigating
the interactions between FAMEs and various materials found in
other types of artworks, such as oil and acrylic paintings.
Potential interactions with specific binders, for instance, could
limit the applicability of FAMEs in cleaning treatments for
surfaces sensitive to these compounds.
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