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In this work, the environmental impacts of imidazolium-based ionic liquids (ILs) are estimated and predicted
by combining life cycle assessment (LCA) and a linear group contribution (GC) model to make this
information readily available and accessible at early stages of ILs design and selection. This study has
resulted in the development of predictive models for global warming, human toxicity and eco-toxicity
impacts of imidazolium-based ILs with high accuracy. The validated models are based on the
environmental impact data of a sample of 30 ILs with the same cation head group, which was estimated
as part of this study using the LCA methodology. The sample considered variations in the cation's
hydrocarbon chains, e.g. alkyl, aromatic, multiple side chain and chain length variations, and the
commonly used anions chloride (CL7), tetrafluoroborate ([BF4]7) and hexafluorophosphate ([PFg]™), and it
was assumed that the ILs were synthesised via alkylation and salt metathesis reactions. Both LCA and GC
models results show a clear distinction between the environmental impacts of imidazolium chloride,
imidazolium tetrafluoroborate, and imidazolium hexafluorophosphate ILs in the order Cl™ < BF,~ < PFg™,

thus indicating the large influence of the anion when it comes to their environmental sustainability
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Accepted 19th February 2026 performance. For example, the global warming potential of the ILs per kg are 2 and 3 times higher when

substituting the chloride anion with [BF4]™ and [PF¢l™ anions, respectively. It is recommended that the

DOI: 10.1039/d55100658a sample be expanded to include ILs from other head groups, compare alternative synthesis routes and

rsc.li/rscsus include purification steps to extend the analysis.

Sustainability spotlight

Ionic liquids are versatile organic salts that offer safer, cleaner, and more efficient alternatives to conventional solvents. However, assessing their life cycle
environmental sustainability is under-researched, as data scarcity and system complexity make LCAs time-intensive. This work, for the first time, applies
predictive tools to estimate environmental sustainability properties, presenting a proof of concept that correlates impacts (e.g., global warming potential) with
functional chemical groups added at each synthesis step. This work will enable the specialised chemicals community to screen candidates for both functional
properties and environmental performance at early design stages. Embedding such quantitative metrics into accessible predictive frameworks advances
sustainable innovation, supporting SDGs 9, 12, and 13", allowing industry to integrate sustainability at the heart of innovation strategies.

to replace conventional solvents, catalysts and electrolytes, as
well as additives in formulated products such as lubricants,

1 Introduction

Ionic liquids (ILs) are organic salts with low melting points,
typically below 100 °C, that offer industry endless possibilities
for sustainable innovation thanks to their unique and tuneable
physicochemical properties including low vapour pressures,
high thermal stability, good electrical conductivity, and wide
electrochemical window."” For example, ILs are being examined
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paints, etc. to develop safer, cleaner and more efficient tech-
nologies across various applications that can contribute
towards reaching Net Zero.? These applications include biomass
transformation, e.g. catalytic conversion of biomass into fuels
and value-added chemicals,® gas capture and storage, e.g.
carbon capture and other acidic gases,*” and energy storage
and conversion devices.? ILs have also been commercialised in
the process industries as reported in various comprehensive
reviews,>*'® where a more extensive list of applications and
detailed descriptions can be found. For instance, notable
commercial or pilot industrial applications include the BASF
BASIL™ technology for acid scavenging, the Chevron/
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Honeywell UOP ISOALKY™ alkylation technology for cleaner
motor fuels, the PETRONAS HycaPure® process for mercury
removal from natural gas, the Mari Signum IL-based technology
for chitin extraction from shellfish, and the ionoSolv biomass
fractionation technology."***

With around 500 ILs currently produced commercially at
various scales,” and with a vast number of possible cation and
anion combinations,"® extensive computational modelling
work has been carried out on the prediction of physical prop-
erties (e.g. melting point, density, viscosity), solubility of gases
and toxicity of ILs."* Examples of predictive-correlative methods
include quantitative structure-property relationship (QSPR),
quantitative structural-activity relationship (QSAR), molecular
simulation methods,*>'® molecular-based equations of state,"”
and group contribution (GC) models, which rely on experi-
mental and/or theoretical measurements or different types of
molecular descriptors (e.g. molecular structure, activity coeffi-
cients, dipole moment, atomic charges, polarizability, o-
profiles, etc.) as training data.'* Both QSPR and QSAR are
mathematical models used for establishing relationships
between chemical descriptors of substances and properties or
biological activities, respectively.***® In both molecular simu-
lations and molecular-based equations of state, the properties
of the molecules are determined from knowledge of the inter-
molecular forces using statistical mechanics methods.”> GC
models, on the other hand, are semi-empirical approaches that
break down molecules into functional chemical groups, each of
them contributing to the property of interest in a certain
mathematical functional form that depends on the specific
property being represented."** QSPR, molecular simulations,
molecular-based equations of state, and GC models have been
mostly used in predicting the physicochemical properties of
ILs,"*** whilst QSAR models have been employed to predict the
toxicity of ILs."™ The ability to predict such properties has
enabled the IL research community to screen and design suit-
able ILs candidates for specific applications. However, current
property prediction, and consequently, screening methods are
task-oriented and do not consider upstream burdens, such as
the environmental impacts associated with their production.*
Moreover, ILs toxicity predictive models are limited to
describing the intrinsic properties of ILs on damaging organ-
isms, leaving out the effects of the different precursors involved
in the synthesis of ILs and any other stages in their life cycle.

The negligible volatility of ILs has largely contributed to the
perception that ILs are “green solvents”, however, other
sustainability metrics assessing key aspects such as their
synthesis, recyclability and disposal should also be considered
to enable sustainable chemical processes innovations and fully
unlock their “transformative” potential.'® ILs synthesis typically
requires several steps involving numerous precursors that may
result in higher environmental impacts compared to conven-
tional solvents as evidenced by several emerging LCA studies in
this field.*>** Nevertheless, the quantification of the environ-
mental impacts of hundreds of ILs, given the vast number of
possible ILs combinations, can become a taxing task that
requires specialised knowledge and significant resources,
including data on the synthesis of complex chemical precursors
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if unavailable in commercial LCA databases, making traditional
LCA approaches impractical to implement at early stages of IL
design. ILs manufacturing data availability at a commercial
scale remains largely unknown due to a lack of process data,
thus limiting available LCA studies of ILs, which mostly rely on
laboratory-scale data combined with stoichiometric and other
engineering calculations,*?*?”%° and process simulation
tools,****** to obtain life cycle inventories at various scales.
These studies reported the environmental impacts of the
production of one or two ILs alongside a competing conven-
tional solvent (in most instances) to provide comparative
assessments per unit of mass. Collectively, these studies offer
a limited coverage of cation head groups, e.g. imidazolium-,
ammonium- and phosphonium-based ILs, and anions, e.g.
carboxylates, halides, inorganic fluorinated and acid anions,
with the cation 1-butyl-3-methylimidazolium being the most
widely assessed to date. For example, the estimated global
warming potential (GWP) of 1-butyl-3-methylimidazolium ILs
ranges between 3.5 and 7.4 kg CO, eq. per kg IL depending on
the anion and synthesis pathway,” which is much higher
compared to the GWP of conventional solvents such as hexane
and methanol (from syngas), which are reported at 0.54 kg CO,
eq. per kg hexane and 0.61 kg CO, eq. per kg methanol,
respectively.® A more detailed discussion of existing LCA
studies has been presented previously,” and also discussed in
Section 3.1.4. More recent literature has expanded the scope of
LCA studies by comparing ILs synthesis pathways and by inte-
grating application-stages impacts,* as well as by quantifying
uncertainty in both background and foreground life-cycle
inventories to improve reliability of identified hotspots and
interpretation of environmental impact results for ILs.*®
Recent studies have demonstrated the application of GC
methods for the prediction of environmental impacts, e.g
global warming and ozone depletion, and other environ-
mental and safety-related properties, e.g. atmospheric lifetime
and minimum ignition energy, of conventional chemicals
using molecular structure data to develop several regression
methods for their analysis and measurement in the absence of
experimental data.**** Even though these methods relied on
limited data sets, the accuracy of the resulting models was
good, thus enabling fast access to environmental-related and
safety metrics needed to design more environmentally
sustainable and safer processes. Similar to the work reported
for conventional chemicals, GC methods can be used to
construct mathematical models to predict the environmental
impacts of ILs production using correlations between their
chemical structure and the environmental impacts of the
various steps in their synthesis. The present study aims to
demonstrate the application of GC methods in the prediction
of environmental impacts of ILs synthesis, therefore expand-
ing the existing predictive-correlative methods toolkit for ILs
property prediction to include environmental sustainability
metrics such as global warming, making these data readily
available and accessible to scientists and engineers at early
stages of IL design. Whilst the environmental impacts of
single ILs estimated in standalone LCA studies previously di-
scussed serve as a starting point for understanding the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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environmental sustainability challenges in ILs production,
this information alone is insufficient to establish patterns,
and traditional approaches become impractical when
screening hundreds of IL combinations. This study proposes
the use of imidazolium-based ILs to establish a proof of
concept for the prediction of environmental impacts, by
selecting a representative sample of 30 different imidazolium-
based ILs that includes different cationic side chain substit-
uents and types of connections, e.g. branching, double bonds,
and three different anions. Imidazolium-based ILs were
selected as the head group because these are the most widely
studied and applied family of ILs.** This ensured sufficient
data availability for estimating the environmental impacts of
the sample using the LCA methodology, and the extensive
availability of physical properties and toxicity data, combined
with their widespread use in the research community, makes
the resulting predictive models relevant and readily appli-
cable. As far as the authors are aware, this represents the first
attempt to predict environmental impacts of ILs using GC or
any other methods. Having access to environmental impact
data on ILs production in a practical and timely manner,
alongside physical properties and toxicity information, will
enable researchers and ILs manufacturers to screen and
design more environmentally sustainable ILs, a much-needed
step towards their commercial application in a Net Zero
technological landscape.

2 Methodology

The methodology used in this study comprises the following
four main steps: (i) selection of the IL sample; (ii) selection of
synthesis route and identification of main synthesis steps; (iii)
environmental impact assessment of the IL sample; and (iv)
group-contribution analysis and validation. These steps are
described over the next sections.

2.1 Ionic liquid sample selection

The first step in the methodology is the selection of a repre-
sentative sample of ILs from the same family. In this study, the
imidazolium head group was selected to demonstrate the
methodology as this is the most widely studied family of ILs**
and is more likely to find the necessary inventory data for the
environmental impact assessment step described in Section 2.3.
A sample of 30 different imidazolium-based ILs was selected as
shown in Table 1. The sample considered variations in the
cation's hydrocarbon chains based on literature® e.g. alkyl,
aromatic, multiple side chain and chain length variations, and
commonly used anions, ie. chloride (Cl7), tetrafluoroborate
([BF4]") and hexafluorophosphate ([PF¢] ) anions. The selected
sample is designed to ensure, as far as possible, that chemical
groups are repeated across different molecules, thereby
promoting the transferability of GC model parameters
throughout the entire sample; that is, the contribution of
a given chemical group to a specific environmental impact is
assumed to be independent of the molecule in which it appears.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2 Selection of synthesis route and identification of main
synthesis steps

The next step in the methodology is the selection of the most
prevalent commercial processes for synthesising the ILs under
study, and the identification of their corresponding main
synthesis steps to generate the necessary data for the LCA and
GC analysis. Imidazolium-based ILs can be synthesised via
combination of alkylation, acid-base neutralisation, anion/salt
metathesis, and ion-exchange.** Halide-free route alternatives
have also been suggested in the literature.®»* This study
considered the preparation of the imidazolium-chloride ILs via
an alkylation reaction, followed by a salt metathesis to prepare
the  imidazolium-tetrafluoroborate  and  imidazolium-
hexafluorophosphate ILs, to demonstrate the proof-of-
concept. These methods were selected because they are the
most used methods for the synthesis of ILs.** For the purpose of
this proof of concept, the selected synthesis route was divided
into four distinctive steps, starting from the formation of the
imidazolium ring, followed by the methylation, alkylation and
metathesis as shown in Fig. 1 and 2. This level of disaggregation
was required from an LCA perspective due to the limited
availability of ILs precursor data in commercial databases such
as Ecoinvent. As a result, the imidazolium ring formation and
methylation steps were explicitly included prior to the alkyl-
ation and metathesis reactions, enabling the application of
a group-contribution approach for the prediction of the envi-
ronmental impacts of ILs. These steps are described in detail in
the next sections.

2.2.1 Imidazole ring formation. This step represents the
starting point for all imidazolium-based ILs studied here, where
glyoxal reacts with formaldehyde (or acetaldehyde in the case of
1-butyl-2,3-dimethyilimidazolium to obtain the methyl group
on the second position of the ring), and ammonia to form the
imidazole ring as shown in Fig. 2(a), via the Debus-Radzis-
zewski synthesis method.*® This reaction is typically conducted
in the presence of water at temperatures between 50 °C and
100 °C, with an imidazole yield in the range of 60-85% and
achieving a purity over 99% via distillation. In this study, the
reaction is assumed to occur at 75 °C with a product yield of
85%.

2.2.2 Methylation. The imidazole ring undergoes methyla-
tion with methyl chloride to produce 1-methylimidazole, first
alkylation step as described in Fig. 2(b). This step is common to
all the ILs listed in Table 1, and in the case of [Hmim]Cl, this is
the only step. The synthesis of selectively substituted imidazoles
with alkyl halides has been reported in the literature under high
temperatures (e.g. 100 °C) in the presence of water, with the
highest reported yield being 76%.%** These conditions were
assumed for the purpose of this study.

2.2.3 Alkylation. Finally, the IL is formed in a second
alkylation step, illustrated in Fig. 2(c), in which a second or
third substituent, depending on the IL, is introduced to the
imidazolium ring using an alkyl chloride to produce the
chloride-based IL. The alkyl chloride is used in stoichiometric
excess to ensure complete formation of the alkylated imidazo-
lium cation and to facilitate removal of unreacted starting

RSC Sustainability, 2026, 4, 1867-1885 | 1869
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Table 1 Selected sample of ILs from the imidazolium head group

Tonic liquid R,* R,? R;? X ? Abbreviation
1-Methylimidazolium chloride Methyl — — cl™ [Hmim]Cl
1-Methylimidazolium tetrafluoroborate Methyl — — [BF,]~ [Hmim][BF,]
1-Methylimidazolium Methyl — — [PFe]™ [Hmim][PFe]
hexafluorophosphate

1-Ethyl-3-methylimidazolium chloride Ethyl — Methyl cl™ [C,mim]Cl
1-Ethyl-3-methylimidazolium Ethyl — Methyl [BF4]™ [C,mim][BF,]
tetrafluoroborate

1-Ethyl-3-methylimidazolium Ethyl — Methyl [PF¢] [Comim][PF]
hexafluorophosphate

1-Butyl-3-methylimidazolium chloride Butyl — Methyl cl™ [Cymim]Cl
1-Butyl-3-methylimidazolium Butyl — Methyl [BE4]™ [Camim][BF,]
tetrafluoroborate

1-Butyl-3-methylimidazolium Butyl — Methyl [PF¢] [C4ymim][PF]
hexafluorophosphate

1-Hexyl-3-methylimidazolium chloride Hexyl — Methyl cl [Cemim]Cl
1-Hexyl-3-methylimidazolium Hexyl — Methyl [BF4]™ [Cemim][BF,]
tetrafluoroborate

1-Hexyl-3-methylimidazolium Hexyl — Methyl [PF¢] [Cemim][PFs]
hexafluorophosphate

1-Octyl-3-methylimidazolium chloride Octyl — Methyl cl™ [Cgmim]Cl
1-Octyl-3-methylimidazolium Octyl — Methyl [BF,] [Cgmim][BF,]
tetrafluoroborate

1-Octyl-3-methylimidazolium Octyl — Methyl [PF¢] [Cgmim][PFe]
hexafluorophosphate

1-Decyl-3-methylimidazolium chloride Decyl — Methyl cl™ [C1omim]Cl
1-Decyl-3-methylimidazolium Decyl — Methyl [BF4] [C1omim][BF,]
tetrafluoroborate

1-Decyl-3-methylimidazolium Decyl — Methyl [PF¢] [C1omim][PFs]
hexafluorophosphate

1-Allyl-3-methylimidazolium chloride Allyl — Methyl cl™ [Amim]Cl
1-Allyl-3-methylimidazolium Allyl — Methyl [BF,] [Amim][BF,]
tetrafluoroborate

1-Allyl-3-methylimidazolium Allyl — Methyl [PF¢] [Amim][PF]
hexafluorophosphate

1-Benzyl-3-methylimidazolium chloride Benzyl — Methyl cl™ [Bzmim]Cl
1-Benzyl-3-methylimidazolium Benzyl — Methyl [BF4]™ [Bzmim][BF,]
tetrafluoroborate

1-Benzyl-3-methylimidazolium Benzyl — Methyl [PF¢] [Bzmim][PFq]
hexafluorophosphate

1-Phenyl-3-methylimidazolium chloride Phenyl — Methyl cl™ [Phmim]Cl
1-Phenyl-3-methylimidazolium Phenyl — Methyl [BF.4] [Phmim][BF,]
tetrafluoroborate

1-Phenyl-3-methylimidazolium Phenyl — Methyl [PF¢] [Phmim][PF]
hexafluorophosphate

1-Butyl-2,3-dimethylimidazolium Butyl Methyl Methyl cl™ [C4dmim]Cl
chloride

1-Butyl-2,3-dimethylimidazolium Butyl Methyl Methyl [BF4]™ [C,dmim][BF,]
tetrafluoroborate

1-Butyl-2,3-dimethylimidazolium Butyl Methyl Methyl [PFe]™ [C4dmim][PFs]
hexafluorophosphate

“ First, second and third alkylation positions, respectively as shown in Fig. 1. * Chloride (Cl7), tetrafluoroborate ([BF,]~) and hexafluorophosphate

([PF¢]7) anions.

materials. Different alkyl chlorides will result in the IL varia-
tions listed in Table 1. For example, the use of ethyl chloride
and benzyl chloride will produce 1-ethyl-3-methyilimidazolium
chloride and 1-benzyl-3-methyilimidazolium chloride, respec-
tively. In this study, ethyl chloride, butyl chloride, hexyl chlo-
ride, octyl chloride, decyl chloride, allyl chloride, benzyl
chloride and phenyl chloride were used to produce the ILs in

1870 | RSC Sustainability, 2026, 4, 1867-1885

the selected sample. Various synthesis protocols are reported in
the literature, with the main differences related to reaction
temperature and durations. For instance, Righi et al.>* reported
a reaction temperature of 80 °C for 36 hours, while Erdmenger
et al.* used a microwave system at 170 °C for 11 minutes. Re-
ported yields for these type of alkylation reactions range from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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R, | |
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1 \ v Cl + NaBF, —_— \ 7 BF, + NaCl
A) N R 5 \ N \ N
2 \CH3 \CH3
\ / c X Imidazolium Sodium Imidazolium Sodium
N ) chloride salt  tetrafluoroborate tetrafluoroborate salt chloride
K
R3

(b) [PFe]- anion metathesis

R

Fig. 1 Generic synthesis method in the production of alkyl-imidazo-

!
lium ionic liquids, consisting of a ring formation (A), methylation (B), Cﬁ cl + LiPFfg —— Cw PF, + LiCl
alkylation (C) and an anion metathesis (D) steps. \ \ N
\CH

\CH3 3
o/ 40 . . . Imidazolium Lithium Imidazolium Lithium
96.5 t0 99%." In this StudY7 the hlgher reaction temperature chloride salt hexafluorophosphate hexafluorophosphate salt  chloride

and the upper end of the yield range were assumed.

2.2.4 Anion metathesis. The physiochemical properties of
ILs can be tuned for specific applications by tailoring alkyl
chain lengths on the cation, as well as the type of cation or
anion.** In the case of varying the anion, the imidazolium
chloride IL is subject to an anion metathesis to yield an IL with
the desired anion.* In this study, [BF,] and [PFs] anions were

Fig. 3 Anion metathesis to produce (a) imidazolium tetrafluoroborate
and (b) imidazolium hexafluorophosphate ILs.

considered to produce variations of the imidazolium-based ILs
included in the selected sample. In this step, the imidazolium
chloride IL reacts with either sodium tetrafluoroborate (NaBF,)

(a) Imidazole ring formation

0 N
= O A
+ O2NHy o+ )}\ — + 3H0
N N
0 H H \H
Glyoxal Ammonia Formaldehyde 1H-Imidazole Water
(b) Methylation
N Cl N
I )
+ C _— + HCI
N, [ AN
H H CH;
1H-Imidazole Methyl chloride 1-Methylimidazole =~ Hydrogen
chloride
(c) Alkylation
R Alkyl chlorides: . . H;C Cl H;C Cl
N | HiC 1 \]\/]f \I\’]f
N

> N _ Ethyl chloride Butyl chloride Hexyl chloride
\ J + R—Cl ——— g\ V cl
AN N
CHs N HiC,  Cl
CH 3 > .
3 \[\/1/) /\/Cl Cl

1-Methylimidazole  Alkyl chloride Imidazolium salt Decyl chloride Allyl chloride Benzyl chloride

Fig. 2 Generic synthesis steps in the production of 1-alkyl-3-methylimidazolium chloride-based ILs. (a) Imidazole ring formation step; (b)
methylation step; (c) second alkylation step and the various alkyl chlorides considered in the studied sample.
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or lithium hexafluorophosphate (LiPFg) to produce the desired
ILs, as shown in Fig. 3. This step was included in order to
provide a more representative pathway of the synthesis of ILs,
which are commonly derived directly from an imidazolium
halide precursor with the desired functionality.*” The anion
exchange reaction is typically carried out at room temperature,
ie. 25 °C, with yields of 91%,* which are the conditions
assumed in this study.

The alkylation step corresponds to the final step in the
synthesis of imidazolium chloride ILs, while the anion
metathesis is an additional step needed in the synthesis of
imidazolium tetrafluoroborate and imidazolium hexa-
fluorophosphate ILs as discussed in this section. A purification
and drying step would typically follow as a final stage in ILs
synthesis.** However, this step was excluded from this study due
to the wide range of purification methods reported in the
literature, and the absence of disaggregated energy consump-
tion data, which would introduce additional uncertainty. This
limitation is further discussed in Section 3.3.

2.3 Environmental impact assessment of ILs

In this step, the environmental impact assessment data of ILs is
estimated, which will be the basis of the GC models described
in Section 2.4. Life cycle assessment (LCA) was used to calculate
the environmental impacts of the 30 imidazolium-based ILs
based on the ISO 14040 and 14044 guidelines,**** as described
next.

2.3.1 Goal and scope. The goal of this study was to estimate
the environmental impacts of the 30 imidazolium-based ILs
considered here, taking a closer look at the contributions and
hotspots from their different synthesis steps. This is to establish
correlations between functional chemical groups and environ-
mental impacts of ILs. The system boundaries considered in
this work are from “cradle-to-gate”, as only the material and
energy flows associated with the production of the ILs are of
concern here, and the application, and disposal of ILs at their
end-of-life falls outside the scope of this study. Contributions
from purification and drying steps were excluded as previously
explained. The impacts related to the chemical plant infra-
structure and transportation of raw materials were excluded in
this study as the contributions from these life cycle stages tend
to be relatively small in chemical production compared to the
continuous supply of raw materials and energy consumption.*
The functional unit of “per mole of product” was selected to
allow estimating the cumulative contributions of each synthesis
step in the formation of the IL at a molecular level, and to
prevent putting at disadvantage those ILs with lower molecular
weights, e.g. more raw materials and energy resources would be
required to produce one kg of IL resulting in a higher envi-
ronmental burden. A second functional unit of “per kg of
product” was also used to allow comparisons with other studies
reported in the literature.

2.3.2 Life cycle inventory analysis. The inventory data used
in the environmental assessment of the 30 ILs studied here are
presented in Tables 2-5. In the absence of commercial scale
data, the materials quantity data were obtained from
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stoichiometric calculations based on the synthesis steps and
assumed conditions described in Section 2.2 (sample calcula-
tions are reported in the SI). A generic life cycle tree for the
production of imidazolium-based ILs is given in Fig. 4, where
the common precursors used in the synthesis of all ILs are
identified. The energy consumption estimations followed the
methodology proposed in Cuéllar-Franca et al.,* where the heat
of formation of the reagents and products was used to calculate
the theoretical energy consumption of the corresponding reac-
tions and scaled up using industrial empirical factors reported
in literature.”® For example, the necessary heat in endothermic
reactions was assumed to be supplied from natural gas and the
theoretical energy requirements were multiplied by a factor of
4.2. In the case of electricity consumption for cooling down
exothermic reactions, a factor of 3.2 was applied to the theo-
retical estimations. These estimations only include the direct
consumption in the reactors, thus excluding contributions from
other unit operations such as separations and pumping.
However, this approach is considered to be appropriate for the
purposes of this study as previous LCA studies of ILs have
indicated that in most cases the large number of precursors, i.e.
raw materials, are the main contributors to their environmental
impacts.”® The co-products were credited to the system, e.g.
hydrochloric acid, sodium chloride and lithium chloride, and
the organic waste was assumed to be treated in a wastewater
treatment plant. All the background data for the raw materials,
energy systems and waste management processes were sourced
from the Ecoinvent database v3.8.* Ethylene dichloride was
used as a proxy for butyl chloride, hexyl chloride, octyl chloride
and decyl chloride production, and benzyl chloride was used as
a proxy for phenyl chloride due to a lack of data for these
chemicals in the Ecoinvent database.

2.3.3 Life cycle impact assessment. The LCA modelling was
carried out using the LCA for Experts software,” and the envi-
ronmental impacts were estimated with the CML-IA 2001:
August 2016 impact assessment method.*®* The impact cate-
gories estimated in this study are GWP, human toxicity poten-
tial (HTP), freshwater aquatic ecotoxicity potential (FAETP),
marine aquatic ecotoxicity potential (MAETP), and terrestrial
ecotoxicity potential (TETP) as these are considered to have the
strongest influence of choice in the IL when applied at scale.*

2.4 Group-contribution analysis and validation

The final stage of the methodology involves the group-
contribution (GC) analysis and the development of predictive
models for the environmental impacts of ionic liquids (ILs).
Given that the environmental impacts of imidazole-based ILs
were estimated based on the individual contributions of the
synthesis steps described in Section 2.2 and Fig. 4, it is
reasonable to employ a GC modelling approach. This allows for
the correlation of environmental impacts with the functional
chemical groups introduced during each synthesis step.
Hukkerikar et al.** reported a similar correlative approach to
describe the environmental properties of organic molecules. In
the present work, a group additivity method, similar to that of
Benson and co-workers, was adopted.*>** In this framework,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a group is defined as a polyvalent atom (or moiety) and its
nearest neighbours, denoted as X-(A);(B),(C)«(D);, where X is the
central atom bonded to atoms A, B, C, and D with respective
multiplicities i, j, k, and /.

Due to the limited number of cations and anions analysed in
this study, only ten distinct groups were defined and used in the
model. Nevertheless, this analysis demonstrates the feasibility
of using GC models to estimate the environmental impacts of
ILs, analogous to their widespread application for predicting
physicochemical properties.>** The chemical groups used are
depicted in Fig. 5 and listed in Table S8 in the SI. As shown,
certain groups (e.g., methyl and methylene) recur frequently
across multiple ILs, while others (e.g., the phenyl group, Cp,—(C)
=Cp—(N) and the vinyl group, C,~(C)) appear only once, limiting
their transferability to ILs outside the current database.

The GC model proposed in this work is a linear model of the
form

f= Z”[ﬁi 1)

where f represents the environmental impact, §; is the contri-
bution group i, and n; is the number of occurrences of group 7 in
the molecule. Note that the intercept of the linear model is
incorporated into the contribution of the imidazole group.

From the total of 30 ILs considered, 24 were randomly
selected for model training and validation, while the remaining
6 were reserved as a test set to evaluate final model perfor-
mance. The specific ILs assigned to training/validation, and
testing are provided in Table S1 in the SI. Given the relatively
small dataset, resampling techniques were applied to reduce
overfitting and increase confidence in the models
developed.?>¢ Specifically, k-fold cross-validation (CV) and
bootstrap (BS) resampling methods were employed.

In k-fold CV, the dataset is split into k£ equally sized and
randomly selected subsets. Each fold is used once for validation
while the remaining k — 1 folds are used to train the model (i.e.,
estimate the coefficients ;). This process is repeated & times,
ensuring each fold has been used once as validation set, and the
average root-mean-square error (RMSE) across the validation
sets is used to evaluate performance. CV was performed for all
divisors of 18, i.e., k=2, 3, 6, 9, and 18, the latter corresponding
to the special case of leave-one-out CV (LOOCV). For the boot-
strap sampling, 10" datasets of size 18 were generated by
sampling with replacement. Model coefficients were estimated
using each bootstrap sample, and the RMSE for each was
calculated using the out-of-bag data.

An important aspect in the fitting of the models is the
contribution of the imidazole group, denoted by C;,,,, which is
common in all IL studied in this work. If not address, its
contribution would artificially assigned a coefficient of zero
during the optimization, with its actual effect distributed across
other groups. To avoid this problem, model fitting was
restricted to groups introduced via alkylation and anion
metathesis reactions. The contribution of the imidazole group
was computed separately as average of the sum of the ring
formation and methylation contributions plus the intercept of
the linear model and was not further optimised. After the model

© 2026 The Author(s). Published by the Royal Society of Chemistry
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development, predictive accuracy was assessed using the six ILs
reserved for testing.

3 Results and discussion

The results of the environmental impact of the ILs sample ob-
tained from the LCA analysis are presented first, including
a comparison with results of other ILs reported in the literature
and conventional organic solvents. This is followed by the GC
predictive models results and discussion.

3.1 Environmental impact assessment of ILs

The results of all imidazolium chloride ILs have been analysed
first to focus on the contributions from the cationic part of the
molecule, followed by the results for the imidazolium tetra-
fluoroborates and imidazolium hexafluorophosphates to look
at the anion contributions. The GWP results are presented first,
followed by HTP, FAETP, MAETP and TETP, which are pre-
sented in Section 3.1.2.

3.1.1 Global warming potential. The GWP results of all the
imidazolium chloride ILs are presented in Fig. 6. The estimated
total GWP for these ILs ranges from 0.73 kg CO, eq. per mol to
1.07 kg CO, eq. per mol. The formation of the imidazole ring is
responsible for the majority of this impact, contributing
between 44% and 63% of the total GWP mainly due to the use of
glyoxal. In the particular case of [Hmim]Cl, the ring formation
step contributes the highest (63%) impact because this IL only
has one substituent and therefore, requires only two synthesis
steps. This is also the reason why it has the lowest GWP (0.73 kg
CO, eq. per mol), as it requires fewer reagents overall.

It can also be observed in Fig. 6 that the GWP of the ring
formation step for IL [C,dmim]Cl is the second largest,
contributing to 59% of the total impact. This is because of the
use of acetaldehyde instead of formaldehyde, which is needed
to obtain the three alkyl substituents.

The GWP of the methylation step is estimated around 0.19 kg
of CO, eq. per mol for all imidazolium chloride ILs under study,
as this step is the same across all ILs, i.e. all precursors react
with methyl chloride to produce 1-methylimidazole or 1,2-di-
methyilimidazole in the case of [C,dmim]Cl. Consequently, the
slight variations between these values are due to yield differ-
ences and corresponding energy requirements. This step
contributes between 17% and 37% of the total GWP impact, and
the use of methyl chloride is responsible for the significant
contributions from this synthesis step.

With the exception of [Hmim]|Cl, the alkylation step is the
second hotspot for all ILs and contributes with 21% to 39% of
the total GWP results. It can be inferred that the magnitude of
the environmental impacts of the imidazolium chloride ILs
studied here, will depend on the alkylation step as each IL will
require a specific alkyl halide, which in turn will have different
environmental burdens depending on their production, e.g.
length of alkyl chain, presence of aromatics. For example,
[C1omim]Cl, [Phmin]Cl and [Bzmim]Cl have the highest GWP
reported at 0.99 kg CO, eq. per mol, 1.02 kg CO, eq. per mol and
1.07 kg CO, eq. per mol, respectively, mainly because of the
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longest alkyl chain and aromatic groups considered in their
alkylation steps. It should be noted that while ethylene di-
chloride was used as a proxy for most alkyl halide precursors
due to limited data in the Ecoinvent database, the quantities
required were calculated using stoichiometric relationships
specific to each ionic liquid synthesis pathway. This ensures
that differences in raw material requirements for each IL are
reflected as closely as possible, within the limitations of the
available data, in the environmental impact estimations.
[C,mim]Cl, on the other hand, has a total GWP of 0.83 kg CO,
eq. per mol as it used ethyl chloride (the shortest alkyl chain
considered). Therefore, the side chain variations obtained
during the alkylation step can potentially be considered the
most influential step in the overall GWP of imidazolium based
ILs.

The effect that the number of substituents on the imidazole
ring has on the GWP of imidazole-based ILs was also studied
using [C,mim]Cl and [C,dmim]Cl as an example, as they have
two and three substituents, respectively. In addition, both ILs
use the same alkyl halide (butyl chloride) in the alkylation step.
The GWP results for these ILs are estimated at 0.87 kg CO, eq.
per mol and 0.94 kg CO, eq. per mol, respectively. This differ-
ence is mainly due to the use of formaldehyde and acetaldehyde
in the ring formation step, as the number of substituents plays
a negligible effect in the overall GW of these two ILs. It was also
observed that the presence of a double bond in any of the side
chains does not seem to influence the GWP of the ILs. For
example, the GWP of [Amim]Cl, which contains a three-carbon
unsaturated substituent, is estimated at 0.83 kg CO, eq.
per mol, which is same to the GWP results estimated for
[C,mim]Cl and close to [C,mim]Cl estimated at 0.87 kg CO, eq.
per mol, which have a two and four carbon saturated substitu-
ents, respectively.

The contributions from the anion exchange step are shown
in Fig. 6 for both the [BF,] and [PF¢| ™ anions. The imidazolium
chloride ILs are the precursors for the preparation of the cor-
responding imidazolium tetrafluoroborate and imidazolium
hexafluorophosphate ILs shown in Fig. 6. According to these
results, the GWP of the resulting ILs is approximately 2.7 and
4.8 times higher when substituting the chloride anion with
[BF,]” and [PFe] , respectively. This is because an equimolar
amount of salt (with respect to the imidazolium chloride
precursor) is required in the anion metathesis step, and these
anions are assumed to be derived from salts with considerably
high carbon footprints. For example, the GWP of sodium
tetrafluoroborate and lithium hexafluorophosphate salts are
reported at 10.3 kg CO, eq. per kg and 19.3 kg CO, eq. per kg,
respectively.”” The contributions from this step will largely
depend on the environmental burdens of the metal salts or
other chemicals used to obtain the desired anions. Therefore,
given the great influence this step has over the total GWP
impact of imidazole ILs, special consideration should be given
to the selection and sourcing of the anion. The use of LCA
databases can help when considering the latter.

3.1.2 Human toxicity impacts. The results for the human
toxicity potential (HTP) impact category for all ILs are presented
in Fig. 7. The HTP results of the imidazolium-chloride ILs are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Chemical groups used for the development of the GC models. The names of the 10 groups analysed are also indicated.

estimated at around 6 kg DCB eq. per mol of IL. The formation
of the imidazole ring is the dominating synthesis step under
this category as it contributes with over 98% of the total impact,
whilst contributions from the alkylation step are negligible.
This is due to the production of glyoxal via the oxidation of

© 2026 The Author(s). Published by the Royal Society of Chemistry

ethylene oxide, as it releases toxic emissions of ethylene oxide to
water and air, a well-known genotoxic substance.*® The glyoxal
production process in Ecoinvent (RER: glyoxal production)
assumes the release of 0.2% of fugitive emissions of ethylene
oxide to the atmosphere in the absence of process emissions in
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Fig. 7 Human toxicity potential (HTP) impacts of imidazolium chloride, imidazolium tetrafluoroborate and imidazolium hexafluorophosphate
ILs, showing synthesis steps contributions [for the ILs names, see Table 1 and Fig. 6].

the literature.®” However, this value is extremely high compared
to fugitive emissions considered in other relevant industrial
processes in the database. For example, the processes for
ethylene oxide and ethylene glycol are reported to emit 0.002%
and 0.0006% of ethylene oxide per kg produced, respectively.*”

In the CML-IA 2001: August 2016 method, HTP, as well as
ecotoxicities potentials, are calculated with an adapted Uniform
System for the Evaluation of Substances model for LCA known
as the USES-LCA model. The model describes the fate, exposure
and effects of toxic substances in various environmental media
for an infinite time horizon, and the database contains toxicity
data for over 3300 chemicals for a large number of species.* In
terms of spatial differentiation, the USES-LCA model takes
a site-generic approach, i.e. generic receiving environments as
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opposed to region or source specific environments. Each toxic
substance is assigned a characterisation factor with respect to
1,4-dicholorobenzene (DCB), which is the reference substance
assigned for all toxicity impacts in the CML-AI 2001: August
2016 method. In the case of ethylene oxide, this is 14 075 kg
DCB equivalent per kg of emission, thus resulting in such a high
contribution.®® The infinite time horizon and the spatial
differentiation approach have been identified as limitations to
the accuracy of the USES-LCA model, and other models such as
USEtox have become widely accepted.®

The ring formation is also the main hotspot in HTP for
imidazolium tetrafluoroborate ILs (69%) and the second hot-
spot for imidazolium hexafluorophosphate ILs (47%), as shown
in Fig. 7. For imidazolium hexafluorophosphate ILs, the use of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lithium hexafluorophosphate salts accounts for around 52% of
this impact, thus identified as the main hotspot. Similar to
GWP, [PF¢] anion causes higher impacts under this impact
category because of the release of hydrogen fluoride emissions
during its preparation, which is known for its severe toxic
effects to human health.®* This intrinsic toxicity of lithium
hexafluorophosphate is increased by the fact that this salt has
a higher molecular weight and must therefore be used in greater
quantities than the respective tetrafluoroborate salt. Therefore
resulting in HTP results 2 times higher compared to their cor-
responding imidazolium chloride counterpart.

3.1.3 Ecotoxicity impacts. The ecotoxicity impact results for
all ILs are presented in Fig. 8-10. The freshwater aquatic eco-
toxicity potential (FAETP) and marine aquatic ecotoxicity
potential (MAETP) results are presented in Fig. 8 and 9, and are
estimated at 0.2-0.3 kg DCB eq. per mol and 0.4-0.6 t DCB eq.
per mol, respectively for all imidazolium-chloride ILs. Very
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similar trends can be observed for FAETP and MAETP, where
the ring formation is the predominant step, contributing
between 54-95% and 50-87% of the total impacts of the ILs,
respectively. The alkylation step contributes 29-53%, depend-
ing on the length of the chain. For example, ethyl chloride and
decyl chloride used in the preparation of [C,mim]Cl and
[C1omim]Cl have the lowest and highest contributions, respec-
tively. The methylation step, on the other hand, causes a negli-
gible effect under these impact categories. This is because of the
co-production of hydrochloric acid, which is credited to the
system and therefore showing a net-negative impact in the case
of FAETP and minimal contribution for MAETP. In the case of
[Hmim]Cl, the ring formation step contributes >87% of the
impacts as there is no alkylation step and the contributions
from the methylation step are negligible as previously
explained.
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Fig. 8 Freshwater aquatic ecotoxicity potential (FAETP) impacts of imidazolium chloride, imidazolium tetrafluoroborate and imidazolium
hexafluorophosphate ILs, showing synthesis steps contributions [for the ILs names, see Table 1 and Fig. 6].
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Fig. 9 Marine aquatic ecotoxicity (MAETP) impacts of imidazolium chloride, imidazolium tetrafluoroborate and imidazolium hexa-
fluorophosphate ILs, showing synthesis steps contributions [for the ILs names, see Table 1 and Fig. 6].
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Fig. 10 Terrestrial ecotoxicity potential (TETP) impacts of imidazolium chloride, imidazolium tetrafluoroborate and imidazolium hexa-
fluorophosphate ILs, showing synthesis steps contributions [for the ILs names, see Table 1 and Fig. 6].

Fig. 10 presents the terrestrial ecotoxicity potential (TETP)
results of the studied imidazolium chloride ILs, and this is
calculated between 3.85 g DCB eq. per mol and 6.85 g DCB eq.
per mol. As it can be observed, the ring formation step
contributes with 52-74% of the total impact mainly due to the
glyoxal production. This is followed by the alkylation step, with
contributions between 28-51% of the total impact. The toxicity
results presented in this section also indicate that the use of
alkylation agents with longer alkyl chains or aromatic groups
will cause higher contributions to the overall toxicity of the IL.
In this case, it is observed that the use of decyl chloride and
benzyl chloride causes the highest contributions among all
toxicity impact categories.

In the case of the imidazolium tetrafluoroborate and imi-
dazolium hexafluorophosphate ILs, the results show that the
total impact results for FAETP, MAETP and TETP are predom-
inantly driven by the anion metathesis reaction due to the
choice of anion. The use of sodium tetrafluoroborate and
lithium hexafluorophosphate salts causes significant increases
to the total ecotoxicity impacts of the ILs as in the case of GWP.
For example, the impact results of imidazolium tetra-
fluoroborate ILs for TETP, FAETP and MAETP are around 3, 5
and 19 times higher compared to their corresponding imida-
zolium chloride counterpart, respectively. For the imidazolium
hexafluorophosphate ILs, these are approximately 7, 9 and 116
times higher. Similar to GWP and HTP, the [PFq] ™ anion causes
higher environmental impacts across all ecotoxicity impact
categories.

3.1.4 Comparisons with other ILs and conventional
organic solvents. In this section, the environmental impact
results of [Hmim]Cl, [C;mim]Cl, and [C,mim][BF,] estimated in
this study, were compared on a mass basis (kg CO, eq. per kg IL)
with other similar ILs reported in the literature for validation
purposes,>>>*2627.293% and with a selection of commonly used
conventional organic solvents in industry®® for reference.
Comparisons were only possible between studies reporting mid-

point indicators estimated wusing compatible impact
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assessment methods. The group of conventional solvents
comprises 16 different solvents across the following categories:
alcohols, aliphatic hydrocarbons, amines, aromatic hydrocar-
bons, esters, ethers, halogenated solvents, ketones and sulfur
containing solvents. The full list of solvents is included in Table
S7 in the SI, including the specific Ecoinvent processes used to
calculate their environmental impacts.*® The GWP impact
results are presented in Fig. 11.

Baagel et al.>® reported the GWP impact for [Hmim][HSO,],
which was estimated at 2.7 kg CO, eq. per kg IL, which is 55%
lower compared to [Hmim]Cl assessed in this study, as shown
in Fig. 11. Such differences can be attributed to the fact that the
IL [Hmim][HSO,] is assumed to be synthesized via the transfer
of a proton from a Brensted acid (sulfuric acid) to a Brensted
base (1-methylimidazole),*® has a different non-halogenated
anion, and the inventory data was obtained from a process
simulation based on a scaled-up manufacturing process from
literature.** However, both studies assumed that 1-methyl-
ilimidazole was synthesized using the Debus-Radziszewski
method hence using the same precursors for this stage.

Righi et al** and Amado Alviz and Alvarez®® assessed the
environmental impacts of halogenated ILs [C,mim]|Cl and
[Csmim]Br, respectively, which also considered their prepara-
tion via the alkylation and salt metathesis route. The results of
these studies are comparable and GWP impact of these ILs
ranges between 5.9-6.4 kg CO, eq. per kg IL. Zhang et al.”” re-
ported a GWP impact of 3.5 kg CO, eq. per kg IL for [C,mim)]
[BF,], which is 67% lower compared to the one estimated in this
study, even though both studies have assumed the same prep-
aration method and the use of the same precursors. However,
due to a lack of further information it is not possible to explain
the observed differences. Cuéllar-Franca et al.** reported the
GWP of 1-butyl-3-methylimidazolium acetate ([C,mim][Oac]) at
7.4 kg CO, eq. per kg IL and 1-butyl-3-methylimidazolium
sulfate ([C;mim][H,SO,]) at 4.4 kg CO, eq. per kg IL, which
are 30% and 58% lower compared to [C,mim]|[BF,] studied here,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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impacts can be found in Table S7].

as shown in Fig. 11. These ILs were assumed to be prepared via
a halide free route, which can explain the variations observed.

A more recent study by Baaqgel et al** compared two
synthesis routes for the preparation of [C;mim][BF,], a one-pot
halide-free and an alkylation and salt metathesis routes. The
results indicate a significantly lower GWP for the halide-free
route (6.3 kg CO, eq. per kg solvent), corresponding to a 78%
reduction compared to the metathesis route. Although the GWP
results reported for the metathesis route (27.26 kg CO, eq. per
kg solvent) is much higher than that estimated in this study for
the same IL (10.7 kg CO, eq. per kg solvent), largely due to the
use of sodium tetrafluoro-borate salt in excess, these results are
consistent with an emerging indication that halide-free routes
may be associated with lower GWP values than alkylation and
salt metathesis routes.

The average GWP impact of the organic solvents presented in
Fig. 11 is 2.03 kg CO, eq. per kg solvent, which is 65% lower
compared to the average GWP of the ILs discussed in this
section. Methanol and hexane are among the solvents with the
lowest GWP, with an average of 0.57 kg CO, eq. per kg, whilst
propylene glycol, monoethanolamine and ethylene bromide
have the highest GWP of the selected solvents, with an average
of 4.2 kg CO, eq. per kg. The halogenated solvent is comparable
to most ILs presented in Fig. 11. Several organic solvents such as
hexane are obtained from petroleum mixtures through a series
of separation steps, thus resulting in lower GWP impacts
compared to solvents that required several energy intensive
reaction and separation steps for their production, and the use
of numerous precursors.

3.2 Group contribution analysis and predictive models

The results of the GC models developed for the environmental
impacts of the 30 ILs studied, specifically for GWP, HTP, FAETP,
MAETP, and TETP, are presented in Fig. 12.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The average RMSE obtained through both k-fold CV and BS
resampling is shown in Fig. 12. For CV, the average RMSE
exhibits minimal variation with the number of folds; however,
a slight decreasing trend is observed as the value of k increases.
The lowest RMSE values are achieved at k = 18, corresponding
to the LOOCYV leave limit. The only exception is HTP, where the
RMSE remains nearly constant across all k values. This stability
is attributed to the dominant and consistent contributions of
the ring formation and anion metathesis steps, with minimal
variation from the alkylation step.

The RMSE values obtained via BS sampling are slightly
higher than those from LOOCYV, but remain comparable to the
RMSE values from k-fold CV. The overall consistency across all
resampling techniques confirms the robustness and reliability
of the GC models. In all cases, the low RMSE values indicate
strong model performance and excellent agreement with the
underlying LCA data.

To demonstrate the predictive capability of the models,
results from LOOCV are used exclusively for generating parity
plots, shown in Fig. 12(b-f). These plots compare the predicted
environmental impacts against the corresponding values ob-
tained directly from LCA. Overall, the models show excellent
agreement with the LCA data for both the training and test sets,
supporting their generalizability and predictive accuracy.

As discussed earlier, the data naturally cluster into three
distinct regions based on the anion used in the IL: CI” <[BF,]™ <
[PFe]™. This clustering effect is especially pronounced in the
MAETP results, where the anion metathesis step accounts for
over 92% of the total impact. Insets in each plot highlight the
Cl -based ILs to reveal the finer variations arising from the
functional groups in the cation. These differences illustrate the
sensitivity of the GC model to structural variations within the
cation.

With the exception of HTP, which consistently deviates from
the parity line due to systematic over- or underestimation, the
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Fig. 12 Results of the group-contribution model proposed in this study to calculate environmental impacts using the linear model given by egn
(1) [(a) the results for the root-mean-square error (RMSE) as a function of the number of folds used in the cross-validation analysis are presented
for all environmental impacts. The RMSE obtained from the bootstrap sampling is also shown (set BS). (b)—-(f) are the parity plots representing the
target and predicted environmental impacts using our GC model with the model obtained from LOOCV. The symbols with light shades represent
the results for the 18 ILs used for training and validation, while the darker shades represent the predictions for the test set. The results correspond
to (b) global warming potential (GWP), (c) human toxicity potential (HTP), (d) freshwater aquatic ecotoxicity potential (FAETP), (e) marine aquatic
ecotoxicity potential (MAETP), and (f) terrestrial ecotoxicity potential (TETP)].

model predictions for all other impact categories align closely
with the 1:1 diagonal, further confirming model accuracy. The
deviation in HTP is attributed to contribution to the ring
formation, which shows a variation between 6.1 and 6.8 kg DCB
eq. per mol across all ILs studied, but this contribution in the
GC model is represented by the average value of 6.5 kg DCB eq.
per mol, which introduces a systematic error.

As previously noted, caution should be exercised when
interpreting the contributions of chemical groups with limited
representation in the dataset, particularly the vinyl and phenyl
groups, which appear in only one IL each. While these groups
were necessary for model completeness, their coefficients may
be less reliable due to insufficient data for robust estimation. A
sample calculation demonstrating the application of the
predictive models is provided in the SI (see Table S9).

Nonetheless, the results clearly demonstrate the viability of
using a GC-based approach to estimate the environmental
impacts of ILs. Future work will expand the model to encom-
pass a broader range of ILs, enhancing its predictive capabilities
and enabling its use as a practical tool for early-stage design and
screening of environmentally preferable ionic liquids.

3.3 Limitations and recommendations for future work

It is important to note that the predictive models developed in
this study were based on a small sample size, and several
limitations should be addressed in future work to fully evaluate

1882 | RSC Sustainability, 2026, 4, 1867-1885

the robustness of the models and increase the practical value of
this research. For instance, expanding the sample of
imidazolium-based ILs would improve the transferability of
underrepresented chemical groups, such as phenyl and vinyl
groups as well as other commonly used and relatively environ-
mentally benign anions, eg derived from GRAS-listed
substances such as acetates from acetic acid. The models
should also be expanded to include other scalable synthesis
methods for imidazolium-based ILs, including halide-free
approaches, to systematically examine whether the emerging
tendencies suggested by existing LCA studies are robust within
the same IL family. These limitations can be addressed by
systematically conducting LCAs across a broader range of ILs.
However, it is recommended that frameworks combining
process simulation and machine learning be used to generate
the required volume of life cycle inventories. Examples of such
approaches include those proposed by Martinez-Ramon et al.®®
and Baagel et al.”®*® Extending beyond imidazolium ILs, there is
also a need to broaden the environmental impact evaluations to
include other families of ionic liquids, particularly bio-based
ILs, e.g. cholinium ILs, as well as other alternative solvents
such as molten salts, deep eutectic solvents and natural deep
eutectic solvents to understand how these approaches translate
to other widely researched systems.

The environmental impacts data used to construct the
predictive models excluded contributions from purification and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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drying steps, which are typically required to remove impurities
and excess water content. Purification and drying methods re-
ported in the literature vary widely, ranging from simple tech-
niques such as distillation, liquid-liquid extraction and
filtration,*”*® to more complex and expensive ones including
vacuum distillation,***® depending on the synthesis route and
intended application. Although this exclusion represents
a limitation of this work, since the contributions from these
steps are unlikely to be negligible due to the use of solvents and
utilities, selecting a specific purification technique without
a defined application would be arbitrary and would introduce
additional uncertainty into models intended for early-stage
screening. Future work should therefore evaluate multiple
purification and drying strategies feasible at commercial scales,
both to quantify their potential impacts and to provide
a framework for incorporating these contributions into
predictive models. Such an approach would enable a more
comprehensive assessment of the environmental impacts
associated with ILs synthesis and support the development of
robust guidelines and recommendations for their environ-
mentally sustainable production. In principle, the contribution
of a given purification step could be incorporated into the
specific reaction step to which it is associated.

4 Conclusions

This study demonstrated that it is possible to correlate chemical
functional groups and environmental properties such as global
warming, human toxicity and eco-toxicity impacts of
imidazolium-based ILs using linear models. An essential part of
this work consisted in the estimation of the environmental
impacts of a sample of 30 different imidazolium-based ILs
using the LCA methodology, which included different cationic
side chain substituents and types of connections, e.g. branch-
ing, double bonds, and the commonly used anions Cl™, [BF,]”
and [PFs] . The LCA results indicated that the choice of anion
has a large influence over the environmental impacts of
imidazolium-based ILs in the order CI” < BF, < PF¢ . The clear
segregation was also evident in the linear predictive GC models
that were developed as part of this work, demonstrating high
accuracy according to the parity plots obtained.

For the imidazolium-chloride ILs, the ring formation steps
was identified as the main hotspot for most impacts, followed
by the alkylation step, which was a determining factor in the
differences observed across the impacts of the ten ILs, whilst
the presence of double bonds in the alkyl chain and the number
of substituents on the imidazole ring had little influence over
the environmental impacts of these ILs. For the imidazolium
tetrafluoroborate and imidazolium hexafluorophosphate ILs,
the anion metathesis step contributed significantly to all impact
categories. Such high contribution was largely due to the envi-
ronmental burdens associated with the use of sodium tetra-
fluoroborate and lithium hexafluorophosphate salts.

This work provides insights into opportunities for improving
the design and synthesis of imidazolium-based ILs. The
predictive environmental impact values obtained using the
models proposed in this study should be regarded as indicative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and interpreted within the scope, synthesis routes considered
and limitations. Access to these data can support and facilitate
more comprehensive life cycle assessments of ionic-liquid-
based applications, i.e. cradle-to-grave, helping to make such
studies accessible during the development of more sustainable
applications. Detailed evaluations of ionic-liquid-based appli-
cations remain necessary on a case-by-case basis to fully
understand the environmental sustainability of ILs, including
both strengths and limitations, and to drive sustainable inno-
vation across diverse applications.
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