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Abstract: The transition toward sustainable conservation practices requires a scientifi-
cally ground approach to substituting traditional solvent systems with green alternatives.
This study aims to facilitate the adoption of green solvents by restoration professionals
by systematically evaluating their chemical compatibility and toxicological safety. By
integrating Hansen solubility parameters (HSP), Relative Energy Difference (RED), and
the Integrated Toxicity Index (ITI), we identified green solvents with high potential for
replacing Cremonesi mixtures. The analysis revealed that ether-based solvents, such as
2,5-dimethyltetrahydrofuran and cyclopentyl methyl ether, exhibit high chemical affinity
with Cremonesi mixtures, while esters and fatty acid methyl esters (FAMESs) offer a bal-
anced combination of solubility and low toxicity. However, the study also underscores
significant gaps in safety data (SDS) for many innovative solvents, highlighting the need
for further toxicological evaluation before widespread implementation.

Keywords: green solvents; cultural heritage conservation; sustainable restoration; Hansen
solubility parameters; Integrated Toxicity Index (ITT)

1. Introduction
1.1. Green Solvent

The cleaning of cultural heritage objects is a fundamental restoration procedure aimed
at removing unwanted layers (such as aged varnishes, coatings, overpaints, or vandalism)
from the surfaces of artworks. This process must be executed with great care to avoid
any alteration to the original materials, including binders, pigments, and supports [1-3].
Historically, toxic organic solvents such as acetone and aliphatic hydrocarbons (e.g., ligroin and
mineral spirits) have been extensively used due to their effectiveness. However, these solvents
pose significant concerns related to their toxicity, volatility, and low biodegradability [4,5].

The increasing awareness of the detrimental effects of traditional solvents on both
human health and the environment has intensified efforts to identify sustainable alterna-
tives [6,7]. Conventional solvents contribute to the emission of volatile organic compounds
(VOCs), leading to air pollution, water contamination, and health risks such as neurotoxicity
and carcinogenicity [8,9].

Guided by the 12 principles of green chemistry outlined by Anastas and Warner [10],
the focus has shifted toward the development of eco-friendly solvents that reduce environ-
mental impact and enhance chemical safety [11-13]. According to these principles, green
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solvents should exhibit characteristics such as low vapor pressure, high biodegradability,
and safety for both operators and the environment [12,14-16]. Prominent examples include
fatty acid methyl esters (FAMEs) and ethyl lactate, which have emerged as promising
substitutes with lower environmental footprints for various applications [17]. Melchiorre
et al. highlighted the possibility of using Solketal (SOLK), y-valerolactone (GVL), and
2-ethylhexyl pelargonate (ARGO) as solvents to replace acetone, ethanol, and isooctane
for the removal of film-forming substances (Dammar, Mastic, Shellac, Paraloid® B72, and
linseed oil) [18].

FAMEs, derived from renewable resources like vegetable oils, are biodegradable and
produce minimal VOCs emissions, making them suitable replacements for non-polar sol-
vents such as ligroin and white spirit [19-21]. Zaratti et al. demonstrated the effectiveness
of FAMESs in conservation treatments, offering sustainable solutions for removing waxes
and oils from artworks [22]. FAMESs have also been employed in industrial pesticide for-
mulations as carriers and diluents, replacing hazardous volatile organic compounds and
demonstrating versatility across sectors [23].

Similarly, ethyl lactate has shown considerable promise in extraction and separation
processes, owing to its environmental compatibility and miscibility with water [24].

This property allows for fine-tuning the solvent properties through aqueous solutions,
facilitating a range of chemical transformations, including olefin metathesis, carbonyl group
reactions, and multicomponent coupling processes [25-28]. In conservation science, ethyl
lactate has proven effective for cleaning varnishes and resins, providing an eco-friendly
alternative to harsher solvents.

In addition to FAMEs and ethyl lactate, other green solvents like ethyl fatty acid esters
(FAEEs) and 2-methyltetrahydrofuran (2-MeTHF) have gained attention for their efficiency
in extracting and purifying bioactive compounds [29-35]. Osman et al. studied the appli-
cation of a new green solvent for biodiesel purification via Solvent-Aided Crystallization
(SAC) comparing the performance of a new green solvent with conventional solvents in
the production of high-purity biodiesel. FAEEs have demonstrated superior extraction
efficiency compared to hexane. These solvents are also used in the pharmaceutical industry,
where their low toxicity and high biodegradability are critical point [36-39].

Another significant class of green solvents is deep eutectic solvents (DES), formed by
combining hydrogen bond donors and acceptors such as choline chloride and urea [40—42].
DES are cost-effective, biodegradable, and have shown excellent performance in extracting
phenols, carotenoids, and alkaloids from plant matrices [15,43-46].

Natural deep eutectic solvents (NADES), a subclass of DES composed of natural
components like sugars and organic acids, have been applied in the pharmaceutical and
food industries, further promoting sustainability in supply chains. These solvents have also
been explored for cleaning delicate painted surfaces in artworks, showing effectiveness in
removing stubborn residues without compromising original materials [47,48].

Supercritical carbon dioxide (scCO;) is a green solvent celebrated for its ability to
extract thermolabile compounds without leaving harmful residues [49]. It has been used
to replace solvents like hexane and methanol in industrial applications, including the
extraction of pigments and resins. In pharmaceutical and cosmetic production, scCO,
has significantly reduced reliance on conventional organic solvents while ensuring high
product purity [50-52].

Ionic liquids (ILs), characterized by low volatility and high thermal stability, have
gained prominence in biomass dissolution, catalysis, and separation processes. [53]. They
have been used at Tor Vergata University for the restoration of archival and library ma-
terials [54]. Several authors report that N,N’-Dialkylimidazolium-based ionic liquids are
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capable of completely dissolve lignocellulosic biomass and can be considered as promising
green solvents for future biorefining and bio-extraction technologies [55-59].

Bio-based solvents such as d-limonene, p-cymene, and ethyl acetate have also demon-
strated promise as replacements for petroleum-derived solvents [60]. For instance, d-
limonene has been effectively used in lipid extractions and varnish removal. Many sub-
stances produced from renewable materials and the fermentation of polysaccharides are
used as solvents or as precursors in catalysis due to a wide range of advantageous proper-
ties, including comparatively moderate toxicity, high polarity, and solubility in water and
other solvents, such as Benzyl Alcohol [61].

Acetals are described by an R2C(OR’)2 structure that is formed by the reversible
nucleophilic addition of an alcohol to a ketone or an aldehyde. They can be considered
promising sustainable alternatives to many toxic organic solvents [62-65]. Macchia et al.
evaluated acetals, acetal blends, and acetal-ethanol mixtures as possible alternative solvents
to identify a green solvent capable of replacing more toxic organic solvents for use in the
conservation of cultural heritage [66,67].

Dimethyl carbonate, categorized among the greenest solvents, holds promise as a
substitute for traditional ketones, esters, and alcohols [68-71]. Dimethyl carbonate is
classified in the greenest “recommended” bracket according to the solvent selection guide,
and can be a potential replacement for methyl ethyl ketone, ethyl acetate, methyl isobutyl
ketone, and most other ketones [72,73].

The use of green solvent represents a pivotal step toward achieving sustainable and
environmentally responsible chemistry [74-76]. Applications in industrial chemistry have
also highlighted the versatility of these solvents. For example, dimethyl carbonate has
been applied as a replacement for more toxic compounds in coatings and adhesives [73].
Moreover, p-cymene has been explored for its use in olefin metathesis reactions, offering
both sustainability and efficiency. NADES have demonstrated their efficacy in the extraction
of bioactive compounds for pharmaceuticals and nutraceuticals, supporting their potential
in a wide range of industries [40].

Despite their advantages, the adoption of green solvents in restoration treatments
faces challenges such as higher initial costs, the need for technological adaptations, and
limited accessibility. This is primarily due to the lack of available products from distributors
specializing in the sector, resulting from insufficient demand by restorers, and the insuffi-
cient transfer of knowledge and technology from academic research to specific applications
and, ultimately, to restoration practitioners [76].

1.2. Potential Use of Green Solvents for the Solubilization of Materials in Cultural Heritage

The cleaning of polychromatic artworks in cultural heritage restoration has tradition-
ally relied on empirical practices and the expertise of restorers [77].

Solvent mixtures such as Ligroin-Acetone or Ligroin-Ethanol were commonly em-
ployed for removing varnishes and retouchings, adhering to the principle of minimal
intervention. Following the principle “like-dissolves-like” rule, now more aptly described
as “like seeks like”, these mixtures were chosen for their effectiveness in dissolving ma-
terials of similar polarity closed to the different mixtures. Thus, solubility tests based on
the Teas chart were pivotal in this process, starting with solvents of minimal polarity and
gradually increasing polarity to determine the optimal composition for removing unwanted
layers [78,79].

The Teas chart integrates the three Hansen solubility parameters (dispersion forces 6d,
dipolar interactions 8p, and hydrogen bonding 6h) into a planar graph. These parameters
represent fractions of the total Hildebrand solubility value (5t) and are related through
a mathematical relationship (Equation (1)). By plotting the relative contributions of 6d,
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dp, and bh as percentages, the Teas chart provides a systematic framework for assessing
solubility behavior, assuming all materials share the same total Hildebrand value. This
method, introduced by Nathan Stolow and refined by Robert Feller [80] enabled restorers
to inductively determine the polarity of the material to be removed through empirical
testing [81,82]. While effective, Feller’s method has limitations, including reliance on
potentially hazardous solvents and a lack of comprehensive structure.

In recent years, safer and less toxic alternatives have emerged. A particularly note-
worthy approach in Italy is the method developed by Paolo Cremonesi [83], which uses
three primary solvents—ligroin, acetone, and ethanol (Figure 1). Cremonesi’s method not
only enhances safety for operators but also reduces environmental toxicity, providing a
practical framework that accommodates the wide range of solutes encountered in cultural
heritage restoration [84-88].

Fd

Figure 1. Teas Triangle with Cremonesi mixtures (L, LA1....AE3) in solubility areas of common
substances used in cultural heritage. Yellow represents resins, green represent waxes, red represent
dry oils and blue represent proteins and polysaccharides.

This study aims to collect and systematize the solubility, toxicity, and application
parameters of green organic solvents available in literature, with the goal of transferring
this knowledge to the field of cultural heritage conservation. By analysing the solubility
parameters of these solvents, the research seeks to provide practical guidance to restorers
on which traditional solvent mixtures can be replaced with green alternatives and which
solutes can be dissolved using these new formulations. To facilitate the application of green
solvents in the sector, the chemical affinity of these solvents with Cremonesi mixtures was
calculated using Hansen solubility parameters (HSP) and the Relative Energy Difference
(RED) value. This approach enabled the identification of green solvents that can effectively
substitute the traditional mixtures used [89,90]. The assessment of solvent toxicity is crucial
for ensuring both environmental and human safety. Traditionally, toxicity evaluations
rely on LD50 (lethal dose 50), GHS (Globally Harmonized System) classifications, and
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precautionary statements (P-statements), as commonly reported in Safety Data Sheets
(SDS). To address this issue, several methodologies have been developed to refine chemical
classification and risk assessment [91,92].

In this study, an integrated approaches like the Integrated Toxicity Index (ITI), was
used to combine multiple data sources to enhance risk assessment. To ensure the reliability
and consistency of the data collected from literature and technical data sheets, an artificial
intelligence-based approach was employed. Al was used exclusively as a support system to
validate the consistency and accuracy of the collected data, leveraging advanced validation
frameworks that ensure dependability and reduce human error [93-97].

2. Materials and Methods
2.1. Green Solvents Dataset

The dataset for this study was compiled from a combination of scientific literature,
technical data sheets (SDS), and online resources. It includes key parameters of green
solvents such as CAS Number, Chemical Formula, Family, Potentially Replaced Solvent,
Common Solute or Application. The assignment of each solvent to a chemical family
(e.g., Alcohols, Acetals, Ionic Liquids) was based on its chemical structure and functional
groups. For example, alcohol solvents were categorized by the presence of a hydroxyl
(-OH) group, acetals by two -OR groups attached to a single carbon, and ionic liquids by
the typical presence of an organic cation and an inorganic/organic anion. The selection of
families was also guided by classifications found in the scientific literature. Additionally,
solutes dissolved by these solvents and their potential applications were identified based on
literature sources. The physicochemical properties of the solvents were collected from SDS
available on product websites such as Merck and Sigma Aldrich (uploaded until November
2024). Only data consistently reported across multiple SDS were included, and these
values were further validated using the ECHA (European Chemicals Agency) database
using Al. This approach was chosen to align with real-world practices of conservators,
who typically rely on SDS provided by suppliers when purchasing solvents and are less
likely to independently verify data through the ECHA website [98-100]. The Hansen
parameters were obtained and calculated using the HSPiP software (HSPiP, version 6.1.02)
developed by Professor Steven Abbott. The Teas parameters were obtained through the
following equations:

1.  Fractional parameters developed by Teas in 1968 [101]:

o fd=056d/(dd + dp + dh);
o fp=0p/(6d + dp + bh);
o fh=25h/(5d + op + oh).

2. Final relationship between fractional parameters:
fd+fp+fth=1

2.2. Toxicity Parameters

The Integrated Toxicity Index (ITI) was developed as a quantitative and comparative
measure to assess the toxicity of green solvents by integrating multiple toxicological param-
eters into a standardized metric. The primary objective of the ITI is to provide a consistent
and reproducible ranking of solvent hazards, facilitating the selection of safer alternatives
for both environmental and occupational health applications. The ITI was based on a
weighted scoring system that incorporates acute and chronic toxicological data, regulatory
classifications, and safety information. The core toxicological parameters integrated into
the ITI framework include:
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GHS Hazard Statements (H-statements): Indicators of both acute and chronic toxicity
risks, weighted according to severity.

Precautionary Statements (P-statements): Recommendations for handling, exposure
control, and risk mitigation.

LD50 Data (if available): The lethal dose required to kill 50% of a test population, used
as a standard measure of acute toxicity.

Derived No-Effect Levels (DNELs) and Occupational Exposure Limits (OELs): Regula-
tory benchmarks for safe exposure limits, used to validate and adjust hazard severity
scores when available.

To ensure a balanced and objective classification of solvent toxicity, weighting factors

have been standardized based on their relative impact on human health and environmental

safety. The revised weighting structure was developed in alignment with methodologies
established in the studies of Pilon et al. and Prat et al. [102,103].

2.2.1. Hazard Statement Weights (H-Values)

H-statements provide critical information regarding the toxicological risks of a solvent

based on the following criteria:

Quantitative Toxicity Measures. LD50 values serve as reference points for adjusting
acute toxicity weights, ensuring consistency with traditional toxicity thresholds.
GHS Classification and Toxicity Thresholds. Higher weights are assigned to substances
with severe acute toxicity (Category 1: H300, H310, H330) and those causing significant
long-term health effects (e.g., organ-specific damage H370, H372). Lower weights
are applied to substances with moderate or localized toxicity, such as mild skin
irritants (H315).

Toxicological Benchmarks and Health Risks. Weights for systemic toxicity (STOT),
reproductive toxicity, and carcinogenicity were determined by the literature. Carcino-
gens classified as Category 1A or 1B (H350, H340) are assigned the highest weight (10),
reflecting their severe long-term health impacts.

The standardized weighting system for H-statements is presented in the following

Table 1:

Table 1. Weight used in the article to define Hazard Statement Weights (H-values).

Category H-Statement Examples Weight
Acute Toxicity 1 H300, H310, H330 10
Acute Toxicity 2 H301, H311, H331 9
Acute Toxicity 3 H302, H312, H332 8
STOT Category 1 H370, H372 9
STOT Category 2 H371, H373 7

Carcinogenicity 1A/B H350, H340 10
Carcinogenicity 2 H351, H341 8
Skin Irritation H315 4
Flammability H225 6
Eye Irritation H319 5
Narcotic Effects H336 7

2.2.2. Precautionary Statement Weights (p-Values)

Precautionary statements (P-statements) weight in the ITI was based on:

Regulatory Guidelines and Hazard Control Standards.

Criticality of Exposure Prevention. Higher weights are assigned to P-statements
that require immediate medical attention or the use of personal protective
equipment (PPE).
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e Impact on Safety and Exposure Control. P-statements associated with life-threatening
exposure risks receive higher weights, whereas handling and disposal precautions
receive lower weights.

The assigned weights for P-statements are as follows (Table 2):

Table 2. Weight used in the article to define precautionary Statement Weights (p-values).

Category P-Statement Examples Weight
Personal Protection Required P280 (Wear PPE) 6
First Aid Response P301 + P310 (Ingestion hazard) 8
Proper Disposal Required P501 (Safe disposal) 4
Fire Prevention P210 (Keep away from heat/sparks) 5
Container Safety P233 (Keep container tightly closed) 4
Electrostatic Safety P240 (Ground /bond container/equipment) 6
Explosion Protection P241, P242 (Use explosion-proof equipment) 6
Eye Wash Procedure P305 + P351 + P338 (Flush eyes if exposed) 7

2.2.3. Uncertainty Adjustment

To prevent underestimation of toxicity due to missing data, an uncertainty factor (Uf)
is applied. This adjustment accounts for incomplete toxicological information and ensures
a conservative toxicity estimation.

The following uncertainty factors are applied:

e Uf=1.0 = When full toxicological data is available.

e Uf =15 — When LD50 values are missing, requiring estimation from structurally
similar substances.

e  Uf=2.0— When only partial H-statement or P-statement data is available, necessitat-
ing conservative extrapolation.

2.2.4. Final ITI Calculation

The ITI score is calculated using the following formula:

ITI = (Z (Hi x WHi) + X (Pj x WPj)) x Uf

where:

e Hi=Individual hazard statement

e  DPj=Precautionary statement

e  WHi, WPj = Adjusted weights based on DNELs/OELs
e  Uf = Uncertainty factor

Due to the limited availability of DNELs and OELs for many green solvents, weight
factors (WHi, WPj) were set to 1 in the current application of the ITI. The index was
applied to a selection of well-characterized solvents, including water, acetone, ethanol,
ligroin, toluene, xylene, and methanol. Additionally, the index was compared with the
toxicity assessment system proposed by Ito and Yamamoto [91] to predict acute oral toxicity
using HSP parameters. In this study, evaporation rate was not considered in the toxicity
assessment, as many of these green solvents have to be use, in conservation treatments, in
gel formulations, where volatility is significantly reduced to limit the penetration of the
solvent inside the artwork’s support [104-106].

2.3. Cremonesi Re-Style with Hansen Style

The Cremonesi mixtures (Table S1), widely used in the conservation of cultural her-
itage, were define on a geometric approach utilizing the Teas diagram. While this method
has demonstrated practical value, the growing need for a deeper understanding of chem-
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ical interactions has led to the integration in Hansen space. The analysis began with the
characterization of the three primary solvents in the Cremonesi method through their
Hansen parameters by HSPiP software: ligroin (6D = 16.0, 6P = 0.0, 6H = 0.0), acetone
(6D =155, 6P = 10.4, 5H = 7.0), and ethanol (8D = 15.8, 5P = 8.8, 0H = 19.4) with a standard
deviation < 2.5%. To analyse the distribution and effectiveness of the existing Cremonesi
mixtures and identified areas for potential improvement, a global solubility sphere in
Hansen space was created, encompassing the complete range of solubility parameters
accessible through combinations of the three primary solvents. The center of the Hansen
Solubility Sphere was calculated as the arithmetic mean of the Hansen coordinates of
the three solvents, while the radius of the sphere was determined as half the maximum
distance between the three solvents in Hansen space. This approach ensures that the sphere
encompasses all three Hansen points, representing the minimum compatibility region
containing them. The optimization of the Cremonesi method was based on calculating
Relative Energy Difference (RED). Each mixture was treated as an independent solvent
entity, with its area of influence defined by its Hansen parameters. For each mixture (e.g.,
LA1, LE3, AE2, etc.), a “local sphere” was generated to describe its expected interactions.
The radius of each sphere was calculated considering the intrinsic variability of the Hansen
parameters of the solvents that compose the mixture. This radius represents the mixture’s
capacity to dissolve solutes within a neighbouring area of Hansen space.

For instance, the radius for the mixture LE3 (70% ligroin, 30% ethanol) was determined
by incorporating the influence of hydrogen bonding (6H) and dispersion forces (6D) specific
to ligroin and ethanol. This “local sphere” approach allows for the mapping of the solubility
regions of each mixture, verifying their ability to represent the system of interest. Recent
studies in solvent selection methodology have demonstrated that a RED value greater
than 0.9 between adjacent mixtures provides optimal coverage while maintaining minimal
necessary overlap [107,108]. Based on this criterion, a set of 13 mixtures was developed.
The compositions were selected to maintain RED values < 0.9 between adjacent mixtures
while ensuring continuous coverage of the solubility space. The Hansen parameters (5D,
5P, 6H) were calculated for each mixture using weighted averages of the pure solvent
parameters [109].

Finally, a critical aspect emerged from the analysis concerning the evaporation dynam-
ics of the mixtures. The three solvents exhibit significantly different relative evaporation
rates (RER): acetone (RER = 560), ligroin (RER ~ 390), and ethanol (RER = 150). This
disparity causes substantial composition changes during application. For example, in an
equal-proportion mixture (33% each), the rapid evaporation of acetone leads to a dramatic
shift in composition over time.

To address this issue, new mixtures were proposed where acetone was replaced with
methyl ethyl ketone (MEK). MEK has an evaporation rate closer to that of ligroin, ensuring
greater stability in the mixture composition during application.

2.4. Replacing Traditional Solvents in Restoration Applications

To evaluate the potential substitution of Cremonesi mixtures by green solvents, we
adopted an approach based on chemical compatibility and toxicological safety. The selection
of replacement solvents was carried out by calculating the RED value, which measures the
energy distance between a solvent and a Cremonesi mixture, and the Integrated Toxicity
Index (ITI), which provides an indication of the solvent’s toxicity.

To visualize the results HSPiP software was used and RED matrix was created, using
a customized colour scale. The RED value was represented with a colour gradient ranging
from dark green (high compatibility, low RED) to red and purple (low compatibility,
high RED).
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Subsequently, solvents with RED < 0.5 were correlated with their Integrated Toxicity
Index (ITI) to identify the most suitable substitutes for Cremonesi mixtures. This approach
allowed for the selection of alternatives that not only exhibit optimal chemical compatibility,
as defined by Hansen solubility parameters, but also ensure lower toxicity, making them
safer for both operators and the environment.

2.5. Al Validation Section

To ensure the reliability and consistency of the data collected from literature and
technical data sheets, this study employed artificial intelligence (AI) frameworks for com-
prehensive data validation. The Al methodologies used included anomaly detection, logical
consistency checks, and imputation of missing values.

For instance, an Isolation Forest model was applied to detect anomalies in numerical
parameters such as TWA (mg/m?) and toxicity metrics (LD50 Oral, LD50 Dermal). This
process identified solvents with unexpected deviations, flagging them for further review.
Logical consistency checks were conducted to validate the Hansen solubility parameters
(8D, 8P, 8H, and 6T). The computed total solubility parameter (6T) was compared against
the provided values, and any inconsistencies were corrected by replacing erroneous values
with recalculated ones.

Additionally, toxicity data were scrutinized for logical relationships. For example,
cases where LD50 Dermal values were unexpectedly lower than LD50 Oral—a deviation
from typical toxicity profiles—were identified, and the data was rectified to ensure accuracy.

3. Results
3.1. Green Solvents Dataset

The collection of green solvents from the literature enabled the identification of a wide
range of compounds, categorized into chemical families. Each solvent was characterized
by its ability to replace traditional solvents and its specific applications for solutes. Table 3
reports the main properties and applications of green solvents, offering an overview of
their solvent power. Acetals, such as 1,3-dioxolane and WAX RESCUE (commercial product
by Lab4green s.r.l, Rome, Italy), stand out for their ability to replace acetone and white
spirits. Based on literature, these solvents demonstrate high efficiency in removing acrylic
resins, crystalline waxes, and low molecular weight synthetic resin, as Regarlez varnish,
showcasing their versatility and compatibility with the principles of sustainable chemistry.
Alcohols, represented by ethanol, isopropanol, and benzyl alcohol, are used for dissolving
aged varnishes, alcohol-soluble compounds, and lipophilic materials. Esters, such as butyl
and ethyl lactate, emerge as viable alternatives to petroleum-based solvents, showing high
efficacy in dissolving non-polar compounds, including oil-based coatings. For instance,
2-ethylhexyl pelargonate proves particularly effective for applications involving oil-based
coatings, contributing to the replacement of hydrocarbon-derived solvents. Ionic liquids, in-
cluding 1-Butyl-3-Methylimidazolium Chloride and 1-Ethyl-3-methylimidazolium acetate,
provide sustainable solutions for essential oil extraction and methanol-ethanol mixtures.
These solvents are distinguished by their high chemical stability and polarity, making
them ideal substitutes for traditional polar-protic and aprotic solvents. Methyl fatty acid
esters (FAME), such as Methyl Cocoate and Methyl Laurate, are applied in the removal of
microcrystalline waxes and non-polar varnishes, demonstrating excellent compatibility
with lipophilic materials.
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Table 3. Green solvents from the literature.
. . Common Solute O
Green Solvents CAS Number Chemical Formula Family Replaced Solvent .. References
Application
1,3-dioxolane 646-06-0 C3HgO, Acetals Acetone Acrylic resins [54,55]
1-Butyl-3-Methylimidazolium Chloride 79917-90-1 CgH;5CIN, Ionic Liquids Dlmet}}}gf\i;?amlde Essential oils Extraction [51-55]
.. . e . Methanol, Ethanol,
1-Ethyl-3-methylimidazolium acetate 143314-17-4 CsH14NyO, Ionic Liquids Ethylene glycol Water mixtures [51-55]
1-Ethyl-3-methylimidazolium 143314-16-3 CgH11BF;N, Tonic Liquids Chlorinated solvents Replace Water-Ethanol [51-55]
tetrafluoroborate mixtures
2,5-Dimethyltetrahydrofuran 1003-38-9 C¢H12O ethers Tetrahydrofuran (THF)  Natural product extracts [32,33,35]
2-Ethylhexyl pelargonate 59587-44-9 Cy17H340; esters Petr(;l;sﬁ] r:r;iased Oil-based coatings [19]
2-Methyloxolane (2-MeOx) 96-47-9 CsH19O ethers n-Hexane Limonene [34]
Fatty acids, C8-10, Me Fatty Acid Methyl Esters
. ® . by y y ', y Y. . ..
Agnique™ ME (mix methy] ester) 85566-26-3 esters (FAME) White spirit No polar substances [18]
Benzyl Alcohol 100-51-6 C;HgO Alcohols Halogenated Solvents Medium—no polar [2,56]
substances
Acetone,
Butyl Lactate 138-22-7 CyH14053 esters Petroleum-Based No polar substances [28]
Solvents
WAX RESCUE 2568-90-3 CoHa0O, Acetals Ligroine, white spirit ~ <e8aTIe% cristalline and [61,62]
bee waxes
Choline Chloride 67-48-1 CsHy,CINO DES Halogenated Solvents Thiophenes, [42-45]
Benzothiophenes
Choline chloride: Lactic acid (1:2) no data CsH14CINO-C3HgO3 DES Traditional azeotropic IsoproPanol-Water [42-45]
solvents mixtures
Choline chloride: Urea (1:2) no data CsH14CINO-CH4N,O DES Convsecﬁ’szrrll?sl DES Biomolecules [42-45]
Cyclopentyl Methyl Ether 5614-37-9 C¢H1,0 Ethers Petroleum-Based Ethers  Natural Product Extracts [19,20]
N-Methyl-2-pyrrolidone Polymers,
Cyrene 53716-82-8 CeHgO3 ethers (NMP) Cross-coupling reactants [19,20,64]
Dimethyl Carbonate 616-38-6 C3HgOs3 Carbonates Chlorinated solvents Hydrophobic [2,63-68]
compounds
Dimethyl Glutarate 1119-40-0 C7H1,04 esters Petrgl(()ef\ll I;I;Eased Polymer Solutions [27,28]
Dimethyl sulfoxide 67-68-5 C,HgOS Sulfoxide Chlorinated solvents Polar compounds [1,19]
Ethanol 64-17-5 C,HgO Alcohols Acetone Aged varnishes [2,27,28]
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Table 3. Cont.
. . Common Solute O
Green Solvents CAS Number Chemical Formula Family Replaced Solvent .. References
Application
Acetone,
Ethyl lactate 687-47-8 CsH19O3 esters Petroleum-Based Natural Extracts [16,23-27]
Solvents
Dimethylformamide High-value bioactive
Glycerol (anhydrous) 56-81-5 C3HgO3 Alcohols (DMF) molecules [57]
Glycerol Carbonate 1379618-83-3 C13C3HgOy4 Carbonates Chlorinated Solvents Hydrophobic Molecules [57]
Glycerol Formal 99569-11-6 CgH160¢ Acetals Methyl Isobutyl Ketone Paint and Varnish [57,68]
Components
. Paint and Varnish
Glycerol Triethyl Ether 13236-02-7 C12H00¢ ethers Methyl Isobutyl Ketone Components [57]
. Paint and Varnish
Glycerol Trimethyl Ether 25498-49-1 C10H204 ethers Methyl Isobutyl Ketone Components [57]
Isopropanol 67-63-0 C3HgO Alcohols Traditional alcohols Alcohol-soluble [27,28]
compounds
. L Protective coatings on
Isopropyl Palmitate 142-91-6 C19H350; esters Ligroin metal artifacts [31]
Isosorbide Dimethyl Ether 5306-85-4 CgH1404 ethers Traditional Ethers Polymeric Systems [19,20]
Lactic acid 50-21-5 C3HgO3 organic acid Petroleum-based esters Bioactive compounds [29,30]
Levoglucosenone 37112-31-5 CeHgOs3 others Traditional ethers Natural product extracts [19,20]
Limonene (D-(+)-Limonene) 5989-27-5 CioHie Terpen Chlorinated Solvents Fulleren((e:-z?ssed Solar [65,66,69]
Methanol 67-56-1 CH40 Alcohols Petroleum-based Alcohol-soluble [2,19,20]
methanol compounds
Methyl 5-(dimethylamino)-2-methyl-5- o Fatty Acid Methyl Esters . Pharmaceutical
oxopentanoate 1174627-68-9 CoH17;NO3 (FAME) Synthetic Solvents Compounds [18-22]
Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no
Methyl decanoate 110-42-9 C11H»n 0O, (FAME) Solvents polar varnishes [18-22]
. Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no
Methyl isocyanate 624-83-9 C,H3;NO (FAME) Solvents polar varnishes [18-22]
Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no
Methyl Caproate (Methyl hexanoate) 106-70-7 C7H140, (FAME) Solvents polar varnishes [18-22]
Methyl Capylate (Caprylic acid methyl 1 Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no g
ester) H1-11-5 CoHi150, (FAME) Solvents polar varnishes [18-22]
Methyl Cocoate (Coconut fatty acid . Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no g
methy]l esters) 61788-59-8 C1aH2s0; (FAME) Solvents polar varnishes [18-22]
Fatty Acid Methyl Esters Microcristalline wax, no
Methyl Laurate 111-82-0 C13Hp60; (FAME) Toluene polar varnishes [18-22]
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Table 3. Cont.
. . Common Solute O
Green Solvents CAS Number Chemical Formula Family Replaced Solvent .. References
Application
. Fatty Acid Methyl Esters Microcristalline wax, no
Methyl linoleate 112-63-0 C19H340, (FAME) Hexane, Toluene polar varnishes [18-22]
. Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no
Methyl Myristate 124-10-7 C15H300; (FAME) Solvents polar varnishes [18-22]
Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no
Methyl Oleate 112-62-9 C1oHs60; (FAME) Solvents polar varnishes [18-22]
. Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no
Methyl Palmitate 112-39-0 CHj3(CH,)14CO,CHj3 (FAME) Solvents polar varnishes [18-22]
- Fatty Acid Methyl Esters Petroleum-Based Microcristalline wax, no
Methyl Ricinoleate 141-24-2 C19H3603 (FAME) Solvents polar varnishes [18-22]
Fatty Acid Methyl Esters . .. Microcristalline wax, no
Methyl Soyate 67784-80-9 C19H360, (FAME) White spirits polar varnishes [18-22]
Fatty Acid Methyl Esters . .. Microcristalline wax, no
Methyl Stearate (C18) 27234-05-5 C19H3g0, (FAME) White spirits polar varnishes [18-22]
Methylal 109-87-5 C3HgO, Acetals Acetone Synthetic varnishes [57-60]
Propylal 505-84-0 CyH160, Acetals Acetone Synthetic varnishes [57-60]
. Hydrophobic
Propylene Carbonate 108-32-7 C4HgO3 Carbonates Chlorinated solvents [2]
compounds
Active Pharmaceutical
Propylene Glycol 57-55-6 C3HgO, Alcohols Ethanol Ingredients [2,19,20]
Solketal (2,2-Dimethyl-1,3-dioxolane-4- 100-79-8 CeHy,Os Acetals Acetone, Ethanol Varnishes, Film-forming [17]
methanol) layers
Tetrahydropyran 142-68-7 CsH0O ethers Tetrahydrofuran (THF)  Natural product extracts [33,34]
Triacetin 102-76-1 CoH140¢ Glycerol Derivatives Acetone, Alcohols Synthetic varnishes [57]
«-Pinene 80-56-8 C1oHig Terpen n-Hexane No polar varnishes [49]
y-Valerolactone 108-29-2 CsHgO, Esters Tetrahydrofuran (THF) Hydrophobic [2,19,32]
compounds
Ethyl Acetate 141-78-6 C4HgO, Esters Acetone, Alcohols Medium polar [2,36]
substances
Ethylene glycol (1,2-Ethanediol) 107-21-1 CyHgO, Alcohols Water, Acetone Polar substances [2,19,20]
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These compounds offer an effective and biodegradable alternative to petroleum-derived
solvents like toluene and white spirits. Lastly, deep eutectic solvents (DES), such as Choline
Chloride and its combinations with lactic acid or urea, exhibit remarkable versatility in
the removal of sulfides, biomolecules, and varnishes. The CAS numbers and chemical
formulas for each solvent were verified against authoritative chemical databases, such as
PubChem and ChemSpider, by AL For example, the CAS number 646-06-0 was confirmed
as 1,3-dioxolane. Similarly, the chemical formula C;HgO was validated for Benzyl Alcohol,
aligning it with its classification as an alcohol. Furthermore, the replaced solvents were
evaluated for their plausibility based on the green solvent’s polarity, hydrogen bonding
capacity, and miscibility with target solutes. For example, Acetone, a commonly used polar
aprotic solvent, was frequently listed as a replaced solvent for green alternatives such as
Ethanol and Ethyl Lactate.

The Table S2 (available in Supplementary Materials) reported the physical-chemical
properties of green solvents highlights significant gaps in the available data in SDS, par-
ticularly regarding parameters such as surface tension, vapor pressure, boiling point, and
melting point. This issue is especially evident for innovative solvents. A notable example is
1,3-dioxolane, solvent already widely used in industrial applications. Several SDS provide
detailed information for this solvent, such as molecular weight (74.08 g/mol), melting point
(=95 °C), boiling point (75-76 °C), density (1.06 g/ cmd), vapor pressure (93 hPa at 20 °C),
and surface tension (71.7 mN/m at 20 °C). For other solvents, such as fatty acid methyl es-
ters (FAME) and those derived from bio-based materials, key parameters are often missing
or only partially reported. Incomplete or inconsistent reporting of key physical-chemical
parameters, such as vapor pressure, surface tension, and solubility, prevents a thorough
verification of the solvent properties.

The Hansen parameters analysis (Table 4) revealed distinct patterns in solute compati-
bility across different green solvent families, correlating with variations in dispersion forces
(D), polarity (8P), and hydrogen bonding capacity (5H):

e Ionic Liquids demonstrated superior compatibility with polar mixtures, particularly
water-ethanol systems and essential oils. This can be attributed to their relatively
high 6P and 6H values, which enhance their ability to solubilize highly polar and
hydrogen-bonding solutes.

e  FAME-family solvents exhibited remarkable versatility in handling hydrophobic com-
pounds, such as fatty acids and plant oils. This behavior is consistent with their high
8D and low 8P/8H values, indicating a dominance of dispersion interactions and
limited polar or hydrogen bonding capabilities.

e  Deep Eutectic Solvent (DES) systems exhibit a strong solvation power, which is linked
to moderate 5D, high 0P, and exceptionally high 6H values, which enable them to
engage in extensive hydrogen bonding.

Table 4. Hansen parameters of green solvents. SD max < 2.5%.

Green Solvents

8D (Dispersion) 8P (Polar) SH (Hydrogen Bonding) 8T (Hansen Total

Solubility Parameter)
1,3-dioxolane 18.1 6.6 9.3 21.4
1-Butyl-3-Methylimidazolium Chloride 13.4 8.2 9.6 18.4
1-Ethyl-3-methylimidazolium acetate 17.3 6.8 8.7 20.5
1-Ethyl-3-methylimidazolium 165 42 7 184

tetrafluoroborate

2,5-Dimethyltetrahydrofuran 15.8 2.8 5.7 17.0
2-Ethylhexyl pelargonate 14.9 6.8 8.3 18.4

2-Methyloxolane (2-MeOx) 16.8 5.7 6.2 18.8
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Table 4. Cont.

8T (Hansen Total

Green Solvents 8D (Dispersion) 8P (Polar)  6H (Hydrogen Bonding) Solubility Parameter)
Agnique® ME (mix methyl ester) 16.4 33 4.7 17.4
Benzyl Alcohol 16 6.3 13 21.6
Butyl Lactate 15.2 7.3 6.4 18.0
WAX RESCUE 14.7 3.43 5.9 16.2
Choline Chloride 17 15.5 21.2 313
Choline chloride:Lactic acid (1:2) 14.9 7.5 8.1 18.5
Choline chloride:Urea (1:2) 14.5 59 18 239
Cyclopentyl Methyl Ether 15.3 6.8 5.8 17.7
Cyrene 16.8 9 7.8 20.6
Dimethyl Carbonate 16.8 55 9.3 20.0
Dimethyl Glutarate 15.3 7.5 6.3 18.2
Dimethyl sulfoxide 18.4 16.4 10.2 26.7
Ethanol 15.8 8.8 19.4 26.5
Ethyl lactate 16.2 8.3 7.1 19.5
Glycerol (anhydrous) 10.8 2.5 9.3 14.5
Glycerol Carbonate 155 8.2 7.8 19.2
Glycerol Formal 16.37 11.99 19.63 28.2
Glycerol Triethyl Ether 15.5 4.8 3.6 16.6
Glycerol Trimethyl Ether 15.5 57 3.6 16.9
Isopropanol 15.8 9.5 17.4 254
Isopropyl Palmitate 16.2 3.9 3.7 17.1
Isosorbide Dimethyl Ether 14.9 6.9 6.5 17.7
Lactic acid 16.1 7.5 7.6 19.3
Levoglucosenone 15.6 9.2 11.1 21.2
Limonene 17.2 1.8 43 17.8
Methanol 15.1 12.3 22.3 29.6
Methyl 5-(dimethylamino)-2-methyl-5- 16.7 8.9 8 205

oxopentanoate

Methyl decanoate 14.8 2.7 4.5 15.7

Methyl isocyanate 159 24 5.7 171
Methyl Caproate 16 4.3 5.8 17.6
Methyl Capylate 15.4 2.7 5.9 16.4
Methyl Cocoate 16 2 5 16.9

Methyl Laurate 16 2.1 52 17.0
Methyl linoleate 16.2 1.7 42 16.8

Methyl Myristate 16 1.9 42 16.7

Methyl Oleate 15.8 59 6.5 18.1

Methyl Palmitate 16 1.6 3.6 16.5

Methyl Ricinoleate 16.4 3.5 9.3 19.2

Methyl Soyate 16.1 1.6 3.8 16.6

Methyl Stearate (C18) 16 6.2 6.8 18.5

Methylal 14.83 6.01 8.76 18.2

Propylal 15.11 3.95 6.32 16.8

Propylene Carbonate 17.2 4.9 9.1 20.1

Propylene Glycol 17 12 26 33.3

Solketal (2,2-Dimethyl-1,3-dioxolane- 162 73 6.8 190
4-methanol)

Tetrahydropyran 16 9.1 6.2 194
Triacetin 16 7.5 10 20.3
«-Pinene 16 2.1 1.9 16.2

y-Valerolactone 17.8 5 74 19.9
Ethyl Acetate 15.8 53 7.2 18.2
Ethylene glycol (1,2-Ethanediol) 7 11 26 29.1

3.2. Toxicity Parameters of Green Solvents

The toxicological evaluation of green solvents (Table S3, available in the Supplemen-
tary Materials) highlights key differences in their safety profiles, which are crucial for
determining their suitability in various applications.
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For instance, solvents such as methanol and methyl isocyanate exhibit high acute
toxicity, with oral LD50 values of 100.1 mg/kg and 100 mg/kg, respectively, indicating
significant health risks if not handled properly. While methanol has a relatively high LD50,
it is known to cause neurotoxicity and blindness even at lower doses, making it hazardous
despite its moderate acute toxicity. In contrast, substances like dimethyl sulfoxide and
methyl soyate report much lower toxicity concerns, with oral LD50 values of 28,300 mg/kg
and >2000 mg/kg, respectively. However, toxicity assessments must also consider
long-term effects, regulatory classifications, and bioaccumulation risks, which are not
fully captured by LD50 values alone.

Regarding dermal toxicity, many solvents have LD50 values above 2000 mg/kg,
suggesting moderate acute dermal safety. However, compounds like methyl isocyanate,
with a dermal LD50 of approximately 300 mg/kg, require enhanced precautions due to
their high absorption potential and systemic toxicity. Additionally, dermal exposure risks
depend not only on LD50 values but also on skin penetration rates and irritation potential,
which should be further investigated for an accurate safety assessment.

The classification under the Globally Harmonized System GHS further reveals
widespread risks with several solvents labelled as flammable and irritants These haz-
ards are symbolized by GHS02 for flammability GHS07 for skin and eye irritation and
GHSO08 for systemic toxicity. Notably solvent such as ethyl lactate and 2-methyloxolane
are both flammable and irritating while others like methyl decanoate also bear environ-
mental hazard labels under GHS09 indicating potential ecological impacts. Precautionary
statements such as P210 emphasizing the importance of avoiding heat sources and P280
recommending the use of protective gear are commonly associated with these solvents
which underscores the necessity of proper handling protocols. Additionally, some solvents
like glycerol anhydrous and glycerol carbonate present relatively safe profiles with high
LD50 values and no significant hazard symbols making them promising candidates for
safer and more sustainable applications. However critical attention must be given to highly
toxic and hazardous substances such as methyl isocyanate and methanol which demand
stringent compliance with safety measures to mitigate risks and prevent adverse outcomes.
In this analysis of green solvents, some Safety Data Sheets (SDS) do not provide complete
information regarding critical toxicological parameters such as oral and dermal LD50. This
lack of data is evident for solvents such as butyl lactate, glycerol formal, glycerol triethyl
ether, isosorbide dimethyl ether, levoglucosenone, methyl ricinoleate, and tetrahydropyran
just to say a few.

The absence of such information in SDS may result from several factors. In some
cases, toxicological data might not be available due to the recent introduction of the solvent
into the market or a lack of extensive studies. In other cases, it could involve proprietary
mixtures or products with complex compositions, making it challenging to determine
specific toxicological parameters. It is important to note that, according to Regulation (EC)
No. 1907/2006 (REACH), suppliers are required to provide updated and complete SDS to
ensure the safe use of chemical substances. However, the availability and completeness of
information may vary depending on the solvent and the level of existing research.

The final ITI score for each solvent is reported in Table 5. As expected, water does
not exhibit toxic effects and is classified as non-toxic under the ITI framework. Acetone
and Ethanol demonstrate low acute toxicity, primarily due to their irritation effects rather
than systemic toxicity. Their LD50 values exceed 5000 mg/kg, further confirming their
low health risk. Ligroin and Xylene are classified as toxic (highly toxic and extremely toxic
respectively), given their organ-specific toxicity (STOT), potential aspiration hazards, and
systemic effects upon prolonged exposure. Toluene is associated with chronic exposure
risks, including central nervous system (CNS) depression and developmental toxicity,
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resulting in a high ITI score. Methanol exhibits high systemic toxicity, affecting the nervous
system, optic nerve, and metabolic pathways, leading to its classification as toxic.

Table 5. ITI Scores for Reference Solvents.

Toxicity
Solvent H-Statements P-Statements LD50 (Oral, Rat) (mg/kg) ITI Score Classification
Water None None Not applicable 0 Non-toxic
P210
P233
H225 P240
Acetone H319 P241 5800 52 Toxic
H336 P242
P243
P305 + P351 + P338
P210
s
Ethanol H319 Poal 10,470 46 Harmful
H371 P305 + P351 + P338
P308 + P311
H224 P210
P273
H304 P273
Ligroin H315 >5000 66 Highly Toxic
P301 + P310
H336
H411 P331
P403 + P233
H225 P202
H304
P210
H315 P273
Toluene H336 5580 79 Highly Toxic
P301 + P310
H361d
H373 P331
Ha12 P303 + P361 + P353
H226
H315 P210
H319
P273
H312 P280
Xylene H332 3523 87 Extremely Toxic
H335 P301 + P310
P303 + P361 + P353
H373 P331
H304
H412
P210
H225 P233
H301 P280 .
Methanol H331 P301 + P310 100.1 56 Toxic
H370 P303 + P361 + P353
P304 + P340 + P311

The ITI scores obtained for reference solvents closely align with established toxico-
logical classifications, reinforcing the reliability of the ITI methodology in distinguishing
between low-risk and high-risk solvents. To validate the ITI approach, we compared the
ITI and HSP methods across reference solvents. Table 6 reports the toxicity classifications
predicted by both methodologies. Both ITI and HSP correctly classify water as non-toxic,
and ligroin, toluene, and xylene as toxic solvents. However, notable discrepancies arise in
the classification of methanol, which the ITI correctly identifies as extremely toxic, while
the HSP model erroneously labels it as non-toxic, likely due to its reliance on solubility
interactions rather than systemic toxicological effects. Additionally, the ITI classifies ace-
tone and ethanol as harmful solvents, acknowledging their potential for irritation and
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long-term exposure risks, whereas the HSP model falsely categorizes them as low-toxicity.
This discrepancy highlights a fundamental limitation of the HSP methodology, which does
not account for biological interactions, metabolic effects, or long-term toxicity risks, leading
to potential false negatives in hazard assessments.

Table 6. Comparison of ITT and HSP Toxicity Predictions for Reference Solvents.

Solvent ITI Score ITI Toxicity Category HSP Score HSI_; Pr.efhcted
oxicity
Water 0 Non-toxic 0 Non-toxic
Acetone 52 Toxic 0 Low Toxicity
Ethanol 46 Harmful 0 Low Toxicity
Ligroin 66 Highly Toxic 2 Moderately Toxic
Toluene 79 Highly Toxic 3 Highly Toxic
Xylene 87 Extremely Toxic 3 Moderately Toxic
Methanol 56 Toxic Unclassified (UC) Extremely Toxic

Among the green solvents, several exhibited particularly low ITI scores (Figure 2),
suggesting a lower toxicological profile and a safer alternative for common applications.
One of the most notable examples is dimethyl carbonate, which demonstrated a low ITI
score attributed to fewer H and P statements and medium LD50 values, indicating minimal
acute toxicity. Similarly, methyl soyate, a solvent derived from renewable plant-based
sources, is widely recognized for its low toxicity and biodegradability, making it a promising
replacement for more hazardous petrochemical-based solvents in industrial applications.
Another key candidate is glycerol carbonate that maintaining a low systemic toxicity profile.
Propylene carbonate follows a similar trend, exhibiting low toxicity. Several solvents in
the dataset recorded an ITI score near to zero, primarily due to missing or incomplete
toxicological and regulatory information. Additionally, many of these solvents were
missing critical toxicological parameters, such as LD50 values for oral or dermal exposure,
further limiting the ability to assess their risk using the ITI framework. This highlights
the importance of comprehensive toxicological data to ensure a reliable evaluation of
solvent safety and sustainability, particularly when considering these solvents as candidates
for green chemistry applications comprehensive toxicological data to ensure a reliable
evaluation of solvent safety and sustainability, particularly when considering these solvents
as candidates for green chemistry applications.

3.3. Cremonesi Restyle with Hansen Style

The global Hansen solubility sphere, constructed using the parameters of ligroin,
acetone, and ethanol, was characterized by the center 6D = 15.75 £+ 0.14 MPals,
dP =5.9 £ 1.2 MPa%%, and 6H = 8.0 £ 2.7 MPa%), with radius (10.65 &= 1.6 MPa',) defining a
volume that potentially overestimates the actual solubility domain achievable through real
mixtures of these solvents. This geometric approach, while mathematically elegant, sug-
gests a solubility space significantly larger than what can be practically achieved through
physical mixing of the three solvents. The sphere model thus includes regions in Hansen
space that, while theoretically part of the solubility domain, may not be accessible through
any practical combination of these three solvents (Figure 3). This overestimation occurs
because the spherical model assumes uniform solubility behaviour in all directions from
the center point, whereas actual solvent-solute interactions are more complex and often
constrained by the thermodynamic limitations of mixing. Therefore, while the sphere
model provides a useful first approximation, it should be interpreted with the understand-
ing that the practically achievable solubility range is more restricted than the theoretical
sphere suggests.
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Figure 2. Integrated toxicity index (ITI) of green solvents.
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Figure 3. Hansen solubility sphere, constructed using the parameters of ligroin, acetone, and ethanol.

The distribution of Cremonesi mixtures in Hansen space reveals significant overlap
among the local solubility spheres. The mixtures demonstrated a high degree of redundancy.
This is particularly evident in the LA-series mixtures, where progressive increases in the
acetone content result in closely overlapping spheres. Similarly, the LE-series mixtures,
characterized by varying ethanol content relative to ligroin, exhibit overlapping solubility
domains due to gradual shifts in polarity and hydrogen bonding parameters.

The overlapping regions (Figure 4) indicate areas where multiple mixtures share
similar solubility properties. These regions ensure continuity across Hansen space but
suggest limited additional solubility coverage provided by certain mixtures. For example,
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mixtures LA6 and LA7, or LE4 and LE5, display minimal differences in their positions and
solubility ranges, reinforcing their redundancy.
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Figure 4. (a) Cremonesi mixtures in Hansen solubility sphere, constructed using the parameters
of ligroin, acetone, and ethanol; (b) The overlapping regions of Cremonesi mixtures, highlighted
in yellow.

The positioning of the mixtures in Hansen space reflects their composition and the
dominant contributions of the pure solvents as report in Table 7. Mixtures rich in ligroin are
situated in regions characterized by high dispersion forces (6D), corresponding to ligroin’s
non-polar nature and strong dispersion interactions. Conversely, mixtures with higher
ethanol content are in areas with elevated hydrogen bonding values (6H), highlighting
ethanol'’s significant polar and hydrogen bonding characteristics.

Table 7. Positioning of the Cremonesi’s mixtures in Hansen space. Left: ligroin; center: Ethanol;
right: Acetone.

Acetone

The analysis of Cremonesi mixtures examined the extent to which their local solubility
spheres cover the principal solubility sphere, which represents the full solubility domain
defined by the reference solvents (ligroin, acetone, and ethanol). This quantitative assess-
ment evaluates whether the selected mixtures effectively capture the potential solubility
range of the pure solvents:

e  Volume of the Principal Sphere: 5062.36 units
e  Total Volume of Local Spheres: 971.97 units
e  Coverage Ratio: 0.192 (19.2%)
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The results indicate that the Cremonesi mixtures account for only 19.2% of the total
solubility domain, leaving a significant portion of Hansen space uncovered. This suggests
that many potential solubility conditions, particularly those outside the local spheres, are
not addressed by the existing mixtures. This finding also highlights a methodological
limitation of relying exclusively on Teas solubility parameters, which provide qualitative
classifications of solubility but lack the ability to quantify overlap or redundancy between
mixtures and the reference solvents. In contrast, Hansen parameters offer a more precise,
quantitative evaluation, revealing gaps in coverage and opportunities for refinement. To
further optimize the system, a RED matrix was calculated to quantify the relative distances
and overlaps among the mixtures. This analysis helps identify redundant mixtures, allow-
ing for a more strategic selection of solvent compositions that enhance the representation
of the solubility domain while maintaining efficiency.

Using RED (Relative Energy Difference) values to quantify the overlap between neigh-
bouring mixtures, we identified significant redundancies in specific regions of the solubility
space (Table 5S4, available in Supplementary Materials). In the LA-series (Ligroin-Acetone),
the progressive increase in acetone content from LA1 to LA9 creates a series of overlapping
solubility spheres with RED values < 0.5 between adjacent mixtures. This overlap is particu-
larly pronounced between LA6-LA7 (RED = 0.3) and LA7-LAS8 (RED = 0.35), indicating that
these consecutive mixtures likely target nearly identical solubility ranges. The incremental
10% changes in acetone content produce smaller shifts in Hansen space than the theoretical
resolution of the solubility spheres would suggest. Similarly, the LE-series (Ligroin-Ethanol)
demonstrates systematic overlap patterns, but with distinct characteristics due to ethanol’s
stronger hydrogen bonding capability. The RED values between consecutive LE mixtures
range from 0.4 to 0.6, with the most significant redundancy observed between LE4-LE5
(RED = 0.38) and LE5-LE6 (RED = 0.42). These overlaps correspond to ethanol concentra-
tion changes from 40% to 60%, where incremental additions produce diminishing shifts in
overall solubility parameters. The overlapping regions, while ensuring solubility continuity
across Hansen space, suggest that the number of standard mixtures could be reduced while
maintaining effective coverage of the solubility domain

Analysis of the optimized Cremonesi system using the RED > 0.9 criterion revealed
significant potential for system streamlining while maintaining effective solubility coverage.
The result is reported in Table 8.

Table 8. Restyled Cremonesi mixture based on RED > 0.9. L = Ligroin, A = Acetone, E = Ethanol. D,
OP, 8H = Hansen parameters, Fd, Fp, Fh = Teas parameters.

Ligroin (%) Acetone (%) Ethanol (%) 8D 5P SH Fd Fp Fh

L100A0 100 0 0 16.0 0.0 0.0 100.0 0.0 0.0
L75A25 75 25 0 15.9 2.6 1.8 85.0 8.5 6.5
L50A50 50 50 0 15.8 5.2 3.5 70.0 17.5 12.5
L25A75 25 75 0 15.7 7.8 5.3 55.0 26.5 18.5
LOA100 0 100 0 15.5 10.4 7.0 40.0 35.0 25.0
A75E25 0 75 25 15.5 9.5 9.9 34.0 33.0 33.0
A50E50 0 50 50 15.6 8.5 12.9 30.0 28.0 42.0
A25E75 0 25 75 15.7 7.6 15.8 25.0 24.0 51.0
AOE100 0 0 100 15.8 8.8 19.4 20.0 22.0 58.0
L50A25E25 50 25 25 15.9 2.8 5.2 70.0 10.0 20.0
L25A50E25 25 50 25 15.8 5.3 7.8 55.0 17.5 27.5
L25A25E50 25 25 50 15.7 41 9.3 45.0 12.0 43.0
L33A33E33 33 33 33 15.8 4.6 8.4 55.0 15.0 30.0

The optimization process resulted in a new practical set of 13 mixtures that effec-
tively cover the solubility space while maintaining RED values > 0.9 between adjacent
compositions. The set includes:

e  Five binary mixtures of ligroin-acetone (L100A0, L75A25, L50A50, L25A75, LOA100);
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e  Four binary mixtures of acetone-ethanol (A75E25, A50E50, A25E75, AOE100);
e  Four ternary mixtures (L50A25E25, L25A50E25, L25A25E50, L33A33E33)

This optimized selection reduces the number of standard mixtures from the original
Cremonesi combinations to 13, while maintaining comprehensive coverage of the solubility
space. The Hansen parameters of these mixtures show systematic variation across the
solubility space: 8D values range from 15.5 to 16.0 MPa's, 6P from 0.0 to 10.4 MPa%, and
dH from 0.0 to 19.4 MPa%. The binary mixtures provide systematic coverage along the
edges of the solubility space, while the ternary mixtures ensure coverage of the internal
volume. This arrangement ensures continuous solubility coverage while eliminating the
redundancy observed in the original Cremonesi system.

The RED matrix (Table S5) provides a quantitative measure of the relative distances
between the mixtures in the Hansen solubility parameter space. The criterion RED > 0.9
ensures that mixtures are sufficiently distinct, minimizing overlaps while maintaining
practical coverage of the Hansen domain. The RED matrix for the optimized set of mixtures
is reported in Supplementary Materials.

The substitution of acetone with methyl ethyl ketone (MEK) in the solvent mixtures
was performed to reduce the significant compositional shifts caused by the high relative
evaporation rate (RER) of acetone compared to ligroin and ethanol.

Table 9 shows the adjusted Cremonesi mixtures, where MEK replaced acetone. The
ligroin-MEK binary mixtures (LM1-LM9) display a gradual decrease in Fd, accompanied by
increases in Fp and Fh, reflecting the contribution of MEK's polarity and hydrogen bonding
components. Similarly, the ligroin-ethanol binary mixtures (LME1-LME9) and pure ethanol
(E) maintain consistent trends in solvent parameter shifts, with Fh becoming dominant
as ethanol content increases. The ternary mixtures with MEK and ethanol (ME1-ME3)
demonstrate a balanced distribution of Fd, Fp, and Fh, suitable for applications requiring
intermediate polarity and hydrogen bonding capabilities.

Table 9. Adjusted Cremonesi mixtures obtained with the substitution of acetone with methyl ethyl
ketone (M). L = Ligroin, E = Ethanol. Fd, Fp, Fh = Teas” parameters.

ID Ligroin (%) MEK (%) Ethanol (%) Fd Fp Fh
L 100 0 0 97 2 1
LM1 90 10 0 92 5 3
LM2 80 20 0 87 8 5
LM3 70 30 0 82 11 7
LM4 60 40 0 77 14 9
LM5 50 50 0 72 17 11
LMe6 40 60 0 67 20 13
LM7 30 70 0 62 23 15
LMS8 20 80 0 57 26 17
LM9 10 90 0 52 29 19
M 0 100 0 47 32 21
LME1 90 0 10 91 4 5
LME2 80 0 20 85 5 10
LME3 70 0 30 79 7 14
LME4 60 0 40 73 8 19
LME5 50 0 50 67 10 23
LME6 40 0 60 60 12 28
LME?7 30 0 70 54 13 33
LMES8 20 0 80 48 15 37
LME9 10 0 90 42 16 42
E 0 0 100 36 18 46
ME1 0 75 25 44 29 27
ME2 0 50 50 42 25 33
ME3 0 25 75 39 21 40

Table 10 reports the optimized mixtures, incorporating MEK as a replacement for ace-
tone. The ligroin-MEK-ethanol mixtures (e.g., LEBOM25E25, L25M50E25) and the equimolar
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composition (L33M33E33) exhibit stable solvent parameters, minimizing variability during
evaporation. The gradual adjustments in 6D, 5P, and 6H align with the intended solvent
polarity and cohesion parameter shifts, making these mixtures more robust and reliable for
conservation and restoration practice.

Table 10. Optimized mixtures, incorporating MEK as a replacement for acetone.

ID Ligroin (%) MEK (%)  Ethanol (%) 8D 8P SH
L100MO 100 0 0 16.0 0.0 0.0
LM1 75 25 0 15.9 2.6 1.8
LM2 50 50 0 15.8 5.2 3.5
L25M75 25 75 0 15.7 7.8 5.3
LOM100 0 100 0 155 10.4 7.0
M75E25 0 75 25 15.6 9.2 9.8
M50E50 0 50 50 15.7 8.1 12.7
M25E75 0 25 75 15.8 7.1 15.6
MOE100 0 0 100 15.8 8.8 19.4
L50M25E25 50 25 25 15.9 2.8 5.2
L25M50E25 25 50 25 15.8 5.3 7.8
L25M25E50 25 25 50 15.7 41 9.3
L33M33E33 33 33 33 15.8 4.6 8.4

3.4. Replacing Traditional Solvents in Restoration Applications

Table 11 reports an example of the compatibility between green solvents and Cre-
monesi mixtures, highlighting the RED values obtained from the analysis of relative energy
differences. The full table (Table S6) can be found in Supplementary Materials.

Table 11. Compatibility of green solvents with Cremonesi mixtures in Hansen space. The blue spheres
indicate solvents with good compatibility, while the pink spheres represent less compatible solvents.
The green sphere defines the solubility region (RED < 1), with its center marking the Cremonesi
mixture for which the RED value was calculated.

LA1 LE1 AE1
D H
25 D ° 25 D ® H 25 (&
20 20 ! ] 20
15 15 | 15 |
P P P
10 | ‘ 10 | 10

The results obtained are summarized in Figure S1 (available in Supplementary Mate-
rials), which provides a comprehensive overview of the chemical compatibility between
green solvents and Cremonesi’s formulations. This matrix highlights how certain solvents
exhibit RED values below 1, indicating a strong affinity with the reference mixtures and,
consequently, their potential as viable substitutes. Conversely, other solvents display signif-
icantly higher RED values, suggesting a substantial difference in solubility characteristics,
which limits their effectiveness as replacements for traditional solvents.



Sustainability 2025, 17, 2944

23 of 31

Among the acetal-based solvents, 1,3-dioxolane, glycerol formal, and Solketal demon-
strated moderate to high compatibility with certain Cremonesi mixtures. Solketal, in
particular, emerged as a viable alternative due to its balanced solubility characteristics.

Ionic liquids, such as 1-butyl-3-methylimidazolium chloride and 1-ethyl-3-methylimidazolium
acetate, displayed a different pattern of compatibility. In contrast, ether-based solvents,
including 2,5-dimethyltetrahydrofuran, cyclopentyl methyl ether, and isosorbide dimethyl
ether, exhibited some of the best chemical compatibility with Cremonesi mixtures. Their
RED values consistently remained below 0.5, making them strong candidates for substitu-
tion. 2,5-dimethyltetrahydrofuran, in particular, stood out as an excellent alternative due to
its high solubility efficiency.

The ester family, represented by solvents such as ethyl lactate, butyl lactate, and
dimethyl glutarate, presented a more varied response. While some esters demonstrated
RED values closer to 1, limiting their direct application as substitutes, others, such as ethyl
lactate, offered a compelling balance between solubility and safety.

Fatty Acid Methyl Esters (FAMEs), including methyl oleate, methyl laurate, and
methyl soyate, provided another promising avenue for solvent substitution. These
bio-based solvents, derived from renewable resources, generally exhibited favorable RED
values, particularly when mixed with other green solvents. Their compatibility with
Cremonesi mixtures was especially notable in applications requiring non-polar solvents,
positioning them as sustainable replacements for petroleum-derived solvents like ligroin.

Alcohols, such as ethanol, isopropanol, and benzyl alcohol, demonstrated a more
complex relationship with Cremonesi mixtures. While ethanol is part of cremonesi mixtures,
isopropanol RED values indicated lower compatibility with certain mixtures. However,
when blended with other solvents, they could still contribute to effective formulations.
Benzyl alcohol, on the other hand, exhibited better solubility properties and could be
considered a viable alternative in some conservation scenarios.

The Deep Eutectic Solvent (DES) family, including choline chloride-based mixtures, showed
less favorable RED values, indicating limited compatibility with Cremonesi formulations.

At the end, ethers and esters emerged as particularly strong candidates, with several
members displaying excellent RED values. Fatty acid methyl esters also demonstrated
great potential, particularly for applications requiring non-polar solvent replacements. In
contrast, ionic liquids and DES solvents appeared less chemically compatible, though their
advantages in terms of low volatility and environmental impact may justify their use in
specific cases.

The Figure 5 reports the potential green solvents to replace the Cremonesi mixtures,
based on RED values below 0.5 and the lowest ITI toxicity scores.

The LA series mixtures (consisting of slight gradients of ligroin and acetone) ex-
hibit strong compatibility with solvents such as 2,5-dimethyltetrahydrofuran and glyc-
erol triethyl ether. Among these, glycerol triethyl ether remains a viable alternative for
LAl and LA2, with a RED value below 0.5. 2,5-dimethyltetrahydrofuran also shows
good compatibility for LAl and LA2, with RED values below 0.5, making it another
promising substitute.

For mixtures with higher ethanol concentrations (LE series), glycerol triethyl ether
continues to emerge as a suitable solution, particularly effective in the LE1-LE5 mixtures,
with a RED below 0.5. However, further evaluation of ITI scores is needed to confirm its
classification as the safest option. Mixtures containing high percentages of acetone, such as
AE1, AE2, and AE3, require alternative green solvents, but anhydrous glycerol is no longer
identified as a compatible substitute in the updated analysis. Additional investigation may
be required to determine new low-toxicity options with optimal chemical affinity.
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Figure 5. RED Matrix (RED < 0.5) solvent green vs. Cremonesi’s mixture with ITI annotations
(Green Scale).

4. Discussion

The results of this study provide a comprehensive evaluation of the feasibility of
replacing Cremonesi mixtures with green solvents, emphasizing the importance of con-
sidering not only chemical compatibility but also regulatory safety assessments. Unlike
previous studies that focused primarily on solvent performance, our approach integrates
Hansen Solubility Parameters (HSP), Relative Energy Difference (RED), and the Integrated
Toxicity Index (ITI) to offer a multi-criteria assessment that balances solubility effectiveness
with health. By combining solubility modeling (HSP, RED) with toxicity evaluations (ITI),
we provide a structured method for assessing green solvents based on their ability to
replace traditional mixtures used in conservation. However, our findings also highlight
critical limitations in toxicity evaluation methodologies and gaps in regulatory data. While
2,5-dimethyltetrahydrofuran and glycerol triethyl ether emerged as promising substitutes
due to their low RED values their ITI scores require a careful assessment in terms of risks
associated with their use.

A particularly notable case is «-pinene, which was initially identified as a viable
alternative based on its low RED value but was later found to be classified by ECHA as
highly flammable, toxic to aquatic life, and hazardous to human health. This discrepancy
highlights a fundamental limitation of data reported in Safety Data Sheets (SDS), which
may not always reflect the most up-to-date regulatory classifications or consider long-term
toxicological studies.

Additionally, the study indicates that many proposed “green” solvents lack sufficient
toxicological evaluation. Several ethers and esters, despite exhibiting strong chemical com-
patibility with Cremonesi mixtures, have incomplete safety profiles. This raises concerns
about their long-term viability as sustainable alternatives, as future toxicological studies
may reveal risks that are currently unaccounted for.
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Several solvent families demonstrated favorable properties in terms of toxicity and
solubility. Fatty acid methyl esters (FAMESs), for instance, showed moderate RED values
but a lower toxicity profile compared to other classes. Methyl oleate, methyl laurate, and
methyl soyate, derived from renewable sources, appear to be viable options for replacing
non-polar ligroin-based formulations, particularly due to their low volatility and reduced
health risks.

Conversely, ionic liquids and deep eutectic solvents (DES) were found to have higher
RED values, indicating substantial differences in solubility behavior. While their low volatil-
ity and environmental benefits make them attractive alternatives in some contexts, their
limited compatibility with Cremonesi mixtures suggests that they may be better suited
for specific conservation applications rather than broad replacement strategies. The role
of alcohols in the substitution process remains particularly relevant. While ethanol is a
key component of many Cremonesi mixtures, alternative alcohols such as benzyl alcohol
showed better solubility properties, making them potential candidates for selected restora-
tion treatments. However, their broader applicability remains limited due to variability in
solubility depending on the formulation.

While HSP and RED values provide valuable theoretical insights into solvent com-
patibility, they remain predictive models that require empirical validation. Real-world
cleaning scenarios involve complex interactions between solvents and multi-layered sur-
faces, where factors such as substrate porosity, varnish polymerization, and evaporation
rates can significantly affect cleaning performance.

Thus, while this study provides a structured framework to help restorers compare
solvents, the practical validation of these findings requires further empirical research. We
emphasize the need for controlled experimental studies on aged coatings and historical
substrates to verify the predictions made in this study and refine solvent selection guidelines
for real-world conservation applications.

One of the key challenges in the transition from traditional solvents to green alter-
natives is their economic feasibility. While many green solvents, such as FAMEs, DES,
and ionic liquids, offer clear environmental and health benefits, their production costs,
availability, and market adoption remain significant barriers.

Some bio-based solvents, like methyl oleate and methyl soyate, are derived from
renewable agricultural sources, making them more cost-competitive compared to synthetic
alternatives. However, other green solvents, such as ionic liquids and deep eutectic solvents
(DES), require complex synthesis processes, which increase production costs and limit
commercial availability.

Additionally, limited large-scale production and regulatory constraints further chal-
lenge the widespread adoption of certain green solvents in conservation. The current low
demand for specialized green solvents in the restoration sector means that distributors
are not incentivized to supply them at competitive prices. This issue is exacerbated by
insufficient knowledge transfer from academic research to restorers, which slows down
implementation.

Future research should include a Life Cycle Assessment (LCA) and cost-benefit analy-
sis to evaluate the long-term economic impact of adopting green solvents in conservation.
While some bio-based solvents may become more cost-effective as production scales up,
targeted incentives and policy support could help bridge the gap between research ad-
vancements and practical implementation.

Although the Integrated Toxicity Index (IT1) effectively distinguishes between solvents
with varying degrees of toxicity, the relatively small differences between some values
highlight the need to apply differentiated weightings for both hazards and precautionary
indexes, rather than relying solely on those currently reported in the literature. The lack of
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toxicological data also underscores how the term “green” can sometimes be misleading, as
some solvents currently considered green may later prove to have hidden risks.

Moreover, this study does not include Life Cycle Assessment (LCA), which would
provide a clearer definition of what is truly “green”. LCA is an essential tool for evaluating
the overall environmental impact of materials and processes used in cultural heritage
conservation. Future research should focus on a more holistic sustainability assessment,
incorporating not only solubility and toxicity but also economic viability, synthesis impact,
and regulatory compliance.

5. Conclusions

This study was designed to facilitate the transition of green solvents into conservation
practice, providing restoration professionals with a scientific framework for selecting safer
and more sustainable alternatives to Cremonesi mixtures. By integrating Hansen solubility
parameters (HSP), Relative Energy Difference (RED), and the Integrated Toxicity Index
(ITT), the study offers a comprehensive methodology for assessing chemical compatibility
and safety in the conservation field.

The results highlight that several green solvents—particularly ethers, esters, and fatty
acid methyl esters (FAMEs)—demonstrate good chemical compatibility with Cremonesi
mixtures while also presenting reduced toxicity risks. However, this study also underscores
critical gaps in available toxicological data, as many green solvents lack comprehensive
safety evaluations, particularly regarding their long-term exposure effects and biodegrad-
ability in conservation environments. The absence of standardized toxicological profiles
makes it difficult to assess their full impact on health and safety, reinforcing the need
for further studies and regulatory updates before widespread adoption in professional
conservation settings.

Additionally, this study does not account for Life Cycle Assessment (LCA), a key
factor in defining a truly green solvent, nor does it evaluate the interaction between these
solvents and artwork materials. Understanding these interactions is essential to ensure that
proposed green solvents do not cause unintended damage to cultural heritage objects.

Several of the green solvents reviewed in this study are still under investigation, and
their practical applications in restoration require further validation. While their low volatil-
ity and tunable properties offer clear advantages, their chemical behavior in real-world
conservation scenarios must be further assessed. Looking ahead, this study aims to serve as
a foundation for the development of a digital tool that will allow restoration professionals
to quickly and effectively evaluate the suitability of green solvents for specific applications.
By combining chemical compatibility with safety considerations, such a tool could provide
conservators with a practical and accessible resource, enabling a confident transition to
greener practices while ensuring the protection of cultural heritage and operator health.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su17072944/s1, Table S1: Cremonesi mixtures with % of
pure solvents and Teas solubility parameters; Table S2: Physicochemical properties most com-
monly reported in different SDS expressed as mean value: Surface Tension (SD) = 0.5-2 mN/m,
Vapor Pressure (SD) = 5%, Boiling Point (SD) = +1-5 °C, Melting Point (SD) = +0.5-3 °C,
Density (SD) = £+0.001-0.01 g/cm?3, and Flash Point (SD) = +1-5 °C; Table S3: Toxicity Param-
eters of green solvents; Table S4: Matrix of RED (Relative Energy Difference) values among all
Cremonesi’s mixtures. L = Ligroin, A = Acetone, E = Ethanol; Table S5: Matrix RED of the optimized
set of Cremonesi’s mixtures; Table S6: Compatibility between green solvents and Cremonesi mixtures
in Hansen space. The blue spheres represent solvent with good compatibility while the pink ones
represent the solvent less compatible. The green sphere represents the solubility area (RED < 1) and
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the center of the green sphere the Cremonesi mixture to which the RED was calculated; Figure S1:
Red matrix solvent green vs. Cremonesi’s mixture.
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