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1. The work establishes evidence-based guidelines to improve the synthesis of a commonly
synthesised aprotic IL, or chemicals with similar synthetic pathways. It provides actionable
and targeted recommendations to reduce the impact of laboratory IL research.

2. The advantages of operating on a larger scale under high-pressure conditions were
sufficient that this was the preferred method by both LCA and the Green Metrics E-factor,
Process Mass Intensity and atom economy. However, when this route is not available, the
study reveals discrepancies among the results of the individual Green Metrics analysis (E-
factor, Effective Mass Yield, Process Mass Intensity, atom economy) and between these and
the results of the LCA, establishing LCA as a methodology that more precisely evaluates the
environmental impact of a chemical reaction.

3. Future work includes establishing modified synthesis procedures for ionic liquids in the lab
based on the findings, such as improved reactor insulation and larger batch processing.
Expanding the LCA to include toxicological data of product (IL) would provide a more
comprehensive environmental assessment.
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Abstract

This study presents the life cycle assessment (LCA) for the synthesis of 1-ethyl-3-methylimidazolium acetate,
[C,C1im][OACc], an ionic liquid (IL) that is often studied at lab-scale. Three pathways were evaluated using
SimaPro® LCA software. At a 3-4 g scale, the anion-exchange route had the lowest environmental impact (99.8
Pt), followed closely by the dimethyl carbonate route (102.0 Pt), while the silver acetate route had an
increased impact score (133.5 Pt). Scaling up the the dimethyl carbonate route using a high-pressure benchtop
reactor considerably improved its sustainability (14.8 Pt). Hotspots were identified and recommendations for
improvements are given. Comparison is made with several green metrics. The investigation acts as a guide for
sustainable ionic liquid synthesis in the laboratory, promoting critical evaluation of established synthetic work-
flows using methodologies such as LCA, and the holistic implementation of green chemistry principles in daily

working practices.

KEYWORDS: 1-ethyl-3-methylimidazolium acetate, laboratory sustainability, environmental hotspot analysis,

electricity monitoring, SimaPro, ReCiPe, aprotic ionic liquid, solvent removal, sustainable synthesis.
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As scientists race to develop solutions to environmental and other societal challenges, their
laboratories contribute to depletion of the earth’s finite resources and to global warming. Laboratories
can consume 5 to 10 times more energy than office spaces and may consume 60 % of the total
freshwater used by universities.! Frameworks towards achieving sustainable laboratories such as the
Laboratory Efficiency Assessment Framework? (LEAF) and My Green Lab3® are being adopted
worldwide by academics concerned about the impact of their research activities on the environment.
While these programs encourage systematic monitoring and reduction of waste generation in
laboratories, they do not target individual chemical reactions. Each of these reactions requires distinct
reagents and reaction conditions, with different classes of chemicals having unique degradation
pathways and interactions with the environment. The use of hazardous reagents and resource-
intensive purification steps needs a case-by-case assessment and targeted modification to advance

truly sustainable practices.*>

The field of Green Chemistry started in the 1990s, introducing fundamental principles and green
metrics for evaluating the ‘greenness’ of a chemical process.® Mass-based green metrics, which
include atom economy and effective mass yield (EMY), were developed based on the principle that
chemical reactions are greener when they produce either no by-products or ones with lower molar
weight.” Another metric, the E-factor, the mass ratio of waste to product, is closely related to Process

Mass Intensity (PMI) and measures the mass ratio of total waste to total product, while PMI| measures

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the ratio of total input materials to product (E-factor = PMI - 1).2 The ACS Green Chemistry Institute

Pharmaceutical Roundtable adopted PMI as a benchmark green metric, due to its broad coverage of
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resource utilisation and easy availability of data on inputs.® These metrics, however, fail to capture

environmental, health, and safety concerns that are associated with specific types of inputs and

(ec)

outputs.’® The relevance of mass-based metrics can change because some materials have a larger or
smaller environmental impact than their weight alone indicates, and fail to cover more recent
developments in sustainability practice, such as the Safe and Sustainable by Design concept.!!
However, their strength lies in the limited information required to calculate them and easy
mathematical manipulations, which allows application to small-scale syntheses that are carried out

infrequently or even only as a one-off.

For products that are made at a larger scale and/or more frequently, a broader and more detailed
evaluation can be carried out through methodologies such as Life Cycle Assessment (LCA).12 LCA

assesses resources consumed and waste emitted during an item’s production or the delivery of a
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metrics, it has the potential to consider all aspects of a product’s (or service’s) life cycle and evaluates
the impacts based on the intended function, not just product weight. LCA can also detect the
unintended shifting of the environmental burden to elsewhere in a product’s life cycle.® A ‘cradle-to-
grave’ LCA examines the extraction of raw materials, production, transportation, distribution, use, and
final disposal of the product. A ‘cradle-to-gate’ LCA considers only the extraction and production

stages and is adequate for comparing different manufacturing routes that generate the same product.

LCA is usually carried out by government bodies or industries but also has applications in academic
research settings. While LCA can be time-consuming and labour-intensive, interest has grown in
applying it to small scale chemical reactions that are conducted repeatedly, such as in university
teaching laboratories. For example, mass-based green metrics combined with LCA were used to
evaluate the environmental impact of an organic dye synthesis, comparing two proposed synthetic
routes to a classic Suzuki-Miyaura cross-coupling.'* The classic route's main impact areas were solvent
waste, metals, and energy required for multiple purification steps. While the new routes proposed in
the study had a lower overall impact, their eco-toxicity score was higher due to the use of n-
butyllithium and tin-containing reagents. A comparison of two methods for synthesizing (E)-stilbenes
found that the method traditionally taught in an undergraduate course had a significantly higher
acidification potential, and utilised volatile organic compounds with higher global warming potential.*®
Another study used the DOZN 2.0 platform to analyse the laboratory synthesis of hexane nitrile from
hexanoic acid and benzophenone from benzhydrol, identifying organic reagent and solvent use as
environmental hotspots.’® Given these reactions are conducted by many students every vyear,
modifying them to reduce environmental impact at a small scale can lead to substantial cumulative

benefits over time.

This study focuses on the synthesis of ionic liquids (ILs) which are liquids with melting points below or
near ambient temperature and are composed entirely of cations and anions.” They have garnered
interest as promising alternatives to organic solvents, which are often flammable, toxic by inhalation,
and have limited opportunity for specialised design.'® ILs are made up of charged species and hence
are highly conductive, have low vapour pressures and can have strong interactions with solutes
through coulombic attractions and hydrogen bonding. Since a substantial number of cation and anion
combinations are available to form low melting salts, ILs are regarded to have customisable
physicochemical properties, and are being investigated extensively for various applications where

these characteristics may provide advantages.®20
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This study compares the environmental impact of three synthesis pathways for the IL 1-ethyl-3-
methylimidazolium acetate or [C,C;im][OAc] (Figure 1) using LCA and Green Metrics. [C,C1im][OACc]
has been studied as a solvent in making biopolymer films?%2? and fibres,?® and as sorbent in carbon
capture.?* [C,C;im][OAc] was selected for this study because it is widely used by researchers and is
frequently synthesised in individual laboratories. The LCA of [C,C:im][OAc] synthesis can also serve as
a model for the synthesis of other hydrophilic aprotic ionic liquids, which are generally made using

similar methods.

~> \/ o

Figure 1: Lewis structure of the ionic liquid 1-ethyl-3-methylimidazolium acetate or [C;C;im][OAc].

Synthesis of [C,C:im][OAC]

[C2C1im][OAC] is typically synthesised by generating the cation through the alkylation of an uncharged
1-alkylimidazole. The anion of some aprotic ILs can directly derive from the alkylating agent. Since this
is not possible for [C,C:im][OAc], as methyl acetate and ethyl acetate are not sufficiently active
alkylating agents, a suitable aprotic IL precursor containing the [C,Ciim]* cation is generated and the

desired anion is subsequently introduced through anion exchange, a process also known as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

metathesis.?> A common route for synthesising aprotic imidazolium ILs is via a halide precursor, such

as 1-ethyl-3-methylimidazolium bromide ([C,Ciim]Br), synthesised from 1-methylimidazole and

Open Access Article. Published on 03 March 2026. Downloaded on 3/5/2026 4:24:45 PM.

bromoethane via an Sy2 mechanism (Scheme 1). The unsubstituted nitrogen atom in 1-
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methylimidazole acts as a nucleophile and attacks the electrophilic carbon atom on bromoethane.
This leads to the formation of a charged imidazolium cation while bromide forms the anion of the
precursor IL.2¢ This reaction is often carried out over 2-3 days at room temperature if a colourless
product is the target, however, a raised reaction temperature can accelerate the rate of reaction.?’
Since [C,C1im]Bris a precursor to many ionic liquids, a sustainability analysis of its synthesis is generally

useful.
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Scheme 1: Synthesis of the halide precursor [C;C1im]Br from 1-methylimidazole and bromoethane. DOI: 10.1039/D5GC06385J
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Scheme 2: Synthesis of [C2C1im][OAc] via (a) silver acetate metathesis, (b) anion-exchange route, (c) dimethyl carbonate routes.

If a metathesis reaction to generate the final IL is required, an anion exchange is needed between the
precursor IL and another source that can provide the target anion. Target anions that have limited
hydrogen-bond basicity can be introduced using Li salts while dissolved in an organic solvent, with left-
over lithium halide preferentially extracted from the organic solvent phase with deionised water. This
approach does not work for halide precursors and hydrophilic target ILs such as [C,C;im][OAc], as both
the halide and acetate are removed into the water phase. Therefore, alternative metathesis reactions
that quantitatively remove the precursor anion need to be used. Several strategies have been
developed to produce 1,3-dialkylimidazolium acetate ILs. Silver salts can help generate highly water-
miscible ILs from halide precursors, as silver halides such as AgBr and AgCl are sparingly soluble in
water and form solids that can be removed by filtration.?” Silver(l) acetate has been used to synthesise
[C.C1im][OACc] from bromide precursors in aqueous solution (Scheme 2 (a)). The acetate anion and
[C,Ciim]* cation remain dissolved in water, which is then removed by evaporation. The reaction takes
place at room temperature and the precipitation of AgX (X = Cl or Br) drives the reaction, ensuring
complete exchange of anions and a high yield. In terms of practical limitations, the silver salt
metathesis is fast, but it must take place in a dark environment, as silver acetate exhibits
photodecomposition,?® resulting in silver oxide contamination in the product. Another drawback is the
potential for formation of submicron particles of silver halide, which are challenging to remove.?° A
variation has been proposed where silver acetate is replaced by lead (ll) acetate. While lead has lower
cost and higher stability, the use of lead is strongly discouraged, due to its persistent human and
environmental toxicity, and should not be utilised in any laboratory environment, if lead-free methods

are available.3? Hence, this alternative was not analysed here.
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Anion metathesis for hydrophilic ILs can also be carried out by employing an anion-exchange resin,
which is called the anion-exchange column method. An appropriate anion is coordinated to a
positively charged stationary phase in large excess, while the cation is present in solution as part of
the precursor IL. Anion exchange is reversible in principle, so the resin must be chosen to provide
strong preference for the anion of the precursor IL.?° Cationic resins loaded with hydroxide (OH") ions
are particularly useful in this application, as they generate hydroxide salts (Scheme 2 (b)), which
enable a subsequent Brgnsted acid-base neutralisation to introduce the desired IL anion, with water
as the by-product. Direct loading of weakly basic anions such as acetate onto the strongly acidic resin
is inefficient because the resin’s positive sites have a lower selectivity for [AcO]~ than for OH™ or Br™.31
To produce [C,C;im][OAc], the halide precursor [C,Ciim]X [X = Cl or Br] dissolved in water is contacted
with an anion-exchange resin loaded with OH- ions provided in a column. The resulting hydroxide
precursor [C,C;im][OH], which is maintained in solution, is then reacted with an equimolar amount of
acetic acid. A concentrated solution of [C;C;im]X and a column of sufficient length ensures complete
anion exchange, while contamination can be prevented by ensuring that the resin has been rinsed
according to the manufacturer’s guidelines.?> In DuPont AmberLyst™ resin columns, the acid sites can
be contaminated by exchanged cations, amine-containing organics that neutralize charge, nitriles and
formamide which hydrolyse to amines, and dialkyl sulfides that react with sulfonic acid groups. Fouling
can also occur by adsorption and steric blockage from higher molecular weight organics, such as

dienes and aldehydes, that accumulate in the resin pores.3? While anion-exchange resins can be

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

reused, they have a limited lifespan, as contaminants build up over time and, hence, they must be

replaced periodically, adding to resource consumption.3!

Open Access Article. Published on 03 March 2026. Downloaded on 3/5/2026 4:24:45 PM.

An alternative four-step method that combines precipitation followed by acid base neutralisation has

(ec)

been reported using 1-ethyl-3-methylimolium hydrogen sulfate as the precursor, [C,C:im][HSO,], as
an initial precursor.3® 1-Ethylimidazole is alkylated with dimethyl sulfate to generate 1-ethyl-3-
methylimolium methyl sulfate, followed by hydrolysis to yield the [HSO4]- anion. The anion metathesis
step can be carried out with calcium hydroxide in water, which converts the sulfate precursor into the
second hydroxide precursor, taking advantage of the insolubility of calcium sulfate in water, followed
by equimolar reaction of the dissolved [C,C;im][OH] with acetic acid, similar to the ion exchange
method.3® The advantage is that calcium hydroxide is photostable and has lower cost than silver(l)
acetate while the use of an ion exchange column is omitted, however, the approach was not included

in the assessment, due to the use of a proven carcinogenic alkylating reagent.
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Dialkylimidazolium cations can also be formed by employing dimethyl carbonatgo‘(%%%ﬁgéééaﬁé‘gj
alkylating agent (Scheme 2 (c)), with the advantage that methyl carbonate can be decomposed by
sufficiently strong Brgnsted acids. The 1-ethylimidazole is heated with an excess of DMC in methanol
at elevated pressure and temperature, and the resulting precursor 1-ethyl-3-methylimidazolium
methyl carbonate [C,Ciim][MeCOs] is combined with acetic acid to yield [C,C;im][OAc] with methanol
and CO; as by-products. The cation and methyl carbonate can undergo a reaction, leading to
formation of the zwitterion 1-ethyl-3-methylimidazolium-2-carboxylate. However, upon addition of

acetic acid, both the main precursor and the precursor by-product form [C,C1im][OAc].3* This synthesis

has the fewest steps (2 steps) starting from 1-alkylimidazole.

Experimental

Life Cycle Assessment

The proposed methodology (Figure 2) for carrying out this assessment was adapted from previous
state-of-the-art life cycle studies of ionic liquids.3*#° The LCA was conducted as per the ISO 14040/44
standards***2 and modelling was carried out on SimaPro 9.5% in four stages: (i) goal and scope

definition, (ii) inventory analysis, (iii) impact assessment, and (iv) interpretation of results.

Selection of synthetic pathways
}
Life Cycle Assessment
i. Goal and
scope
Laboratory l
synthesis and [« ii. Life cycle iv.
data collection inventory Interpretation
]
iii. Impact
assessment
]
Recommendations

Figure 2: Methodology for conducting a LCA of lab-scale ionic liquid synthesis.

1. Goal and Scope Definition

The goal of this LCA was to compare the impact of three selected pathways to synthesise
[C2C1im][OAcC]. The selected routes were the silver(l) acetate route, the anion-exchange column route,
and the dimethyl carbonate route. The routes were selected based on feasibility of conducting itin a
standard synthetic laboratory, yielding a high-purity product and the absence of obvious qualitative

toxicity hotspots, such as use of heavy metals or highly carcinogenic reagents. The main contributors
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to the environmental footprint (hotspots) in each of the pre-selected reactions were identified 1d,:;
make recommendations on reducing the impact of IL preparation. The system function was decided
based on [C,C;im][OAc] as a solvent in cellulose film fabrication, which requires the IL to have a
moisture content below 0.5 %. The functional unit was 1 g of pure, colourless [C,C1im][OAc]. In this
cradle-to-gate LCA, the system boundaries were defined to include sourcing of raw materials and
energy, synthesis of ILs and their precursors, and waste treatment of discarded materials during
production (Figure 3). The use and end-of-life of the IL was excluded, assuming these aspects to be

identical for each synthetic route. For the same reason, transport, infrastructure, and machinery use

were also excluded.

Raw materials '——‘: :_-{ Waste treatment

H Production of Synthesis of
1 Precursors [Emim][Ac]

Energy }—4: E—{ Emissions
| \

Figure 3: System boundaries for conducting LCA of lab-scale [C,C1im][OAc] synthesis.

2. Life Cycle Inventory
lonic Liguid Synthesis

H and 3C NMR spectra were obtained using a Bruker-DRX-400 spectrometer, with DMSO-d; as the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

solvent. The spectra were analysed using the MESTRELAB MestReNova software (S| Figures S1-510)

The water content of the ILs was measured using Mettler Toledo Karl—Fischer titrators V20 and C20.

Open Access Article. Published on 03 March 2026. Downloaded on 3/5/2026 4:24:45 PM.

1-Methylimidazole (C4HeN2, >99%), 1-ethylimidazole (CsHgN2, >99.0%), 1-bromoethane (C,HsBr, 98%),

(ec)

acetic acid (CHzCOOH, 99.8%), and dimethyl sulfate (DMSO, 99.8%) were purchased from Sigma
Aldrich. Acetonitrile (C2HsN, 299.9%) and ethyl acetate (CHsCOOC;Hs, 299.5%) were purchased from
VWR Chemicals. Silver acetate (AgC;H30,, 99%) was purchased from Flurochem. DuPont Amberlyst™

anion-exchange resin was obtained from ACROS Organics.

The synthetic procedures are detailed in this section. Additional quantitative measurements such as
yields and the measurements of energy consumption is detailed in the SI. We should point out that
measurements were made using equipment available in the Welton Group laboratories at Imperial

College and that results could vary if other apparatus were used.

Synthesis of 1-ethyl-3-methylimidazolium bromide (~90 g batch). 1-Methylimidazole and bromoethane were

purified by distillation shortly before the alkylation. 1-Methylimidazole (41.2 g) and potassium hydroxide (5 g)
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were added into a 150 mL round bottom flask, and the mixture was stirred overnight (18 h)J&qy%E@jﬁQ&@@@é
was distilled under vacuum at 70 °C to obtain purified, colourless 1-methylimidazole for 1 h. Bromoethane
(147 g) in a separating funnel was extracted with concentrated H,SO, (25 mL), followed by washing with
deionized water, extraction with aqueous NaHCOs, and finally washing with deionized water until pH 7 was
reached. It was subsequently mixed with 5 g solid MgS0O, in a 250 mL round bottom flask and distilled at 55 °C,
which took 2 h. 1-methylimidazole (40 mL) was dissolved in ethyl acetate (150 mL) in a round bottom flask, to
which bromoethane (100 mL) was added dropwise. The reaction was stirred vigorously at room temperature
for 72 h. The temperature was increased to 35 °C to drive the reaction forward, and the mixture was stirred
for an additional 20 h at this temperature. Upon cooling, the solid was recrystallized by dissolving in
acetonitrile (156 g) and pouring into cold ethyl acetate (1939 g) (MeCN:EtOAc should be in a 1:10 ratio). The
sample was first dried using a rotary evaporator, followed by overnight drying on the Schlenk line under
vacuum, with an external trap to reduce the water content to <0.5 % and a yield of 87.3 g.

Characterisation: 'H NMR (400 MHz, DMSO-ds, ppm): 6 9.14 (1H, s), 7.81 (1H, t,J =2 Hz), 7.72 (1H, t, ) = 2 Hz),
4.19 (2H, q, J = 7 Hz), 3.85 (3H, s), 1.41 (3H, t, J = 7 Hz). 13C {*H} NMR (100 MHz, DMSO-d¢, ppm): & 136.87,
124.18, 122.60, 44.73, 36.34, 15.77.

Synthesis of [C,C:im][OAc] via silver(l) acetate metathesis from the halide precursor. 1-ethyl-3-
methylimidazolium bromide was dried thoroughly overnight (18 h) under vacuum on a Schlenk line at room
temperature and weighed (4.92 g). The 1-ethyl-3-methylimidazolium bromide was dissolved in a minimal
amount of deionised water, i.e. water was added dropwise until the IL completely dissolved. Silver(l) acetate
(4.32 g) was added to a 100 mL round bottom flask covered in aluminium foil to prevent its photodegradation.
The silver(l) acetate and 1-ethyl-3-methylimidazolium bromide were stirred vigorously for approximately 70 h
in the dark. The solution was filtered under vacuum, and a sample of the filtrate was tested for silver with 1
M HCI. Another sample was tested for bromide ions with a solution of 0.3 M AgNOs in 1.0 M HNOs. An
additional 0.5 g of silver acetate had to be added to obtain a negative result for both tests. The ionic liquid
was first dried using a rotary evaporator for 2 h, followed by overnight drying under vacuum on a Schlenk line
with an external trap with a yield of 3.61 g.

Characterisation: 'H NMR (400 MHz, DMSO-ds, ppm): 6 10.16 (1H, s), 7.94 (1H,t,J =2 Hz), 7.84 (1H, t, 1 =2
Hz), 4.21 (2H, q, J = 8 Hz), 3.87 (3H, s), 1.57 (3H, s), 1.38 (3H, t, J = 8 Hz). 13C {*H} NMR (100 MHz, DMSO-dg,
ppm): 6 173.99, 138.09, 123.97, 122.44, 44.33, 35.86, 26.58, 15.68.

Synthesis of [C,C1im][OAc] via the anion-exchange method from the halide precursor. A glass column (inner
diameter 4 cm, length 25 cm) was packed with Amberlite™ IRN-78 in its OH-form, and water was flushed
through the resin until the eluent reached pH 7. 1-Ethyl-3-methylimidazolium bromide (5 g) was dissolved in

a minimal amount of water and the solution was passed through the anion-exchange column using deionised
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water as the eluent, with the emerging liquid collected in a flask. The eluent was allowed t%gpw_ﬁg‘ggﬁlfgg
approximately 1 drop per 30 s. The column was washed twice with distilled water. The pH of the eluent
increased to pH 14, showing that 1-ethyl-3-methylimidazolium hydroxide was eluting. The collection was
stopped once pH 7 was measured, indicating that all the 1-ethyl-3-methylimidazolium hydroxide had been
collected. The eluent was tested for the presence of halide ions with a solution of 0.3 M AgNO3 in 1.0 M HNOs.
The eluent containing the 1-ethyl-3-methylimidazolium hydroxide was combined with acetic acid (1.57 g) in a
1 L round bottom flask to generate aqueous [C,C;im][OAc]. The water was removed using a rotary evaporator
for 4 h and the ionic liquid was further dried under vacuum for 2-3 days on the Schlenk line with an external
trap, with a yield of 3.52 g.

Characterisation: '"H NMR (400 MHz, DMSO-ds, ppm): 6 9.90 (1H, s), 7.85 (1H, t, ) =2 Hz), 7.76 (1H, t, ) = 2 Hz),
4.22 (2H, q, ) = 8 Hz), 3.86 (3H, s), 1.55 (3H, s), 1.40 (3H, t, J = 8 Hz). 13C {!H} NMR (100 MHz, DMSO-ds, ppm):
6172.91,137.32,123.41, 121.86, 43.86, 35.42, 25.62, 15.12.

Synthesis of [C,C;im][OAc] via the dimethyl carbonate route using a pressure tube. 1-Ethylimidazole was
purified by stirring overnight (18 h) with potassium hydroxide (5 g) and distilling under vacuum at 80 °C. 1-
ethylimidazole (2 mL), dimethyl carbonate (4.1 mL), and methanol (8 mL) were added into a pressure tube
(Ace Glass, 35 mL, 25.4 mm , 17.8 cm long, with #15 back-seal plug, rated to 10.34 bar). The tube was sealed
and heated at 120 °C with an oil bath on a standard heating plate. After 115 h (4 and a half days), the tube
was cooled to room temperature, before acetic acid was added dropwise to the reaction mixture with stirring.
The mixture was dried on the rotary evaporator for 30 min to remove excess MeOH and DMC, then transferred
to a Schlenk line and dried under vacuum for 1 h, with a yield of 3.78 g.

Characterisation: *H NMR (400 MHz, DMSO-ds, ppm): 6 9.90 (1H, s), 7.85 (1H, t, ) =2 Hz), 7.75 (1H, t, ) = 2 Hz),
4.20 (2H, g, J = 8 Hz), 3.80 (3H, s), 160 (3H, s), 1.40 (3H, t, J = 8 Hz). 3C {tH} NMR (100 MHz, DMSO-ds, ppm): &
174.16, 138.35, 123.38, 121.36, 42.90, 35.45, 26.32, 15.60.

Synthesis of [C,C1im][OAc] via the dimethyl carbonate route using a high-pressure reactor. 1-Ethylimidazole
was first purified by stirring overnight with potassium hydroxide (5 g) and distilling under vacuum at 80 °C. The
vessel of a Benchtop Parr 4520 Reactor was charged with 1-ethylimidazole (85 mL), dimethyl carbonate
(185 mL) and methanol (330 mL). The reaction was carried out for 2 days at 140 °C with a blast shield installed
for safety. The pressure rose from 10 bar on the first day to approximately 15 bar on the second day. After
decanting the reaction mixture into a round bottom flask, acetic acid (51 mL) was added and the mixture
stirred for 3 h at room temperature. The product was treated with 5 g activated charcoal overnight. The

suspension was filtered with filter paper (VWR, quantitative, 5-13 micrometres), syringe filter (Fisher Scientific,

85J
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h, with a yield of 145 g.

Characterisation: *H NMR (400 MHz, DMSO-ds, ppm): 6 10.09 (1H, s), 7.88 (1H,t,J =2 Hz), 7.76 (1H, t, 1 =2
Hz), 4.12 (2H, q, J = 8 Hz), 3.88 (3H, s), 1.50 (3H, s), 1.26 (3H, t, J = 8 Hz). 13C {*H} NMR (100 MHz, DMSO-dg,
ppm): 6 173.38, 137.53, 123.37, 121.85, 43.54, 34.88, 25.48, 15.05.

Comparison of the energy consumption of two rotary evaporator models. Throughout this study, a Heidolph
Hei-VAP Rotary Evaporator (1400 W) connected to an limvac Membrane Pump (60 W) was employed as the
primary instrument for solvent evaporation. For comparative analysis, a Buchi Rotavapor® R-100 rotary
evaporator (30 W), equipped with a Heating Bath B-100 (1700 W) and an integrated water/ethylene glycol
recirculatory cooling system, was also evaluated. To assess performance and energy usage, 50.0 mL of water

was evaporated from 3.5 g of [C,C;im][OAc] using both evaporators.

Material Inventory

The material inputs and outputs were measured manually using standard laboratory apparatus. The
results were normalised to account for experimental yield and converted to g per g yield of IL. The
reference flow included reagents, solvents, anti-solvents, purifying agents, cooling agents, and
washing solvents. Waste scenarios for the discarded materials and by-products were considered:
water used for washing was assigned as wastewater treatment. Sublimated dry ice and evaporated
liquid nitrogen were regarded as indoor air emissions; and hazardous organic waste was assumed to
undergo incineration. Consumable items such as personal protective equipment, the life cycle of
instrumentation, and chemicals utilised in analytical procedures such as NMR spectroscopy were
outside the scope of this investigation.

Precursor materials used for IL synthesis often lack comprehensive life cycle data, due to their limited
applications and complex molecular structures. The Life Cycle Tree methodology was implemented to
trace these materials back to precursors with available data in the Ecolnvent database, using prevailing
commercial synthesis routes from literature and patents (Figure 4). Stoichiometric estimations were
made excluding auxiliaries and assuming a 100 % yield. 1-Methylimidazole synthesis was assumed to
proceed via acid-catalysed methylation of imidazole using methanol.#* Similarly, 1-ethylimidazole
synthesis was assumed to occur via the same mechanism, through the Debus-Radziszewski reaction
from glyoxal, formaldehyde, and ammonia in a 1:1:2 ratio.* For silver(l) acetate, due to the absence
of silver salts in Ecolnvent, the Life Cycle Tree was traced back to silver metal. The synthesis pathway

involved the conversion of silver metal to silver nitrate,*® followed by silver carbonate,*” and finally to
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silver acetate.*® The life cycle inventory of the precursor materials and the conducted experimetts ca®i,:;

be found in the SI.
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Figure 4: Life cycle trees synthesising [C,C1im][OAc] via (a) dimethyl carbonate route, (b) anion-exchange method, and (c) silver acetate metathesis. The white
boxes indicate products included in the Ecolnvent database, light green indicates processes that were created in SimaPro based on patent and published
literature, and the darkest green indicates ionic liquids synthesised in-house.
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Energy Inventory

Electricity was measured using Energenie-ENEROO7 energy monitoring devices that are placed
between the device plug and the power socket. The energy consumed by the high-pressure reactor
for the dimethyl carbonate route could not be measured directly, as its power rating exceeded the
safe operating limit of the available energy monitors, therefore the energy requirement for this
pathway was calculated using the power rating and operation time. For the rotary evaporator, the

energy meters measured the electricity consumed by the vacuum pump and water bath individually.
Electricity (Wh) = Power (W) x Time (h)

The energy requirements of the precursors were calculated based on the methods outlined by Felder

and Rousseau.??
(i) Q- W = AH + AEc+ AE,
(“) AH = Z(n X Iq)output - Z(n X |:l)input
~ ~ o (T2
(iii) A= AR + le CpdT

Where Q is the heat consumed by the reactor, AH is the enthalpy of reaction, A is the specific enthalpy
of reactants, AH¢® is their heat of formation, and C, is their calorific value. We assume no work (W) is
done, and the kinetic (AEx) and potential (AEy) energies are zero. Additionally, we assume that the
temperature of the reactants is the same as the reference temperature. Thus, T,=T,=298.15 K,

rendering the integral term zero. The resulting equations are as follows:
(i) Q=AH
(ii) AH = 3(n x A)output - X(N X Ainput
(iii) A = AR

Only the energy consumption for the heating and cooling of each step was considered, as the specifics
of other process operations, such as pumping and separation, are not reported by manufacturers.
Assuming that the reagents were manufactured commercially with practical inefficiencies, conversion
factors were applied based on the methodology outlined by previous IL life cycle studies. The
theoretical heat requirements for endothermic reactions were multiplied by a factor of 4.2, assuming
natural gas as the heat source. Similarly, the theoretical heat generated by exothermic reactions was

converted to actual cooling electricity requirements, using a factor of 3.2.37.38 The energy input
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selected while modelling the SimaPro process was electricity available on the high-voltage grid i the.";
United Kingdom (GB). The energy inventory of the precursor materials and the conducted experiments

can be found in the Supplementary information. Instrument-specific LCI data is also available.

3. Life Cycle Modelling

SimaPro® 9.6.0.1 software*® with Ecolnvent 3.10 database was used for life cycle modelling. System
cut-off and market scenarios were considered while selecting the processes. Based on data
availability, the processes were chosen for the UK or Europe (RER). The ReCiPe 2016 methodology
categorises the impact into 17 observable midpoint indicators, including global warming, water
consumption, fossil resource scarcity, and ozone depletion. The midpoint indicators are aggregated
into three endpoint indicators of real-world damage: resources, human health, and ecosystem quality,
which are expressed in the characterisation units USD2013 (additional US dollar cost of extracting
future materials with reference year 2013, representing resource scarcity), DALY (Disability adjusted
life years, indicating effects on human health), and species.yr (species lost over time, measuring
impact on ecosystems), respectively.*® This is normalised for a given impact, as per the functional unit
relative to the total impact. The ReCiPe 2016 v1.08 (World 2010 H/A) endpoint method with the
Hierarchist normalisation with average weighting, was selected as the impact assessment method.
The method uses global normalisation factors for the reference year 2010 and was updated in March
2024. The average weighting set combines weighting factors from the Individualist, Hierarchist, and

Egalitarian perspectives, providing a balanced representation of short-term, medium-term, and long-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

term environmental impacts. Finally, a total damage single score is calculated,”® by combining

characterisation, damage assessment, normalisation, and weighting in units of points (Pt).
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Base Case Scenario

The base case scenario compares the impact of the anion-exchange route, the dimethyl carbonate
route, and the silver acetate route using life cycle assessment methodology (Figure 5). The total
environmental load of each endpoint category is expressed as a single score ‘Pt’, the relative
magnitude of damage. The assessment found that the anion-exchange route had the lowest impact
score of 99.8 Pt, followed closely by the dimethyl carbonate route at 102.0 Pt, and finally the silver
acetate route at 133.5 Pt. The human health category dominated the impact overall score, as
weighting factors are determined by policy and monetisation targets which tend to prioritise human
well-being, that is, stakeholders and policymakers are expected to invest in preventing damage to

human health over conserving the biosphere and resources.>?

140.0
120.0
100.0 E—
80.0
Pt
60.0
40.0
20.0

0.0
Dimethyl Carbonate Route Anion Exchange Route Silver Acetate Route

Human health Ecosystems mResources

Figure 5: Comparison of endpoint single scores (in Pt) of the three methods expressed as their weighted impact on human health, ecosystems, and resources.

Midpoint categories can help identify specific sources of environmental load (Figure 6). Despite the
silver acetate route having the highest overall damage score, the anion-exchange and dimethyl
carbonate routes had higher contributions to the global warming categories due to the energy
intensity of these routes, discussed in detail later. The global warming scores of the anion-exchange
route and dimethyl carbonate route were 45% and 42% higher than the silver acetate route
respectively. The values for the midpoint categories discussed in the ‘hotspot analysis’ section can be

found in the supplementary materials (Figure S11-S15).
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Figure 6: Impact in selected midpoint categories for the three [C2C1im][OAc] synthesis routes evaluated in this study, expressed as a percentage of the highest
impact in each category.

lonic Liquid Toxicity and Life Cycle Data

It should be noted that there is a lack of life cycle data for dialkylimidazolium ILs, and ILs in general, as

the manufacture of ILs and their precursors is still an emerging industry. The data required to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

accurately capture industrial production, associated energy, transportation, and waste treatment

steps will take several years to establish. Toxicological data on ILs and their precursors is scarce. UK

Open Access Article. Published on 03 March 2026. Downloaded on 3/5/2026 4:24:45 PM.

and EU REACH regulations do not require mandatory testing of small-scale chemical production (less

than 1 tonne per year) and require only a basic level of testing for production of up to 100 tonnes per

(ec)

year.>3>* While [C,C1im][OAc] is predicted to be of lower toxicity amongst ILs, a study on its effect on
the yeast S. cerevisiae indicated that it inhibited their respiration activity.>® Toxicity to microorganisms,
which are foundational species, can impact ecosystems. Reports suggest that dialkylimidazolium ILs
are already persistent in agueous samples, food products, and the human body.>® The environmental
profile of [C4C,im]Br was compared to that of toluene in the synthesis of acetylsalicylic acid or aspirin,
which demonstrated that the IL had higher ecotoxicity scores than the organic solvent it was

replacing.?®
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The hotspot analysis revealed that the production of the precursor [C,C1im]Br contributes significantly
to the impact of the final ionic liquid synthesis. Ethyl acetate, used in the recrystallisation, was the
main contributor (33.6%) to the precursor damage score (Figure 7, Sl Figure S11). Ethyl acetate is a
Category 2 eye irritant and can be acutely toxic to internal organ systems, causing loss of respiratory
and heart function.>” Acetonitrile, also used in the recrystallisation, is classified as an Environmental
Protection Agency (EPA) Category 4 acute toxin and is highly flammable.’® While some solvent
selection guides deem acetonitrile as relatively green, its production releases fine particulate matter
and carbon emissions that increase the damage score of the reaction. The use of solvents in precursor
production and their subsequent incineration accounts for the 60.7 % contribution to human non-
carcinogenic toxicity, as well as a 63.4 % contribution to human carcinogenic toxicity. Neither
acetonitrile nor ethyl acetate are classified carcinogens,>”>8 so the contribution to carcinogenic toxicity
in the LCA may stem from the production of these chemicals. In the case of ethyl acetate, it is made
via Fisher esterification which is catalysed by sulfuric acid, and occupational exposure to its mists has
been linked to increased risk of laryngeal and lung cancers in factory workers.>® Bromoethane used in

the precursor production step is suspected of causing cancer on direct exposure.®°

Electricity consumed by the equipment was found to be another deciding factor for overall
environmental damage score of the precursor synthesis, silver acetate route, and anion-exchange
route. The rate of electricity consumed by the rotary evaporator to remove the bulk of the solvent
was 0.33 kW. After this stage, the product contained trace amounts of solvent and was dried overnight
on the Schlenk line since the rotary vane vacuum pump (Oerlikon Leybold Vacuum Pump) attached to
the Schlenk line can reach lower pressures than the membrane vacuum pump associated with the
rotary evaporator (Heidolph Hei-VAP Rotary Evaporator). However, the energy consumed by the
Schlenk line vacuum pump is higher than the rotary evaporator. The specifications of the equipment
are given in the Supplementary Information. This extended overnight drying using the Schlenk line

vacuum system accounts for the majority of the overall electricity used in the synthesis of [C,C1im]Br.
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Figure 7: Single score contribution of each material flow for [C;C1im]Br synthesis, expressed as Pt.

After the reaction takes place in the resin column during the anion-exchange route, the [C,C1im][OAc]
product is present in a very dilute solution (~3.5 g of product in 500 mL of water). The production of

dry ice and subsequent release as carbon dioxide used in the solvent removal stage is a hotspot for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

this process, contributing to its high global warming impact score (Figure 8, Sl Figure S13), along with
the impact from using [C,Ciim]Br as the precursor. Dry ice also contributed 72.4 % to terrestrial

ecotoxicity, 72.0 % to marine ecotoxicity, and 73.4 % to freshwater ecotoxicity for the anion exchange

Open Access Article. Published on 03 March 2026. Downloaded on 3/5/2026 4:24:45 PM.

route. The production of dry ice uses refrigerants such as hydrochlorofluorocarbons (HCFCs) and

(ec)

nitrous oxide, which explain its high impact on stratospheric ozone depletion.®¢? Ethanol, used to
clean the apparatus after use, contributed 64.1 % to the stratospheric ozone depletion score, as bulk

chemical industries use similar refrigerants during the manufacturing process.*°
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Figure 8: Single score contributions for material flows for [C;C1im][OAc] synthesis via the anion-exchange route. The hotspots are dry use for drying and
contributions from the precursor.

The primary impact of the silver acetate route arose from the use of silver(l) acetate salt, contributing
55.4 % of total damage score (Figure 9, Sl Figure S14). The extraction and processing of silver metal was
the source of environmental damage, not the multi-step synthesis of silver acetate. The mineral
resource scarcity score of silver acetate is 16.2 USD2013, higher than for all other chemicals in this
study (all have scores below 1.0 USD2013) as silver is both an expensive and scarce substance in
comparison. According to the Ecolnvent database, the silver metal extraction and production consume
a substantial amount of water, is linked to the production of fine particulate matter and emissions
that are carcinogenic. The processing of silver emits volatile arsenic (As) and sulphur dioxide (SO,)
from the copper smelters. Large-scale silver mining is associated with socio-cultural conflicts, such as
displacement of local communities and occupational hazards faced by mineworkers.®® Thus, the
contribution of silver(l) acetate to the single damage score of this pathway is 72.5 %. Beyond just the
LCA results, the social costs of silver mining are not aligned with the United Nations Sustainable

Development Goals of reduced inequalities, good health and well-being, and decent work.

This route also has practical drawbacks as silver salt is expensive (£12.8 per gram) and photodegrades
quickly. It was also observed that silver(l) acetate stored in the lab cupboard failed to produce the
desired product, as some of it had oxidised, increasing the waste generated. Even with new, pure
reagent, achieving the correct stoichiometric ratio of silver(l) acetate to [C,C;im]Br was challenging,
requiring additional reagent to be added until the solution tested negative for Ag* and Br~ ions, and

prolonging the reaction by several days.
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Figure 9: Single score contribution for material flows for [C,C1im][OAc] synthesis via the silver acetate route. The hotspot is silver acetate production and use

The hotspot of the dimethyl carbonate route (Figure 10, Sl Figure S15) was electricity (54.4 %) and dry
ice (25.4 %), with small direct impact from the reagents, including the alkylating agent dimethyl
carbonate (DMC). DMC has been classified as a sustainable solvent, meeting the safety, health, and
environmental criteria set by the CHEM21 consortium.® Unlike the other alkylating agents discussed
for IL production, it is low in mutagenic toxicity and readily biodegradable. It can be synthesised from
captured carbon dioxide and methanol, thereby contributing to a closed-loop carbon cycle.®> The

electricity consumption was due the prolonged, high-temperature heating (120°C) of the pressure

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

tube over a hot plate for 115 hours during the synthesis step. Significant energy is lost to the

environment as the hot plate is not insulated, necessitating continuous power input to maintain

Open Access Article. Published on 03 March 2026. Downloaded on 3/5/2026 4:24:45 PM.

reaction temperature. Using methanol as the solvent, whose latent heat of vaporisation (~1,100 kl/kg)

(ec)

is about half that of water (2,260 kiJ/kg), reduced the energy required to remove the solvent compared

to water used by the other two synthetic routes.

The impact of electricity on the sustainability of IL synthesis depends on the energy mix of that
country’s electricity supply. Great Britain’s National Grid (the high-voltage power transmission
network that supports the country’s electricity market) electricity mix contributes to the ionising
radiation and global warming impact categories, that can be attributed to electricity generated from
nuclear power (19.9 % of the National Grid) and natural gas (14.7 % of the National Grid),

respectively.®®
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Figure 10: Single score contribution of each material flow for [C,C1im][OAc] synthesis via the dimethyl carbonate route in a pressure tube, expressed as Pt.
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Impact of Scale and Apparatus

Larger batches of ionic liquid need to be made for certain application led research such as cellulose
film formation using ILs.®” A dedicated pressure reactor such as the Parr 4520 Benchtop Reactor can
enable the synthesis of a larger volumes (~¥100+ mL) of IL. The dimethyl carbonate led synthesis carried
out in this type of pressure reactor yielded 145 g of [C,Ciim][OAc], compared to 3-4 g generated
through the other methods evaluated in this study, limited by apparatus such as column size in the
case of the anion-exchange route. While larger batch sizes are possible for the silver acetate method,%®
it would generate significant metal waste and make filtration tedious. The LCA of the dimethyl
carbonate route using the high-pressure benchtop reactor resulted in an overall low single score of

14.8 Pt, indicating a high level of resource efficiency (Figure 11).
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Figure 11: Impact of a larger scale synthesis of [C,C1im][OAc] via the dimethyl carbonate route utilising a high-pressure reactor compared with the base case
scenarios.
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Evaluating the contribution of individual inputs, electricity consumption contributed or 90 % (13.4 Pt)

(ec)

of the total single score impact (Figure 12). The electricity use of the DMC route with high-pressure
reactor was notably high at 1699 Wh per g of IL, primarily because temperature and pressure in the
reactor needed to be maintained continuously over two days. The pressure reactor can be operated
at 140°C temperatures, while the pressure tube reaction can only be operated safely up to 120 °C due
to a lower pressure rating, resulting in a longer reaction time and hence consumption of more
electricity per g IL produced in the pressure tube. The electricity use of the DMC route with the

pressure tube was estimated as 7046 Wh per g of IL.
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Figure 12: Single score contribution for inputs for larger scale [C,C1im][OAc] synthesis via the dimethyl carbonate route using the high-pressure reactor.
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Sensitivity analysis for electricity consumption for reactor heating for the dimethyl carbonate route
was conducted. The temperature in the pressure tube had to be maintained at 120 °C for 115 hours
with continuous stirring on a hot plate, which requires passing an electric current through a resistive
element (coiled wire), accounting for 92 % of the total energy requirement of the [C,C;im][OAc]
synthesis. Improving the energy efficiency should substantially reduce the impact of the synthesis.
Indeed, for a ‘50 % electricity reduction’ scenario, the total impact score was 76.28 Pt, 25.2 % lower
than the base case impact score of 102.03 Pt (Figure 13). While increased electricity consumption
through inefficient heating increased the impact by 25%, showcasing the importance of including
energy efficiency in assessing the impact of laboratory syntheses. In addition to the efficiency at the
point of electricity consumption, impact will reduce as electricity grids become more renewable and

hence have a reduced impact on the environment, human health and resource consumption.
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Figure 13:: Effect of varying the electricity consumption for maintaining temperature and pressure (a) for pressure tube heated with a hot plate via an oil bath and (b) the
high-pressure benchtop reactor required for [C,C,im][OAc] synthesis via the dimethyl carbonate route.
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The power rating of the reactor (Parr 4520 Benchtop Reactor) exceeded the safe limit of the energy
meter, leading to the use of a standard formula for energy calculation (details in Sl). This approach
may overestimate energy input, since the reactor was operated well below its maximum capacity,
hence a sensitivity analysis, adjusting the energy consumption to 75% and 50% of the maximum was
performed (Figure 13). Results indicated that reducing the energy input by three-quarters led to a
15 % decrease in impact, while a reduction by half resulted in a 39 % decrease, suggesting potential
for significant energy savings. The adjustment in electricity consumption affected all midpoint

categories in a similar manner.
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As dry ice use was a hotspot for both the anion-exchange and silver acetate routes, a sensitivity
analysis on the impact of reducing or increasing dry-ice use for drying the IL on the Schlenk line was
carried out. For the silver acetate route (Figure 14), halving the amount of dry ice used reduced the
global warming and human health categories by 30 %, giving a total impact score of 104 Pt. while using
50 % more dry ice led to a 31 % increase. While increasing the dry ice input substantially increased the
sustainability of the silver acetate route, the silver acetate remained the most polluting input. Dry ice
use also had a stronger influence on the anion-exchange route (Figure 14), the impact score for the assumed
consumption of dry ice was 88 Pt, reducing to 55 Pt for half the dry ice input, and increasing to 121.0 Pt for

1.5 times as much.

a b
140 1 140
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100 100
80 80
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60 60
40 40
20 20
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Figure 14: Sensitivity analysis for dry ice consumption in the (a) silver acetate route and (b) anion-exchange route, showing a substantial influence of this coolant
on the overall impact score.
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Anion-Exchange Route for Small IL Quantities. The anion-exchange route emerged as the least
environmentally damaging method for synthesising small quantities of [C,C;im][OAc], with the lowest
overall LCA impact score of 99.8 Pt and should be the preferred method for preparing a few grams of
IL. The IL obtained from this method has also been purified during the synthesis step by passing

through the resin-filled ion exchange column.

Optimise IL Drying. The removal of water from the hydrophilic [C,C1im][OAc] was a hotspot for two
synthesis routes. Completing as much of the drying on an energy-efficient, well-maintained rotary
evaporator before vacuum drying on the Schlenk line, which is typically connected to a more energy
consuming rotary vane pump, would reduce the impact of IL synthesis. While the ‘rule of twenty’ is a
useful rule of thumb (setting the bath 20°C hotter and coolant 20°C cooler than target vapour), other
engineering controls can also conserve energy in water baths. Using rotary evaporators with energy
efficient designs that have automatic controls such as an eco-mode and automatic shut-off functions
available for modern rotary evaporators instead of manual control can also halve energy use.? The
seals and pumps should be inspected regularly and glass examined for air leaks, requiring the pump
to consume more energy. Covering the water bath with hollow polypropylene balls could reduce the
energy requirement of a rotary evaporator up to 56 % and conserve water by preventing up to 90 %

heating loss from the water bath, while reducing odours and the growth of algae in the water bath.*

Instrument choice can also bring down the impact score. Heidolph Hei-VAP Rotary Evaporator was the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

model used throughout this work for solvent removal. This was compared to a Buchi Rotavapor® with

a recirculatory cooling system after the study was completed (Figure 15). When removing 50.0 mL
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water from 3.5 g [C,C1im][OAc], the dry-ice model consumed only 332 W on average, while the

recirculatory model used about 950 W, due to cooling the solvent to -10 °C, while using a similar drying

(ec)

time of approximately 45 min. However, the recirculatory system's higher energy consumption was
offset by eliminating dry ice from the process, lowering the damage score substantially from 99.8 Pt
to 61.6 Pt. LEAF guidelines advocate for the use of closed cooling systems such as air-cooled or liquid-
cooled condensers (with low boiling point solvents instead of water) for rotary evaporators over single

pass cooling systems, and for instruments to be upgraded and repaired, if the funding allows.?

While liquid nitrogen has a lower greenhouse gas potential than dry ice, replacing it in the Schlenk line
trap might not be feasible due to the fast evaporation of liquid nitrogen, which prevents safe overnight
drying. Experimental instructions giving poorly defined ranges of time like ‘overnight’ likely expend

resources unnecessarily and need to be critically examined in future work.
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Figure 15: Reduction in damage score for the ion-exchange route, after incorporating recommended changes in the drying protocol.

Avoid Using Silver Salts. The silver acetate route is not ideal for synthesising [C;C1im][OAc] at the lab
scale, small or large. Recovery of silver from the silver bromide precipitate might be economically and
environmentally beneficial at industrial scale, but requires careful waste management at the lab scale,
which may not be locally available. Buying a minimal amount of silver acetate required for the

experiment will prevent the generation of waste, as a consequence of its degradation in storage.

While [C,C1im][OAc] cannot be synthesised using sodium acetate, other, less water-soluble ionic
liquids may benefit from using sodium salt instead. Using sodium acetate instead of silver acetate
demonstrated a low environmental impact than the silver acetate and ion-exchange methods,
although the dimethyl carbonate high pressure reactor route remains the most sustainable option
(Figure 16). In cases where the use of an alternative salt to silver is feasible, the metathesis approach
could be greener than using the ion-exchange column. However, it should be noted that such
syntheses often require purification steps involving the use of disfavoured organic solvents,?! which

would need to be taken into account.
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Figure 16: Endpoint single scores (in Pt) of baseline methods (small scale) including metathesis with sodium acetate instead of silver acetate, expressed as their
midpoint categories.

Increasing Reactant Concentration. The dimethyl carbonate route via pressure tube had a moderate
environmental impact score of 102.0 Pt, only slightly higher than the ion-exchange method at small
scale. Reducing the amount of methanol and effectively increasing reactant concentration can
shorten the reaction time to around 3 days (72 h). However, it was observed that this modification
resulted in the yellowing of the IL product, ascribed to decomposition of 1-ethylimidazole, which could
lead to the need for additional input-intensive purification steps. In our hands, using approximately 8

equivalents of methanol relative to imidazole minimises the colour production, though this

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

requirement subsequently increased energy demand during the purification phase. It is theoretically

possible to run the reaction without a solvent, however, omitting the solvent risks contaminating the

Open Access Article. Published on 03 March 2026. Downloaded on 3/5/2026 4:24:45 PM.

ionic liquid. Further testing is needed to find the lowest methanol to dimethyl carbonate ratio that

still yields sufficiently pure [C;C1im][OAc].

(ec)

Organic Solvent Recycling. The solvents used in the recrystallisation of its precursor material, ethyl
acetate (77.1 °C) and acetonitrile (82.0 °C), have sufficiently high boiling points that evaporation loss
is not significant. In theory, they can be purified and reused, leading to the reduction in process mass
intensity for [C,C;:im]Br synthesis from 192 to 168 with full solvent recovery.?> Although solvent
recycling can reduce waste, its energy-intensive nature may compromise overall sustainability gains

and is rarely conducted in laboratory research.
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Reducing Heating Losses. The energy efficiency of pressure tube use is significantly affected by the
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heating method employed. Standard laboratory setups utilising oil baths on hot plates in an open fume
hood led to substantial heat loss, as approximately one litre of silicone oil is typically heated without
thermal insulation. Alternative heating approaches, such as well-insulated ovens or aluminium heating
blocks, could potentially reduce energy consumption. Multiple pressure tubes can be accommodated
simultaneously in a single heating apparatus (5-6 tubes per oil bath), which would improve overall
energy efficiency. With these improvements, the DMC pressure tube method does have the possibility
to reduce its LCA score to below that of the anion-exchange route, but even with these optimisations,
the energy consumption relative to product yield remains higher than the larger-scale alternative of

using a high-pressure benchtop reactor, when calculated on a per-g basis.

Optimising Reaction Scale. Green Lab guidelines® recommend preparing the smallest quantities
necessary for a particular study, thus there must be different approaches taken, depending on the
required scale. Hence, if smaller quantities are needed or for exploratory research, the ion-exchange
route or DMC method using a pressure tube are recommended. While the small-scale syntheses have
more impact on a per-g IL basis, these methods avoid producing excess IL and minimise overall

resource consumption as the ionic liquid decomposes over time when stored.

For larger-scale production or when multiple experiments collectively require substantial quantities,
the high-pressure benchtop reactor DMC route is recommended. With good planning, a large batch
can be prepared for multiple experiments, thereby reducing the environmental impact per g of IL. As
a guideline, the impact of chemicals use can be improved by making experiment-specific reagent
purchases at the correct volume and potentially reducing physical experiments through

comprehensive computational and literature studies.3

Improving Renewable Energy Provision. A main contributor to the global warming impact stemmed
from the source of electricity, which is beyond the control of academic researchers and rely on
organisations and states making investments to lower the impact of electricity consumption.
Ecolnvent 3.10 was last compiled in March 2024, but the share of electricity from renewable sources
in the GB grid has since increased from 50 % to 58 % currently, indicating that the LCA results of this

study may overestimate the current global warming impact of IL synthesis in Great Britain.®
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Green metrics for the four reaction routes are presented in Table 1, with detailed calculations available
in the Supplementary Information. Comparing the metrics with results from the LCA is intended to
help identify green metrics that might provide guidance for synthetic chemists on the sustainability of
a reaction without the need for conducting a comprehensive LCA, which requires additional time and
resources such as access to a life cycle inventory data base and energy meter readings. The silver
acetate route had the highest LCA score (133.5 Pt), followed by the DMC pressure tube method (102.0
Pt) which had similar score of the anion-exchange method (99.8 Pt). Given the sensitivities discussed
earlier (Figure 13), small changes in experimental conditions (such as modifying dry ice usage) can

easily reverse this order for the latter two.

In terms of atom economy, the dimethyl carbonate route (91.4%) performed better than the anion-
exchange (63.5%) and silver acetate (47.6%) routes, but this did match the pattern observed for the
LCA scores. This is ascribed to the lack of accounting for electricity or solvent use, which can be major
contributors to life cycle burdens. The Process Mass Intensity (PMI) and E-factor, which are both based
on the total bulk mass of materials used per mass of product and take into account solvent use,
showed high values across most routes: silver acetate (PMI: 1349, E-factor: 1348), dimethyl carbonate
pressure tube (PMI: 1464, E-factor: 1463), and anion-exchange (PMI: 4069, E-factor: 4068). The values
reflect the decision to include all materials inventoried during the LCA study such as cooling agents

and washing solvents. This is not always done in literature, where PMI and E-factor often only include
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the reagents and perhaps major solvent use during purification. We encourage other researchers to
adopt this more comprehensive approach, as it provides a clearer and more accurate picture of

process material demands.
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The Effective Mass Yield (EMY) considers the mass of the desired product relative to all non-benign
(or hazardous) inputs and parallels the LCA results well. EMY was highest for the ion-exchange method
(53.9%), followed by the DMC pressure tube route (48.1%) and lowest for silver acetate (36.9%). Water
is typically excluded from EMY calculations, which matches impact assignments in LCA, since non-

hazardous compounds are less weighted in LCA scoring.

The dimethyl carbonate route using the high-pressure benchtop reactor stands out as the least
impactful synthesis route across the evaluated green metrics. The high-pressure benchtop reactor
achieved the highest yield and atom economy, as well as the lowest E-factor and PMI, indicating
minimal waste. Its LCA score (14.8 Pt) is much lower than all other methods. The two DMC methods

had similar yields, atom economies, and effective mass yield while they vary vastly in PMI and E-factor,
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are affordable and easy to use.
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values for the small-scale synthesis (italics) and all routes (bold)

where solvent and auxiliary use are included. Taken together, these results indicate that the.r;
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environmental impact of ionic liquid synthesis arises more from solvents and auxiliary materials than

from the core reactants and that reaction scale can generate reducing in use of auxiliaries and solvents

Energy consumption measured as electricity use per kilogram of ionic liquid (Wh g IL) is the highest
at 7046 for the dimethyl carbonate reaction in a pressure tube and lowest for 413 for silver acetate
metathesis. Although these energy values do not directly correlate with LCA scores, it can identify

process hotspots discussed in earlier sections in a relatively accessible manner, since energy meters

It should be noted that the results should do not imply that one metric is inherently superior to
another. Rather, it is good practice to use multiple metrics in parallel and interpret them collectively

to develop a more nuanced understanding of the environmental impacts of the processes being

Table 1: Green metrics and LCA Scores for [C,C,im][OAc] synthesis using the experimental data from this study. The numbers highlighted represent the most favourable

Green Metrics Silver Anion- Dimethyl Dimethyl Favourable Score
acetate exchange carbonate carbonate
metathesis method reaction reaction
(Pressure Tube) (High-Pressure
Reactor)
Yield 81.1% 79.0% 91.0% 96.2 % 100 %
Atom economy 47.6 % 63.5% 91.4 % 91.4% 100 %
EMY 36.9% 53.9% 48.1% 43.1% 100 %
E-factor 1348 4068 1463 48 0
PMI 1349 4069 1464 49 0
Electricity 413 707 7046 1699 Low
(Wh perglL)
LCA Score (Pt) 133.5 99.8 102.0 14.8 Low
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This study assessed the environmental impact of synthesising the ionic liquid [C;Ciim][OAc] on a
laboratory scale. The findings presented are pertinent to the synthesis of all aprotic ionic liquids made
by similar methods. Through comparative computational LCA, we evaluated the relative sustainability
of three laboratory procedures for synthesizing [C,Ciim][OAc]. The LCA results demonstrate that for
synthesis at scales under 5 g, the ion-exchange route offers the lowest environmental impact (99.8 Pt),
and we recommend this method for exploratory studies. The dimethyl carbonate route using a
pressure tube showed similar impact (102.0 Pt), while the silver acetate route exhibited the highest
environmental burden (133.5 Pt). When researchers need to prepare ionic liquids in greater amounts,
the dimethyl carbonate route using a high-pressure benchtop reactor proves significantly more

sustainable (14.8 Pt).

Through hotspot analysis, we identified that solvents and auxiliary materials drive environmental
impacts rather than reactants themselves. Specifically, ethyl acetate and acetonitrile used in precursor
recrystallisation contribute substantially to human toxicity categories, while dry ice use significantly
impacts global warming and ecotoxicity scores. Electricity consumption serves as a deciding factor for
overall environmental damage across all routes, with the energy-intensive DMC pressure tube method
consuming the most electricity per kilogram of ionic liquid produced. The silver extraction process
makes silver acetate particularly damaging, contributing substantially to mineral resource scarcity in

addition to practical drawbacks including high cost, photodegradation, and difficult stoichiometry. We
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recommend specific protocol modifications to improve sustainability: researchers should extend

rotary evaporation before Schlenk line drying to reduce energy consumption, use rotary evaporators
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with closed cooling systems for solvent removal, minimise overnight Schlenk line drying, avoid silver

(ec)

salts where possible, and plan synthesis quantities based on actual research needs.

Among the green metrics we evaluated, Effective Mass Yield (EMY) most closely paralleled the LCA
results. Our findings indicate that no single green metric proves inherently superior. Calculating and
comparing multiple metrics collectively provides a more comprehensive assessment when LCA is not
feasible. We also identified electricity consumption as an easy-to-measure parameter that researchers

can monitor using affordable standard electricity meters to identify process hotspots.
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scarce, as current regulations do not require comprehensive testing for small-scale chemical
production. As the ionic liquid industry matures and more environmental data becomes available,

future LCA studies may provide increasingly accurate assessments.

Finally, we have demonstrated the value of LCA for laboratory-scale reactions, particularly for
syntheses that are repeated frequently and have a choice of synthetic route. This study provides a
framework for evaluating the environmental sustainability of chemical synthesis at the laboratory
scale and identifies actionable modifications that researchers can implement immediately. Moving
forward, we encourage chemists to conduct environmental assessments when feasible and include

energy monitoring in their experiments.
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