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Abstract

Green chemistry has prompted the development of alternative solvent systems that reduce
environmental impact while maintaining high reaction efficiency. Among these, ionic liquids (ILs) and
deep eutectic solvents (DESs) have emerged as promising candidates due to their negligible vapor
pressures, tunable physicochemical properties, and potential to serve as both reaction media and
catalysts. This review offers an in-depth analysis of the structure, properties, and applications of ILs
and DESs in organic synthesis, with a focus on their roles in esterification, alkylation, redox,
cycloaddition, and multicomponent reactions. Environmental impact, toxicity profiles, recyclability,
industrial scalability, and future research directions are discussed in detail. The integration of reaction
schemes and comprehensive references further illustrates their potential to transform sustainable
process development.

Keywords: lonic liquids, Deep eutectic solvents, Green chemistry, Organic synthesis, Catalysis,
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1. Introduction

In the context of increasing global concern regarding environmental sustainability and the
depletion of non-renewable resources, the implementation of green chemistry principles in
chemical manufacturing and research has gained significant momentum. One critical area
within green chemistry is the replacement of hazardous volatile organic compounds (VOCs)
with environmentally benign solvents. lonic liquids (ILs) and deep eutectic solvents (DESS)
have emerged as revolutionary neoteric solvents, offering promising properties such as
negligible vapor pressure, tunable solvation ability, and chemical stability. These features
make them highly suitable for sustainable organic synthesis. The potential of ILs and DESs
to replace traditional solvents stems from their customizability, non-flammability, and ability
to reduce waste. This review delves deeply into the structural characteristics,
physicochemical properties, catalytic performance, and application profiles of ILs and DESs,
comparing their potential as green solvents in modern synthetic chemistry. Their unique
properties are discussed with emphasis on their mechanistic roles in reaction acceleration,
product selectivity, and sustainable process design [ 341,

2. lonic Liquids (ILs)

2.1 Definition and Structure

lonic liquids are salts composed entirely of ions that remain in the liquid state below 100 °C.
These are typically composed of bulky, asymmetric organic cations such as imidazolium,
pyridinium, ammonium, or phosphonium, paired with either simple inorganic anions like
halides (CI-, Br") or complex organic/inorganic anions such as tetrafluoroborate (BF4),
hexafluorophosphate (PFs"), or bis(trifluoromethanesulfonyl)imide (Tf2N"). Their structural
asymmetry and weak ionic interactions prevent crystallization, allowing the liquid state at
relatively low temperatures. The ability to synthesize a broad range of ionic liquids by
modifying the cation or anion imparts them with high tunability, making them suitable for
specific reactions and solvation environments. Their unique solvation properties, polarity,
and potential to act as reaction media or catalysts render them attractive alternatives to
traditional solvents [*3 141,
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2.2 Physicochemical Properties

lonic liquids possess several key physicochemical properties
that set them apart from conventional solvents. Their
negligible vapor pressure minimizes evaporative losses,
reducing exposure and emissions of VOCs. They exhibit
high thermal and chemical stability, allowing their use in
reactions at elevated temperatures without decomposition.
Their polarity and hydrophobicity can be finely tuned by
selecting appropriate  cation-anion  pairs, providing
compatibility with a wide range of reactants and products.
Additionally, ILs demonstrate high ionic conductivity and
broad electrochemical windows, which are particularly
advantageous in electrochemical and redox applications.
Viscosity, although often higher than traditional solvents,
can be adjusted through structural modifications or co-
solvents. Their high solvating power for both polar and non-
polar compounds contribute to their widespread
applicability in catalysis and materials processing 3 171,

2.3 Role in Organic Synthesis

2.3.1 Acid-Base Catalysis

Certain ILs are inherently acidic or basic due to the nature
of their constituent ions. For instance, imidazolium-based
ILs with acidic anions like HSO4™ or basic anions such as
acetate or hydroxide enable catalytic transformations
without additional reagents. These ILs have been shown to
promote classical acid- and base-catalyzed reactions such as
esterification, aldol condensation, and Friedel--Crafts
alkylation. The ionic environment enhances the activation of
substrates and stabilizes charged intermediates, improving
reaction rates and vyields. Task-specific ILs are being
increasingly designed to possess Brgnsted or Lewis acidic
properties for targeted synthetic applications [ 291,

2.3.2 Nucleophilic Substitution

lonic liquids are effective solvents for nucleophilic
substitution reactions due to their ability to stabilize
transition states and solvate ionic intermediates. For SN2
reactions, ILs like [BMIM][Br] and [HMIM][CI] offer high
polarity that facilitates nucleophile-electrophile interactions
and transition state stabilization. In SN1 reactions, the polar
IL medium helps stabilize the carbocation intermediate,
leading to enhanced reaction rates. These reactions often
proceed faster in ILs than in conventional solvents, with
improved selectivity and cleaner product profiles.
Furthermore, the use of ILs reduces the need for phase-
transfer catalysts, streamlining reaction protocols [*- 22,

2.3.3 Cycloaddition and Multicomponent Reactions
Cycloadditions, such as the Diels--Alder and 1,3-dipolar
cycloaddition reactions, benefit significantly from IL media
due to their high polarity and ability to stabilize reactive
intermediates. ILs improve both the rate and the
regioselectivity of these reactions; for example, 1,3-dipolar
cycloadditions in ILs vyield triazoles with enhanced
efficiency and product isolation. In multicomponent
reactions (MCRs) such as the Biginelli and Passerini
reactions, the compatibility of ILs with a variety of
functional groups facilitates one-pot syntheses with high
atom economy and minimal waste. The IL medium often
enables reactions to proceed under catalyst-free or mild
conditions, thereby advancing greener and more sustainable
synthetic processes 118 19,
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2.4 Reusability and Recovery

A significant advantage of ILs is their potential for recovery
and reuse, which enhances their sustainability profile. Due
to their low volatility and high thermal stability, ILs can be
separated from reaction mixtures using physical methods
such as distillation, extraction, or precipitation. Recovery
techniques are frequently designed to preserve the activity
of ILs over multiple cycles, with some systems being reused
in excess of five cycles with little loss in performance.
Innovative strategies, such as biphasic separation and
magnetic ILs, are being developed to further simplify their
recovery. The reusability not only reduces solvent costs but
also minimizes waste generation, promoting overall process
sustainability [22 241,

3. Deep Eutectic Solvents (DESS)

3.1 Definition and Classification

Deep eutectic solvents are a class of designer solvents
created by combining a hydrogen bond donor (HBD) and a
hydrogen bond acceptor (HBA) to form a eutectic mixture
whose melting point is significantly lower than that of either
component in its pure form. Typically, common HBAS
include quaternary ammonium salts like choline chloride,
while HBDs can be urea, glycerol, sugars, or organic acids.
The extensive network of hydrogen bonds between the
components disrupts the crystalline packing, resulting in a
liquid at or near room temperature. DESs are classified into
four types based on their composition: Type | (quaternary
ammonium salts and metal chlorides), Type Il (hydrated
metal salts), Type Il (quaternary ammonium salts and
neutral HBDs), and Type IV (metal chlorides and HBDS).
Among these, Type Il DESs, such as mixtures of choline
chloride with urea, are most widely studied due to their low
toxicity and ease of synthesis [? 6121,

3.2 Properties

DESs exhibit a range of attractive physicochemical and
environmental properties that make them ideal for green
chemistry. They are typically biodegradable, exhibit low
ecotoxicity, and are non-volatile, which contributes to safer
laboratory and industrial use. Their preparation from readily
available and inexpensive components often requires only
simple mixing and mild heating, without the need for
complex purification steps. The tunability of DESs lies in
the adjustment of the HBA to HBD ratio, which can
modulate their viscosity, polarity, and hydrogen-bonding
capacity. Some DESs are hydrophilic and work well in
aqueous systems, while others can dissolve hydrophobic
substrates, making them versatile solvents for a broad
spectrum of chemical reactions. Moreover, their
compatibility with enzymes and biological molecules makes
them particularly attractive for applications in biocatalysis
and pharmaceutical processes [ 6 161,

3.3 Role in Organic Synthesis

3.3.1 Biocatalysis

DESs provide a stabilizing microenvironment for enzymes,
significantly enhancing both their catalytic activity and
stability. In enzymatic reactions such as esterification,
hydrolysis, and transesterification, the hydrogen-bonding
network within DESs helps maintain enzyme conformation,
resulting in improved reaction efficiency under mild
conditions. For instance, lipase-catalyzed esterification in
DESs like ChCl:glycerol or ChCl:urea has demonstrated

~127 ~


https://www.chemistryjournal.net/

Journal of Research in Chemistry

superior conversion rates with simpler product separation
compared to traditional solvents. Such systems not only
reduce the need for hazardous co-solvents but also align
with green chemistry by operating at lower temperatures
and pressures [ 18],

In enzymatic esterification using lipase in a DES medium
(e.g., Choline chloride: glycerol), an alcohol reacts with a
carboxylic acid to form an ester and water:

R-COOH + R'-OH — R-COOR' + H:20 (Lipase / DES)
Example

CH:COOH + C:HsOH — CHsCOOC:Hs + H.O (Lipase /
ChCI:Gly)

This esterification is enhanced in DES due to improved
enzyme stability and reduced water content which shifts
equilibrium toward product formation (€,

3.3.2 Redox Reactions

DESs are increasingly used as solvents for redox reactions
due to their ability to solubilize both oxidants and reductants
while stabilizing transient reaction intermediates. In
oxidation reactions, for example, DESs have been
successfully employed to convert alcohols into aldehydes or
acids using environmentally benign oxidants such as H20-
or KMnOs.. Similarly, DES-mediated reductions, such as the
conversion of nitroarenes to anilines, proceed smoothly
under mild conditions, often in the absence of additional
catalysts. The dual role of DESs as solvents and, at times, as
weak redox partners enhances reaction selectivity and
efficiency 612,

DESs facilitate both oxidation and reduction reactions by
stabilizing reactive intermediates.

Oxidation of Alcohols
RCH:0H + H202 — RCHO + H:0 (in DES)

Example
CesHsCH20H + H202 — CsHsCHO + H20 (ChCl:Urea)

Reduction of Nitroarenes
Ar-NO: + 3H: — Ar-NH: + 2H20 (in DES)
Example

CéHsNO2 + 3H. — CsHsNH: + 2H.O (ChClL:Gly, metal
catalyst) [6],

3.3.3 Multicomponent Reactions

The unique solvation properties and hydrogen bonding
network of DESs make them highly suitable for
multicomponent reactions (MCRs). In reactions such as the
Biginelli and Hantzsch syntheses, DESs facilitate the
stabilization of intermediates and transition states, leading to
high yields and minimal side-product formation. These
reactions often proceed under mild conditions and can
eliminate the need for additional catalysts or solvents,
thereby reducing both waste and operational costs. The
ability to perform MCRs in DESs under nearly solvent-free
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conditions further underscores their potential as sustainable
reaction media [6 191,

Biginelli Reaction: Condensation of a [-ketoester,
aldehyde, and urea in DES yields dihydropyrimidinone.
CHsCOCH:COOC:Hs + Ar-CHO + NH:CONH:. —
Dihydropyrimidinone derivative (in DES)

Example
Ethyl acetoacetate + Benzaldehyde + Urea —
Dihydropyrimidinone (ChCl:Urea) 1,

Hantzsch Reaction: A p-ketoester, aldehyde, and ammonia
react in DES to form 1,4-dihydropyridines.
2CH;COCH2COOC:Hs + Ar-CHO + NHs — 14-
Dihydropyridine derivative (in DES) (6],

3.3.4 Transition Metal-Catalyzed Reactions

Transition metal-catalyzed processes, including C--C, C--N,
and C--O bond-forming reactions, have seen significant
advancements using DESs as solvents. DESs not only
dissolve metal precursors and ligands effectively but may
also act as weak ligands, influencing reaction kinetics and
selectivity. For example, palladium-, copper-, and nickel-
catalyzed cross-coupling reactions have been successfully
performed in DES media, showing comparable or improved
yields over conventional solvents. The ease of separation
and recyclability of both the catalyst and the DES enhance
the overall sustainability of these transformations [ 24,

Suzuki Coupling in DES: Aryl halide reacts with
arylboronic acid in presence of Pd catalyst in DES.

Ar-X + Ar'-B(OH). — Ar-Ar' + HX + B(OH)s (Pd catalyst,
DES, base)

Example
CeéHsBr + CsHsB(OH). — CsHs-CsHs + HBr + B(OH)s (Pd,
K>COs, ChCL:Gly) 4],

Copper-Catalyzed Ullmann Coupling

Ar-X + Ar'-OH — Ar-O-Ar' + HX (Cu catalyst, DES) [©],
These reactions show DESs as versatile reaction media,
supporting transition-metal catalysis and improving yields,
recyclability, and environmental metrics.

3.4 Reusability and Green Metrics

The favorable green metrics of DESs are underscored by
their simple synthesis from biodegradable, inexpensive
starting materials and their high atom economy. Their
preparation involves merely mixing the HBA and HBD
components, usually without forming byproducts, which
minimizes waste generation (low E-factor). DESs can be
easily separated from reaction products by extraction,
precipitation, or phase separation, and are generally robust
enough to sustain multiple reaction cycles without
significant degradation. This high degree of recyclability,
combined with energy-efficient synthesis, makes DESs
particularly attractive for both laboratory research and large-
scale industrial applications [2 612,

4. Comparative Analysis of ILs and DESs

lonic liquids and deep eutectic solvents, while sharing
several attributes that contribute to green chemistry, also
exhibit distinct differences in terms of performance,
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economic viability, and environmental impact. ILs are
celebrated for their high thermal stability, excellent
electrochemical properties, and broad tunability through the
careful selection of cation and anion pairs. These attributes
make ILs superior for high-temperature reactions and
specialized catalytic processes. However, ILs are generally
more expensive, and certain formulations raise toxicity and
biodegradability concerns. In contrast, DESs offer low-cost,
easy-to-synthesize alternatives with excellent
biodegradability and low toxicity---especially when

https://www.chemistryjournal.net

composed of natural components like choline chloride and
urea. Yet, DESs sometimes exhibit higher viscosity and
reduced thermal stability compared to ILs. The suitability of
either solvent often depends on the reaction requirements,
process economics, and the environmental impact as
determined by full life-cycle assessments. A comparative
summary is illustrated in Table 1, outlining key properties
such as vapor pressure, thermal stability, viscosity, and
overall cost-effectiveness 2 6121,

Table 1: Comparison of key properties of lonic Liquids (ILs) and Deep Eutectic Solvents (DESSs).

Property lonic Liquids (ILs) Deep Eutectic Solvents (DESs)
Vapor Pressure Negligible Negligible
Thermal Stability High Moderate
Viscosity Moderate to high High
Toxicity Moderate to high (cation/anion-dependent) Low to moderate (depending on components)

Biodegradability Variable

Generally good

Synthesis Complexity Moderate to high Low
Cost High Low
Tunability Excellent (cation and anion selection) Moderate (component ratio selection)
Recyclability Good Good
Catalytic Properties Excellent Moderate to good

5. Applications of ILs and DESs in Organic Synthesis
Green solvents like ionic liquids (ILs) and deep eutectic
solvents (DESs) have opened up novel pathways in organic
synthesis, offering unique solvent environments that can
improve reaction selectivity, enhance yields, and reduce
environmental burdens. This section discusses the
application of ILs and DESs in various key transformations
such as esterification, alkylation, oxidation-reduction, and
cycloaddition reactions [*-2 6121,

5.1 Esterification

5.1.1 IL-mediated Esterification

Esterification, a fundamental reaction in the formation of
esters from carboxylic acids and alcohols, is traditionally
catalyzed by strong acids like H.SOas. ILs offer an
alternative, both as solvents and acid catalysts.

Reaction Scheme
R-COOH + R'-OH = R-COOR' + H20

Imidazolium-based ILs such as [BMIM][HSO4] and
[HMIM][BF4] act as both reaction media and Brensted acid
catalysts, eliminating the need for additional acidic reagents.
These ILs provide enhanced substrate solubility, promote
water removal due to their hygroscopic nature, and shift the
equilibrium toward ester formation. Studies show improved
conversion (>90%) at moderate temperatures (60--80 °C)
compared to traditional systems [,

5.1.2 DES-mediated Esterification

Choline chloride-based DESs, particularly ChCl:urea and
ChCl:glycerol, have also been utilized for enzymatic and
acid-catalyzed esterification reactions. Enzymes such as
lipase retain high activity in these DESs due to hydrogen-
bonding stabilization.

Example: Lipase-catalyzed esterification of lauric acid with
ethanol in ChCl:glycerol yielded >85% conversion under
mild conditions (40 °C) [,

5.2 Alkylation Reactions

5.2.1 ILs in Friedel--Crafts Alkylation

ILs enhance Friedel--Crafts alkylation through their ability
to stabilize carbocations and act as both solvents and co-
catalysts.

Reaction Scheme
Ar-H + R-X — Ar-R + HX

Using [BMIM][BF4] in the alkylation of toluene with benzyl
chloride in the presence of AICl:; results in high
regioselectivity toward para-substituted products. ILs also
facilitate the recovery of AlCls, allowing catalyst reuse [20].

5.2.2 DESs in Alkylation

While less studied than ILs, DESs such as ChCl:citric acid
have been shown to promote electrophilic alkylation. Their
acidity and hydrogen-bonding environment support
carbocation stabilization, though generally with lower yields
and longer reaction times than ILs [,

5.3 Oxidation and Reduction Reactions

5.3.1 IL-mediated Oxidations

ILs like [BMIM][PFs] are used in the oxidation of alcohols
to aldehydes/ketones using green oxidants like H-0: or
TEMPO.

Reaction Scheme
RCH:0H + [0] — RCHO + H20

The ionic environment of |ILs stabilizes radical
intermediates and improves the solubility of oxidants. The
TEMPO/[BMIM][PFs]/H20: system has demonstrated high
selectivity for benzyl alcohol oxidation under mild
conditions [%31,

5.3.2 DES-mediated Reductions
DESs have been employed in the reduction of nitroarenes to
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anilines using NaBHs or zinc dust.

Reaction Scheme

Ar-NO. + 6[H] — Ar-NH: + 2H.OChCl: ureaand
ChCl:ascorbic acid DESs act as both solvents and mild
reductants. For example, the reduction of nitrobenzene to
aniline in ChCl:ascorbic acid gave >90% yield at 60 °C
without external catalysts €I,

5.4 Cycloaddition Reactions

5.4.1 IL-mediated Diels--Alder Reaction

Cycloaddition reactions like the Diels--Alder benefit from
ILs due to their polarity and stabilizing ionic environments.

Reaction Scheme

Diene + Dienophile — Cyclohexene derivative
[BMIM][BF4] has been used for the cycloaddition of
cyclopentadiene with maleic anhydride, showing faster
reaction rates and improved endo/exo selectivity compared
to toluene or acetonitrile (81,

5.4.2 DESs in Cycloadditions

DESs such as ChCl:urea and ChCl:oxalic acid have been
used for 1,3-dipolar cycloadditions to form triazoles from
azides and alkynes.

Click Reaction Example
R--N; + RC=CH — 1,2,3-Triazole

These reactions proceed efficiently at 60--80 °C with or
without Cu(l) catalysis, offering high yields and simplified
workup 1,

5.5 Multicomponent Reactions (MCRs)
Both ILs and DESs support MCRs by stabilizing
intermediates and facilitating bond-forming events.

Example: Biginelli Reaction

Aldehyde + B-Ketoester + Urea — Dihydropyrimidinone
Using [BMIM][BF4] or ChClurea results in >85% yield
under solvent-free or low-temperature conditions. The use
of green solvents reduces side reactions and avoids the need
for purification steps 119,

6. Environmental Impact and Toxicological Profile of
ILs and DESs

While both ILs and DESs offer significant advantages as
green solvents, their environmental and toxicological
profiles must be critically evaluated. ILs are celebrated for
their negligible vapor pressure and non-flammability, which
minimize atmospheric emissions and improve operator
safety. However, many ILs, particularly those based on
imidazolium or pyridinium cations, show moderate to high
toxicity in aquatic organisms and may exhibit low
biodegradability. The hydrolytic instability of certain
anions, such as [PFe]™ and [BF4]", further complicates their
environmental impact. In contrast, DESs often derive from
natural and biodegradable precursors, such as choline
chloride and urea, which typically result in lower
ecotoxicity and better biodegradation profiles. Studies
comparing LCso values and other toxicity indices have
generally favored DESs, although the exact impact may
depend on the specific DES composition. Life cycle
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assessments of both solvent classes indicate that while ILs
may have a higher initial environmental cost due to more
complex synthesis routes, DESs are advantageous in terms
of energy consumption and waste minimization. Regulatory
scrutiny under frameworks such as REACH and OECD
guidelines will likely drive further development toward
safer, greener formulations in the future [7:8 910,11,

6.1 Environmental Benefits

6.1.1 Low Volatility and Flammability

One of the most significant advantages of ILs and DESs is
their negligible vapor pressure, which reduces volatile
organic compound (VOC) emissions. This minimizes the
risk of occupational exposure and atmospheric pollution
compared to volatile solvents like chloroform, acetone, or
benzene.

Example: [BMIM][BFs] and ChCl:urea have  vapor
pressures <10° mmHg at room temperature, essentially
eliminating solvent loss via evaporation [*:21,

6.1.2 Reusability and Recycling

ILs can often be recovered and reused without significant
loss of activity. Techniques like distillation under vacuum,
aqueous biphasic separation, or back-extraction have been
used for efficient IL recovery.

Example: [HMIM][HSOa4] has been reused up to 6 cycles in
esterification reactions with over 85% yield retention ©l,
DESs are also easily prepared and reused, especially due to
their simple, benign, and biodegradable components like
sugars, amino acids, and organic acids [ 6,

6.2 Biodegradability and Toxicity

6.2.1 ILs: Toxicity Concerns

Despite being "green” in terms of physical properties, many
ILs---especially those based on imidazolium, pyridinium, or
quaternary ammonium cations---exhibit cytotoxicity and
environmental persistence.

Key findings

e Cation chain length increases toxicity; [BMIM]+
(butyl) is more toxic than [EMIM]+ (ethyl).

e Anions like [PFs]” and [BF4]” may undergo hydrolysis
to release HF and other harmful by-products.

e LCso (lethal concentration) values for [BMIM][PFs] in
aquatic species like Daphnia magna are in the range of
10--20 mg/L, indicating moderate to high toxicity [ 111,

Environmental Risk: The accumulation of ILs in soil and
water could pose risks to aquatic life and disrupt microbial

ecosystems due to their persistence and low biodegradability
[7,10]

6.2.2 DESs: Low Toxicity and Biodegradability

DESs typically exhibit lower toxicity and higher
biodegradability than ILs, especially those based on natural
components such as:

e  Choline chloride (a B-vitamin derivative)

e Lactic acid, urea, glycerol, and citric acid

Example: ChCI: urea DES showed over 90% biodegradation
within 14 days in OECD 301D tests €,

However, DESs made from organic acids like oxalic acid or
malonic acid may cause irritation and should be handled
with care [6:12],
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6.3 Aquatic and Soil Impact Studies

6.3.1 IL Leaching and Soil Inhibition

ILs may adsorb to soil particles and inhibit soil respiration
and enzymatic activity. Studies show reduced microbial
biomass and nitrogen mineralization in IL-contaminated
soils [,

Example: Soil exposed to [BMIM][BF4] showed a 40%
reduction in dehydrogenase activity after 7 days, indicating
microbial toxicity (191,

6.3.2 DESs and Ecosystem Safety

DESs generally show much lower ecotoxicity. Studies on
ChCI: glycerol and ChCI: glucose showed minimal effects
on algae growth and aquatic species.

https://www.chemistryjournal.net

Example: Zebrafish (Danio rerio) exposed to 100 mg/L of
ChCI: glucose DES showed no morphological abnormalities
after 72 hours (1.

6.4 Life Cycle Assessment (LCA) and Sustainability

Life cycle assessment (LCA) evaluates the total

environmental impact of a solvent from synthesis to

disposal.

e |Ls often involve multi-step synthesis with high energy
input and use of hazardous reagents, which may
diminish their green credentials despite process
benefits.

e DESs have simpler preparation routes---typically via
mixing at ambient temperatures---leading to lower
energy consumption and carbon footprints (2612,

Solvent Synthesis Complexity Biodegradability Toxicity Overall Green Score
[BMIM][PFs] High Low Moderate ook Fo A
ChCl:Urea Low High Low 0. 8.0.8.6"¢

6.5 Regulatory Perspectives

Currently, ILs are not widely regulated but are increasingly
being scrutinized for their environmental fate. DESs, with
their safer profiles, are gaining approval for applications in
pharmaceuticals, cosmetics, and food processing.

Key Regulatory Considerations

e REACH (EU): Requires registration and toxicity
evaluation of new ILs.

e OECD Guidelines: Applied to test biodegradability
and aquatic toxicity of both ILs and DESs [":8 9,

7. Recycling and Reusability

The reusability of ionic liquids and deep eutectic solvents is
a cornerstone of their appeal in green chemistry. The ability
to recover and reuse these solvents not only reduces waste
generation but also lowers overall process costs. ILs can be
efficiently separated from reaction mixtures by employing
techniques such as extraction, distillation under reduced
pressure, or phase separation, owing to their low volatility
and high thermal stability. Recent advances have seen the
development of magnetic ILs and biphasic systems that
further enhance recovery efficiency. Similarly, DESs benefit
from simple recovery methods, often based on aqueous
workups or precipitation, although their higher viscosity
may sometimes necessitate additional processing steps such
as membrane filtration. Multiple studies have demonstrated
that both ILs and DESs can be reused for several cycles
without significant loss of catalytic activity or product yield,
underscoring their sustainability potential. This recyclability
contributes not only to economic savings but also to
reducing the environmental footprint by minimizing the

need for the continuous production of fresh solvent > & 22
24]

8. Industrial Scale-Up and Economic Feasibility

Translating laboratory-scale applications into industrial
processes is essential for realizing the full potential of ILs
and DESs. Despite their demonstrated benefits in controlled
experimental settings, several challenges remain on the path
to industrial adoption. The high cost and complex synthesis
associated with many ILs pose economic challenges,
although advances in synthetic methodologies and the use of
cost-effective raw materials are gradually mitigating these

issues. In contrast, DESs are synthesized from inexpensive,
readily available components and are simpler to produce,
which positions them as more economically viable for large-
scale processes. The integration of these solvents into
continuous flow and automated systems further enhances
their industrial appeal by reducing reaction times and energy
consumption. Applications in pharmaceuticals, biomass
processing, and petrochemical industries are increasingly
exploring ILs and DESs for solvent extraction, catalysis,
and reaction engineering. Continued optimization in process
design and supportive regulatory frameworks are expected
to drive the broader industrial-scale adoption of these green
solvents [*2.6.25],

9. Limitations and Challenges

Despite the many advantages of ILs and DESs, several
limitations and challenges must be addressed for their
broader adoption. One significant barrier is the generally
high viscosity observed in both solvent systems, which can
impede efficient mass and heat transfer during reactions. For
ILs, toxicity concerns associated with certain cation-anion
combinations, particularly those that are not readily
biodegradable, pose regulatory and environmental
challenges. DESs, while more sustainable in terms of
biodegradability, sometimes exhibit lower thermal stability
and limited versatility in high-temperature processes. In
addition, the recovery and purification processes, although
effective, may require additional energy inputs or
sophisticated separation techniques that could partially
offset their green benefits. Standardizing analytical
protocols to assess solvent purity post-recycling is also
needed. Addressing these challenges will require a
multidisciplinary approach that integrates advances in
solvent design, process engineering, and environmental
science [1:2.6.9.11],

10. Future Prospects and Research Directions

The future of ionic liquids and deep eutectic solvents in
organic synthesis is highly promising, with ongoing
research directed toward the development of next-
generation, task-specific solvents. Advances in molecular
design are expected to yield ILs and DESs that combine
enhanced catalytic performance with reduced toxicity and
improved biodegradability. Emerging research initiatives
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are focusing on integrating these solvents with renewable
energy technologies, CO: capture, and biomass valorization.
There is also a growing interest in combining ILs and DESs
with nanomaterials, biocatalysts, and continuous flow
systems to further improve reaction efficiencies and
selectivities. In  addition, comprehensive life-cycle
assessments and environmental impact studies will be
critical in establishing sustainable solvent profiles that meet
regulatory  standards.  Ultimately, interdisciplinary
collaboration will be key to unlocking the full potential of
these green solvents, paving the way for safer and more

sustainable chemical processes on an industrial scale [+ 2 6
12, 25]
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