Showcasing research from Research Assistant Professor
Filipa A. Vicente’s team, National Institute of Chemistry,
Ljubljana, Slovenia

Responsive deep eutectic solvents: mechanisms,
applications and their role in sustainable chemistry

This manuscript overviews the phase separation induced
by responsive deep eutectic solvents upon temperature,
CO, or pH stimulus, allowing analyte recovery and solvent
recycling and reuse. Current applications, advantages and
shortcomings are also discussed.
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In an era so focused on sustainability, it is important to improve chemical processes by developing and
using more environmentally friendly solvents and technologies. Deep eutectic solvents (DES) have
proven to be a promising replacement for conventional solvents. In recent years, a new type of DES has

Received 30th September 2024, emerged that responds to various stimuli. These responsive DES (RDES) may offer all the advantages of

Accepted 13th November 2024 DES while allowing the recycling and reuse of solvents. As such, RDES can further contribute to a
DOI: 10.1039/d4cc05157b greener future. This review provides an overview of the diverse types of RDES, their switching

mechanisms and their application in several fields. Lastly, it offers a critical perspective on current
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1. Introduction

In today’s world, tackling environmental challenges, such as
pollution and waste reduction, transitioning from a linear to a
circular economy, improving energy efficiency, ensuring the
availability of food, and drinking water for all are among the
most important tasks. These goals are crucial for the well-being
of current and future generations. For this reason, concepts
such as circular (bio)economy and sustainable development are
being followed and discussed with great attention. A circular
economy promotes the efficient use of resources and the
reduction of waste through the reuse, recycling and regeneration
of products and materials. The sustainable development outlined
in the 2030 agenda aims to achieve a balance between economic
growth, social inclusion and environmental protection. Integrat-
ing these concepts is an essential prerequisite for creating a
resilient and sustainable future in which global challenges are
addressed comprehensively and equitably. This requires the
development of an initial framework for the circular economy
and the sustainable development goals (SDGs) that considers the
circular economy as a precursor and the SDGs as a consequence
of implementing a circular economy." However, the main chal-
lenge is to create a circular economy that is designed to be
restorative and regenerative so that products, components and
materials always retain their highest utility and value rather than
relying solely on end-of-life solutions. To this end, it is important
to focus on the development of a circular chemistry that
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combines the principles of green chemistry with the circular
economy approach to extend process sustainability to the entire
life cycle of chemical products and create a circular chemical
process for all solvents, materials and products.” A step closer
starts by replacing the use of toxic and environmentally hazar-
dous solvents with greener alternatives, especially those that can
be obtained from renewable sources and while using greener
synthesis. Among the possibilities, biosolvents, ionic liquids and
deep eutectic solvents (DES) have attracted considerable atten-
tion. DES share some of the ionic liquids’ interesting properties
such as low vapor pressure, wide liquid range, high compounds
solubility and designer solvent character; however, they present a
more biocompatible and biodegradable nature, easier prepara-
tion and lower cost.>* DES are a mixture of two or more
compounds, usually Lewis or Brgnsted acids and bases, which
act as hydrogen bond donors (HBDs) and hydrogen bond accep-
tors (HBAs). Once the HBDs and HBAs interact, they form
predominantly hydrogen bonds, resulting in a mixture whose
eutectic point is well below the temperature of an ideal liquid
mixture.” Since the introduction of DES by Abbott et al.® in 2003,
there have been countless combinations of HBDs and HBAs that
fall into one of the five DES classifications. Type I DES combines
quaternary ammonium salts and metal chlorides, while type II
DES replaces the metal chloride with a metal chloride hydrate.
Type III DES is prepared by mixing a quaternary ammonium with
an HBD, including alcohols, amides, carboxylic acids, sugars, etc.
Type IV DES consists of a metal chloride and an HBD. Type V DES
has been described recently and consists of non-ionic molecular
HBDs and HBAs.>” Among them, type III DES is the most widely
used because its properties can be more easily tuned by changing
the HBD class, e.g hydrophobicity/hydrophilicity, viscosity,
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biocompatibility and biodegradability. This type of DES is usually
referred to as natural DES (NaDES), which is due to the origin of the
HBD used. Therefore, these solvents have found immense potential
in multiple fields as demonstrated by the large number of reviews
on the topic, namely in downstream processes,” '’ biomass
processing,”™** drug engineering & delivery,">™” renewable energy
technologies,"®?° nanoengineering & nanobiotechnology,">*"
among others. To guarantee the sustainable and economic char-
acter and application of DES, a crucial factor is DES recycling and
reuse. The current techniques studied and applied involve the use of
anti-solvent addition, crystallization, membrane filtration, solid-
liquid extraction, liquid-liquid extraction, short path distillation,
superecritical fluid extraction and separation due to density and/or
viscosity differences. However, the recovery process can be challen-
ging, the yields are not always satisfactory, and certain techniques
disrupt the integrity and performance of DES, especially after a few
cycles.>*** A potential solution is gaining attention through the
development and use of switchable/responsive DES (RDES). RDES
allow the reversible transition between monophasic and biphasic
systems upon a stimulus, which not only facilitates their recycling
but simultaneously enhances the separation, selectivity, and pur-
ification of compounds. This new class of DES is still in its early
stages, as evidenced by the relatively low number of publications on
the topic, with only two review articles available.***® Herein, we
introduce and discuss the diverse types of RDES, their triggering
mechanism as well as the myriads of applications of these solvents.
Additionally, we have illustrated the different types of triggering
mechanisms for easier interpretation. Lastly, a critical perspective is
also presented on current shortcomings and future prospects.

2. Responsive DES

RDES represent an innovative class of solvents whose properties
can be dynamically changed in response to external stimuli such
as temperature, pH, or CO, exposure. These stimuli-responsive
DES are gaining attention as solvents in various fields due to their
ability to undergo reversible changes, allowing for precise control
over solvation properties, phase behaviour and reactivity. The
mechanisms underlying these transformations typically involve
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reversible chemical reactions or physical processes, for instance
the formation or breaking of hydrogen bonds, or ionization,
depending on the nature of the stimulus.?® The phase transition
mechanism is a solution to the challenge of separating compo-
nents in a reaction mixture in liquid-liquid extractions. This
facilitates the separation of the target compound from the solvent
and at the same time allows the RDES to be recycled for further
use. RDES are usually prepared using two different methods, as
shown in Fig. 1a. In the first method, i.e. the standard method, the
RDES is prepared by mixing the HBA and HBD in a chosen molar
ratio and under specific conditions to obtain a liquid solvent. After
the RDES is prepared, water and the sample containing the target
analyte are added. In the second, less common method of prepar-
ing a RDES, the HBA and HBD are mixed directly with the sample
solution and the conditions are adjusted to allow the RDES to form
in situ. Regardless of the preparation technique chosen, the
triggering mechanism is based on the application of an external
stimulus, as shown in Fig. 1b.

The composition of RDES has a fundamental impact on its
role as a solvent in all application processes as well as on the
switching mechanism. Thus, a significant amount of research on
RDES is focused on understanding and carefully designing the
solvent through the selection of HBAs and HBDs that can
produce a DES that is responsive to stimuli for specific applica-
tions. Fundamental knowledge of the compounds properties as
well as thorough research of already successfully produced RDES
is key to the development of novel switchable DES for catalysis,
downstream processes and other applications.>® A summary of
the most selected RDES precursors reported in the literature, as
well as the switching mechanism and the RDES research
application is presented in Table 1. The HBAs that have so far
proved efficient in the production of switchable DES include
amines (secondary and tertiary), amidines, quaternary ammo-
nium (salts), guanidine and nitrogenous bases, fatty acids, and
phenols. HBDs include fatty acids, phenolic compounds, and
alcohols.>’®° The preparation of RDES can be achieved by
selecting and combining HBAs and HBDs in a simple and
environmentally friendly process that produces no by-products.

In order to scientifically demonstrate the transformation of
RDES during use and the change in behavior, HBA, HBD and

HBA + HBD

+ &

Solid sample

Responsive DES ‘Water

In-situ preparation
HBA + HBD
o (o

Temperature/CO,/pH change

A % Target analyte
(2
Responsive DES eo°
oo

Sample solution

(@)

Temperature/N,/pH change

(b)

Fig. 1 Commonly employed techniques to prepare RDES and the sample (a) and the triggering stimuli to induce phase separation of the RDES aqueous

sample and allow the extraction and separation of a target analyte (b).
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prepared RDES need to be characterized. The characterization
of RDES involves various analytical techniques to monitor these
changes. Nuclear magnetic resonance (NMR) is widely used to
monitor chemical shifts and confirm structural changes in the
solvent. Fourier-transform infrared spectroscopy (FTIR) pro-
vides information on the changes in hydrogen bonding and
molecular interactions.”>®* High-performance liquid chromato-
graphy (HPLC) is often used in the characterization of RDES to
analyze the composition, purity, and stability of components in
RDES, particularly in applications where these solvents are used
for extraction and/or separation of target compounds.®*®> Addi-
tionally, techniques such as differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) are employed to
evaluate thermal properties of the solvent.®®®” These character-
ization methods are critical to understanding the dynamics of
RDES and optimizing them for specific applications.

2.1 CO,/N, responsive DES

CO,/N, trigger has been well studied as an external driving
factor for switchable solvents, including RDES. The application
of CO,/N, during the extraction process with liquid solvents,
such as RDES, alters their hydrophilicity/hydrophobicity, polar-
ity and aggregation morphology, allowing phase separation,
selective enrichment of the target analyte and subsequent
recycling of RDES.®®® For the preparation of CO,-RDES, the
precursors, i.e. HBAs and HBDs, must be carefully selected, as
the choice is closely related to the switching mechanism of the
solvent and subsequently to its application. Alcohols, amines,
polyamines, tertiary amines and quaternary ammonium salts are
typical HBAs, while HBDs are usually phenols or alcohols; how-
ever, fatty acids can also be selected as both HBAs and HBDs for
the preparation of CO,-RDES.”®”" 1t is important though that the
CO,-RDES contain a suitable nitrogenous base to enable the
switching mechanism. The introduction of CO, into the reaction
mixture by bubbling the gas into the aqueous solution leads to the
formation of carbonic acid (H,COs), which changes the acidity of
the system and protonates the nitrogenous HBA. This reaction
leads to the formation of ammonium salts, which break the
hydrogen bonds between the HBA and the HBD. The increased
ionic strength due to the formation of ammonium salts promotes
phase separation, creating an ammonium salt-rich top phase and
an HBD-rich bottom phase as a result of the salting-out effect.
When CO, is removed by introducing N,, the system returns to a
monophasic state as the ammonium salts return to their original
amine form. This is illustrated in Fig. 2.

The possibility of preparing a DES that responds to CO, in the
medium and changes its physicochemical properties accordingly
was first discovered by Sed and co-workers.*® In their study, a
hydrophobic fatty acid-based NaDES was mixed with an amine
solution and a hydrophilic homogeneous solution was formed
by the formation of complexes between the two components.
After CO, was introduced to the solution, the fatty acid anions
were reprotonated, restoring the hydrophobicity of the NaDES
and causing the two phases to separate. Wan et al.®® prepared a
series of CO,-RDES by combining alkanoamine compounds and
phenols, resulting in hydrophilic DES that were stirred in a

This journal is © The Royal Society of Chemistry 2025
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TBA + H,CO,=
mmonium salts|

l. HBD-rich
phase

Fig. 2 Phase separation induced by CO,-RDES. The introduction of CO,
to the aqueous RDES solution containing the target analytes induces a
phase transition into a biphasic system. Upon N, introduction to the
system, it reverts back to its monophasic state.

homogeneous solution with water. The addition of CO, led to
a shift in the acidity of the medium, resulting in the formation of
an ammonium salt in the aqueous solution and the disruption
of the hydrogen bonds between the HBA and HBD, promoting
the phase separation, which was evident in the FTIR and 13C-
NMR spectra. After the addition of N,, a shift back to the original
monophasic state was observed, indicating the complete rever-
sibility of the system. In another study, a switchable DES was
prepared from alkanoamines and phenols for the extraction and
preconcentration of chlorobenzenes.*> Purging CO, led to a
change in the nanostructure of the DES, resulting in the for-
mation of two separate phases in the reaction mixture. Imida-
zole, a typical low-cost nitrogenous base, was also used as the
HBA for the preparation of CO,-RDES, while polyols were eval-
uated as HDBs. The addition of olive oil to the DES resulted in
the formation of an emulsion, which separated into two phases
upon the addition of CO, and the emulsion formed again upon
the removal of CO, by the introduction of N,.*°

Overall, the use of CO, as a trigger for switchable solvents,
including DES, offers some key advantages, namely wide avail-
ability and ease of removal. However, this type of RDES has some
shortcomings: most of the HBAs and HBDs used for RDES
preparation present some toxicity; the DES network is completely
disrupted, and during phase separation, the HBAs and HBDs
migrate to different phases; not to mention that this process
requires additional equipment for gas flow and its regulation.
With regard to CO, release, it should also be noted that the use of
CO, in this context does not contribute to the mitigation of global
warming, as it is not permanently sequestered.

2.2 Thermo-responsive DES

In contrast to the CO,/N,-RDES, where the injection of CO,
induces the phase change but, at the same time, represents an
additional substance that can impair the separation and ana-
lysis of target samples, thermo-responsive DES respond to the
temperature change in the system, eliminating the need for an
additional component in the reaction mixture.

For the design of thermo-RDES, HBAs and HBDs must be
selected with knowledge of their behaviour, i.e., whether or not
they exhibit phase behaviour and if so, whether they have a
lower critical solution temperature (LCST) or upper critical
solution temperature (UCST). For this reason, alkanolamines
are used as HBAs and phenols as HBDs in thermo-RDES.
Mixtures with an LCST are completely miscible with water at

Chem. Commun., 2025, 61,1002-1013 | 1005
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low temperatures due to favourable hydrophilic interactions
such as hydrogen bonding between the DES components and
water as well as within the DES itself. However, as the tem-
perature increases and exceeds the LCST, these hydrogen
bonds are disrupted by thermal energy, weakening the hydro-
philic interactions, and strengthening the hydrophobic inter-
actions, which leads to aggregation of the solute molecules and
phase separation into two distinct phases. LCST behaviour is
entropy-driven, with an increase in temperature causing the
system to favour phase separation as a result of the prevalence
of hydrophobic interactions.”> Although LCST behaviour is
well-known, it is less common in thermo-RDES.*° UCST phase
behaviour, on the other hand, involves phase separation at low
temperatures owing to strong solute-solute interactions, such
as hydrogen bonding, within the RDES. As the temperature
increases, these interactions weaken, allowing the components
to dissolve in the solvent and form a homogeneous, water-
miscible phase.”””* This is illustrated in Fig. 3.

A thermo-RDES with UCST phase behaviour was prepared by
mixing various short-chain alkanolamines with phenols.*® After
inducing the phase shift by increasing the temperature of the
water-DES mixture, authors successfully extracted amino acids
from water. FTIR and ’C-NMR were used to observe the
binding behaviour within the network and confirm the changes
in binding strengths between DES-DES and DES-water upon
temperature shifts. Xiong et al.”* also designed UCST-based
RDES but used only phenolic compounds, which served as both
HBAs and HBDs. The prepared thermo-responsive DES were
applied for the extraction of 5-hydroxymethylfurfural from the
reaction medium, as its extraction and purification is usually
challenging. The use of RDES enabled not only good recovery
efficiency but also recycling of the DES without loss of effi-
ciency. Some other studies have reported the formation of
thermo-RDES with UCST phase behaviour,*>**”> showing that
the HBDs always contained an aromatic compound, namely o-,

(a) LCST

o|ee

7

(b) UCST

=

<
Eal
ol

&
5,

Fig. 3 Phase separation induced by thermo-RDES. The state of RDES aqu-
eous solution is changed upon temperature increase (a) or decrease (b). This
stimulus affects the hydrogen bonding network between RDES components
and their hydrophobicity, thereby inducing the phase separation.
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m- and/or p-cresol,”” guaiacol®® and methoxyphenol.*> How-
ever, these compounds have moderate to high toxicity, includ-
ing ethanolamine, which is frequently used as HBA.*®

Regarding the formation of LCST, Longeras et al.*® reported
the first possibility of preparing a thermo-RDES that induces
phase separation with the temperature increase. Authors mixed
licodaine and oleic acid in different molar ratios and with the
addition of different amounts of water and investigated the phase
transition behaviour. This was initially done under a light
microscope with precise temperature control and later with an
FTIR spectrometer connected to a Hyperion microscope to allow
more detailed characterization. This was only possible through
the careful selection of the HBA and HBD. Lidocaine is an
amphiphilic molecule and thus serves as a bridge between
hydrophilic and hydrophobic interactions. This property is essen-
tial for facilitating the temperature-induced phase transition
from a monophasic to a biphasic phase, as required for LCST-
based RDES. On the other hand, oleic acid is a hydrophobic
compound that can self-assemble when its concentration is
above the critical micelle concentration. Therefore, their combi-
nation allowed the formation of a DES with temperature-
dependent behaviour and confirmed the existence of an LCST
with good extraction properties. Since then, these systems have
been further explored, involving not only lidocaine, but also
tetracaine and procaine’® as well as other carboxylic acids,
namely pentanoic, hexanoic, heptanoic, octanoic, nonanoic,
decanoic, dodecanoic, tetradecanoic and oleic acids.*®”® How-
ever, these HBAs exhibit moderate to high toxicity.*® To overcome
this significant aspect, Cai and co-workers*® developed a novel
temperature-dependent biphasic DES-based system for the
extraction of phytochemicals without the need for amines and/
or phenols. The authors prepared and mixed a hydrophilic and a
hydrophobic DES, while also adding different amounts of water.
The hydrophilic DES was choline chloride:levulinic acid in a
molar ratio of 1:2 or 1: 3, while the hydrophobic DES was either
octanoic acid:lauric acid in a molar ratio of 3:1 or nonanoic
acid : decanoic acid : lauric acid in a molar ratio of 3:1:1. They
then characterised the DES using thermogravimetric analysis and
FTIR spectroscopy and investigated the switchability and phase
behaviour of these systems as well as the polarity of the solvent.
The RDES consisting of the ternary fatty acid mixture proved to
be too hydrophobic, which considerably restricted and even
impaired the monophasic region. Nevertheless, the use of the
binary fatty acid mixture as a hydrophobic DES enabled the
development of a well-functioning biphasic phase diagram. With
this study, an efficient and more environmentally friendly option
of LCST-based RDES for extraction purposes was presented.

Overall, the operation of thermos-RDES is less complex than
that of CO,-based RDES yet both present problems associated
with the toxicity of the compounds used for the HBAs and
HBDs. Besides, at lower temperatures, the system may be too
viscous, which can hinder mass transfer.

2.3 pH responsive DES

Adjusting DES properties by fine-tuning the pH of the solution
with the introduction of appropriate proton donors and
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deprotonating agents provides a simple method for the extraction
and separation of the target analyte without the need for addi-
tional equipment.”>*® In this method, pH-RDES are mainly
prepared from amines, quaternary ammonium salts, medium-
chain fatty acids, thymol and menthol as HBAs, while medium-
and long-chain fatty acids play the role of HBDs. Alcohols and
phenols can also be selected as HBDs, depending on the switch-
ing purpose of the RDES produced.?® The addition of an alkali or
acid changes the physicochemical composition of a DES in
aqueous solution. This depends on the pK, values and the
ionization of the precursors of the RDES. When the pH of the
medium is below the pK, value of the HBA and/or HBD, these
DES precursors are protonated; when the pH of the medium is
approximately at the pK, values of the compounds, 50% of the
compounds are protonated and the other 50% are ionized/
deprotonated; and when the pH of the medium is above the
pK, value of the HBA and/or HBD, these precursors are ionized.
Considering this, the switching mechanism of pH-RDES varies
depending on the type of HBA, as shown in Fig. 4. When amines
are used as HBA (Fig. 4a), the pK, refers to the respective
conjugate of the amine, which also depends on the type of
amine, ie., primary, secondary, or tertiary amine, but is above
pH 8. Therefore, when the RDES is prepared, the pH of the
medium is below the pK, of the compound, so the RDES is
protonated and soluble in the aqueous solution. For this reason,
the solution is homogeneous. Upon the addition of a base,
typically NaOH or KOH, but not exclusively, the HBA and possibly
also the HBD are ionized, decreasing the RDES solubility and
inducing phase separation. At this stage, a two-phase system is
formed, which is reversible by the addition of an acid, usually
HCI. When the acid is added to the system, the HBA and HBD are
reprotonated and become miscible with the solution again.>® If

(a) HBAs with amine group
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Fig. 4 Phase separation induced by pH-RDES. Depending on the nature
and protonation/ionisation state of the HBA used for the RDES preparation,
the initial system can be either in a monophasic or biphasic system.
Whenever the pH of the medium induces the presence of a charge in
the HBA, the system gets more hydrophilic, hence being miscible in the
aqueous solution (monophasic system). By reversing the pH, the HBA
returns to its more hydrophobic state, thus becoming immiscible with the
aqueous solution and phase separate into a biphasic system. (a) Represents
the phase transition when the RDES is composed of a HBA with an amine
group whereas (b) shows the behaviour when the RDES has a HBA with a
hydroxyl group.
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the HBA has hydroxyl groups, such as the typically used menthol
or thymol (Fig. 4b), the prepared RDES is protonated, so it is at its
more hydrophobic character and is immiscible with the aqueous
solution. In this case, the system is in a biphasic state. However,
when a base is added, the HBA and possibly also the HBD are
ionized/deprotonated, so the RDES takes on its hydrophilic
character and becomes soluble in the solution. At this point,
the system is a homogeneous solution that is reversible when an
acid is added. At the moment the acid is added, the HBA and
HBD are reprotonated and the RDES returns to its hydrophobic
state and forms two phases again.””””®

Jing et al.’” prepared a hydrophobic pH-RDES from menthol
and octanoic acid. The prepared DES was mixed with water, and a
surfactant-free microemulsion was formed. The emulsion was
responsive due to the compounds used for the DESs preparation
and was converted into a nanoemulsion after the addition of HCI.
Furthermore, the authors showed that the nanoemulsion
reverted back to a microemulsion after the addition of NaOH
in response to pH changes. In another study, five hydrophobic
PH-RDES were prepared by combining a terpenoid, namely
thymol, and fatty acids (heptanoic to decanoic acid).>® All RDES
were prepared in situ by changing the acidity of the aqueous
solution to induce mixing of the precursors. This was possible
due to the characteristics of both precursors, which in an alkaline
solution, are present in anionic hydrophilic forms, thus being
water soluble at high pH values. By decreasing the pH value of the
media, the hydrophilic forms are protonated, and the precursors’
molecular form dominates, inducing a phase separation and
formation of DES droplets in the solution. After inducing a shift
of pH to acidic environment, the RDES formed a hydrophilic
organic phase, which was stable in acidic media. Further studies
on the production of efficient pH-RDES were conducted by
Salamat and Soylat®> who developed a simple and fast extraction
method for microextraction procedures. For this purpose, an
RDES composed of octylamine: succinic acid was prepared. The
RDES was hydrophilic under neutral conditions and therefore
miscible with water. After the addition of NaCl, which led to a
change in the aqueous environment to an alkaline state, a
heterogeneous solution was formed. This phase shift of the RDES
was attributed to the choice of HBAs and HBDs. Short-chain fatty
acids, such as succinic acid, have hydrophilic properties. As far as
octylamine is concerned, increasing the hydrophobic alkyl por-
tion in the amines increases the molar mass of the amines, which
leads to a reduction in their water solubility. When mixed with
succinic acid to form a DES, the resulting product is hydrophilic
but can become hydrophobic by changing the environment and
deprotonating the amine groups. The resulting DES was analysed
by '"H NMR spectroscopy for its ability to undergo a phase
transition with NaOH and HCL

The development of pH-controlled RDES systems with
highly efficient extraction and separation capabilities offers a
promising solution to the challenges associated with current
switchable phase transition processes, such as high tempera-
ture requirements, high energy consumption and the need for
specialised equipment. In contrast to other approaches, this
method does not require heating of the extraction mixture or
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the application of additional energy sources to achieve the
switch and can therefore also be used in the extraction of
temperature-sensitive analytes.”® Additionally, this type of
RDES is associated with lower toxicity due to the use of less
hazardous precursors.

3. Applications

RDES represent a further development of conventional DES and
offer a considerable improvement in functionality and versatility in
several areas. Unlike traditional DES, RDES exhibit dynamic
behaviour in response to external stimuli such as temperature,
CO,/N, and pH variations. This responsiveness allows for more
precise control of solubility, viscosity, and catalytic activity, making
them particularly suitable for a broad range of applications.
Simultaneously, RDES offer better adaptability and functionality
in the development of smart and responsive systems across diverse
fields such as biomedicine, green chemistry, materials science,
and environmental sustainability. In biomedicine, for example,
RDES can be used for targeted drug delivery systems that release
therapeutic agents in response to specific biological signals. In
green chemistry, their tunable properties enable more efficient
and environmentally friendly downstream processes by facilitating
solvent recycling. In addition, RDES are being explored in materi-
als science for the synthesis of advanced materials with customiz-
able properties, while their ability to modulate solubility and
reactivity under different conditions holds great promise for
environmental sustainability, e.g. in pollution management.”"
This section highlights several novel and significant applications
of RDES in the aforementioned fields.

3.1 Downstream processes & agri-food waste valorization

The increasing demand for resources is accompanied by an
increased volume of waste from biomass processing in several
industries. This includes primary industries such as agriculture,
the oil and gas industry, fisheries, and aquaculture as well as the
secondary sector with the manufacturing, chemical, pharmaceu-
tical and food industries. Proper waste management is crucial,
while at the same time the reuse and recycling of waste materials
to obtain high-added value products and bioactive compounds is
in line with the principles of sustainability. This approach
promotes the transition from conventional practices to more
environmentally conscious methods, fostering resource efficiency
and reducing environmental impacts through the implementa-
tion of circular economy practices. DES have attracted consider-
able attention in the field of waste valorisation due to their
unique physico-chemical properties and environmental benefits.
The typical characteristics of a DES-based system, namely non-
volatility, biocompatibility, biodegradability, and lower toxicity,
represent an advantage over traditional solvents for downstream
processes. In addition, DES offer high solubility for a wide range
of natural products, can be easily tailored to specific compounds
and operate under mild conditions, preserving the integrity and
bioactivity of sensitive molecules. Characterised by their adapt-
ability and precise tunability in response to stimuli, RDES

1008 | Chem. Commun., 2025, 61,1002-1013

View Article Online

Highlight

represent an even more attractive alternative to conventional
solvents. The responsiveness of these solvents not only enables
analyte-specific applications, but also makes the extraction pro-
cess simpler and faster, often eliminating the need for additional
equipment or procedures to obtain different compounds, not to
mention it allows the solvent recycling and reuse. As a result, the
use of RDES instead of established solvents and non-switching
DES has become a hot topic and has been successfully intro-
duced for the recovery of many compounds, including bioactive
molecules, polysaccharides, and pigments.

Carotenoids, such as -carotene, lutein, and zeaxanthin, are
high-value compounds found in many agricultural products
and have positive effects on the human body. B-Carotene is
specifically hard to recover due to its properties, namely poor
water solubility and sensitivity to light, heat and oxygen and is
thus often extracted using hazardous solvents. A significant
improvement in B-carotene extraction was achieved using pH-
RDES.?° By using a fatty acid-based switchable solvent, high
amounts of P-carotene were extracted (90 pg mL ') from
pumpkin and simultaneously separated from the pumpkin
extract without the need for additional separation processes
and solvents. Similarly to carotenoids, plant polysaccharides
exhibit pharmacological properties, such as antioxidant, anti-
aging, and anti-tumor, but their recovery is difficult as certain
methods and solvents commonly used can impair their biolo-
gical activity. To overcome the challenging polysaccharide
recovery, thermo-RDES have been applied for polysaccharides
extraction from Lycium barbarum.*" The extraction was per-
formed at room temperature in the monophasic region and
the system was then subjected to temperature to promote the
phase separation, namely a hydrophobic DES-rich phase and an
aqueous phase containing the polysaccharides. This not only
allowed the polysaccharides extraction but also the recycling and
reuse of DES for five cycles. The extraction yields of polysacchar-
ides were ~460 and ~427 mg g ' of biomass in the first and
fifth cycle, respectively. Simultaneously, the RDES recovery effi-
ciencies were 82.5% and 80.2% of the first and fifth cycle,
respectively. Thus, proving an efficient use, recycling, and reusing
of this thermo-RDES. Another study also reported high polysac-
charides extraction yields from Ganoderma lucidum while using
thermo-RDES, but this time using a UCST-based system with
ethanolamine and p-cresol composing the RDES.*” Results
showed it was possible to recover 88% and 79% of the poly-
saccharides in the aqueous phase after the first and fifth extrac-
tion cycle, respectively. Lastly, the authors added CO, to the DES-
rich phase to promote another phase separation and in this case
separate the DES components. The top phase was the HBA salt-
rich phase whereas the bottom phase corresponded to the HBD-
rich phase. The former was further treated with N, to recover the
HBA in the original state, and the HBD was dried, achieving
around 90% recovery of p-cresol. Continuing the polysaccharides
extraction, Chen et al.>® prepared a series of pH-RDES that were
included in a three-phase partitioning to extract and purify
polysaccharides from grape seeds and achieved high extraction
yields of up to 98.04 mg g ' under optimized conditions. This
represents an almost complete extraction yield on the first cycle.
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The RDES was later reused in the study during 25 cycles and led
to a small yield decrease of 14% in the last cycle.

Moreover, RDES have also been used for the extraction of
phytochemicals from plants. Attempting to extract nine differ-
ent phytochemicals from Roxa roxburghii, a hydrophobic CO,-
RDES was prepared and manipulated through the addition of
CO, and N, to the system.?” The process of alternating the state
of the DES in the aqueous solution enabled simultaneous
extraction and enrichment of all nine hydrophilic and hydro-
phobic phytochemicals from R. roxburghii. At the same time,
RDES was recycled during the extraction process, offering a new
sustainable approach for phytochemical recovery from plants.
In a similar study, researchers aimed to develop both highly
efficient as well as environmentally friendly methods for flavo-
noid extraction from waste onion peels.** For this purpose, UCST-
based thermo-RDES were prepared and applied over the
microwave-assisted extraction of quercetin, kaempferol, luteolin
and quercetin-3-O-B-p-glucoside. Under the optimized conditions,
the total flavonoid yields reached ~48 mg g, which was more
efficient than traditional organic solvents. However, in order to
obtain crude flavonoid extracts, the authors used the macroporous
resin HPD 600, allowing recovery rates of >90% for all of the four
extracted flavonoid compounds. A similar observation considering
the performance of RDES versus other solvents was reported by
Zhang and coworkers.*> A pH-RDES with polarity-switching char-
acteristics, namely N,N-dimethylbenzylamine : octanoic acid (1:2
molar ratio) with 3 wt% P-cyclodextrin and 30 wt% water, out-
performed pure DES (without B-cyclodextrin) and ethanol in total
flavonoid recovery: ~158 mg g~ ' using RDES in comparison with
135 and 105 mg g~ * using pure DES and 60% ethanol, respectively.
However, in this study, a macroporous AB-8 resin had to be used to
recover the flavonoids and recycle the solvent. After 5 cycles, the
extraction efficiency still remained >90%. Lastly, authors per-
formed the cytotoxicity analysis of the RDES, and the results
showed an exceptionally low or even negligible cytotoxicity with
the ECs, > 2000 mg L~ '. Wang et al.>® used a hydrophilic
switchable DES for the pre-concentration of liposoluble consti-
tuents from Salvia mitiorrhiza. The RDES (diethanolamine : hex-
anoic acid, 1:1 molar ratio) was prepared and added to the
extractant phase in a homogeneous phase. Then, authors added
HCI to switch the DES polarity, the RDES became hydrophobic
and immiscible with water, hence leading to a biphasic system.
This allowed concentration factors of diterpenoid quinones
ranging from 59 to 274, which was considerably better than
hexanoic acid alone.

Pochivalov and co-workers®® went one step further in terms
of using RDES for downstream processing by using RDES for
the determination of antibacterial agents in milk samples. The
RDES was prepared in situ from a terpenoid and a carboxylic
acid after changing the acidity of the aqueous mixture, thus
eliminating the need for additional energy sources and heating
normally used for DES preparation. This approach proved
successful for the determination of sulfamethazine, sulfa-
methoxazole, sulfaquinoxaline and sulfadiazine in milk sam-
ples, with pre-concentration factors between 22 and 103, which
increase with increasing hydrophobicity of the analyte.

This journal is © The Royal Society of Chemistry 2025

View Article Online

ChemComm

To summarise, the application of RDES in downstream
processes has shown not only high extraction efficiency and
selectivity, but also the possibility of solvent recycling and reuse
with minimal performance loss.

3.2 Biomedicine

In medicine, solvents play a crucial role in numerous applica-
tions, including drug formulation, drug delivery and diagnos-
tics. Conventional solvents often pose problems in terms of
toxicity, volatility, and environmental impact, necessitating the
search for safer and more sustainable alternatives. DES repre-
sent innovative solvents for different biomedical applications,
in particular as drug delivery systems, as an alternative to
traditional solvents in pharmacokinetic studies, for the produc-
tion of biomedical materials, antiviral agents and as stabilizers
for pharmaceutical formulations.®"**%° Moreover, DES can be
used to prepare the so-called “eutectogels”, which are dynamic
gels that are stable, conductive and stretchable and can be used
in wound dressings and tissue engineering.®® This is only
possible due to the properties of DES, particularly their lower
toxicity, improved solubility®” and stability of active pharmaceu-
tical ingredients,*® as well as their versatility, which allows
different formulations for multiple delivery purposes.®>*>?° As
RDES gain increasing attention, their applications in biomedi-
cine are also being explored. Their unique adaptability enables
precise control over drug formulation, improving solubility,
targeting, and selectivity in response to specific external stimuli.

Thorough research into the pharmacokinetics and pharma-
codynamics of drugs is an important part of drug development.
For this purpose, the biological samples must be carefully pre-
treated, which is traditionally done with hazardous solvents
and time-consuming procedures. In an attempt to find an
alternative, more environmentally friendly and faster sample
pre-treatment method for post-application drug monitoring,
Yang et al.°* focused on establishing a liquid-liquid microex-
traction (LLME) method based on a CO,-RDES. A switchable
DES was prepared using 4-methoxyphenol and monoethanola-
mine as HBD and HBA, respectively, in a 1:2 molar ratio. After
mixing the biological samples with the prepared RDES, LLME
was applied to remove proteins and lipids, and the alkaloids in
the samples were pre-concentrated simultaneously. The injec-
tion of CO, into the reaction mixture changed the RDES
properties and led to the two-phase formation, ie., an
aqueous-rich phase and DES-rich phase containing the target
analytes. The results provide a new insight into the biological
behaviour of drugs in vivo in a simple, fast, and efficient way
and demonstrate the possibility of using RDES in pharmacoki-
netic and pharmacodynamic studies. Similarly, LLME extraction
in combination with a RDES was proposed as a new method for
the separation and quantification of an anticancer drug dau-
norubicin in human plasma samples.®® Authors prepared sev-
eral pH-RDES, with the most efficient one being composed of t-
menthol and (15)-(+)-camphor-10-sulfonic acid in a 5:1 molar
ratio. The results showed that daunorubicin was not found in
the blank sample, but it was detected in all four real samples in
a concentration ranging between of 58.7-188.3 pg L™'. The
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results showed that the relative recoveries of daunorubicin in
plasma samples were in the range of 91.0-107.8%, with an
RSD < 7. This proved to be an efficient and robust technique
for drug analysis in biological samples.

At this stage, these studies have shown the potential of using
RDES in biomedicine but have also made it clear that their
application has so far been limited mainly to analytical purposes.

3.3 Environmental sustainability

Meeting current needs without jeopardizing the ability of future
generations to meet their needs is one of the environmental
priorities. The concept of environmental sustainability focuses
on reducing pollution, improving resource efficiency, and mini-
mizing waste. DES play a significant role in environmental
sustainability as they are a more environmentally friendly alter-
native to traditional solvents commonly applied in the chemical
sector. The use of RDES further contributes to environmental
sustainability as they facilitate solvent recycling and reuse.

Pollutants, including chemical waste, household waste,
heavy metals, and bioactive compounds, have a negative impact
on the environment and human health. Tackling the pollution
crisis requires both the detection and elimination of pollutants,
and RDES are emerging as a tool for this transformation. A
switchable DES consisting of thymol and octanoic acid was
assessed for the determination of strobilurin fungicides in
water, juice, wine, and vinegar samples.*® The method has
shown favourable linearity, precision, detection limit and
recovery of fungicides with pH adjustment and manipulation
of RDES. Furthermore, the method did not require additional
solvents and equipment. Another application of RDES to pre-
vent environmental pollution is the extraction of isopropanol
from wastewater.>® Herein, several CO,-RDES were analysed,
with monoethanolamine: butanol showing the most efficient
recovery of isopropanol due to its hydrogen bonding with
butanol. Once the CO, was purged in the system, the RDES
dissociated and resulted in the two-phase separation, with HBA
salts forming the top phase and a butanol-rich bottom phase
containing isopropanol. In this study, the RDES was not
recycled as the butanol/isopropanol mixture can now be
directly applied in the preparation of alternative fuels.

The presence of high concentrations of estrogenic hormones
in environmental samples can have a negative impact on
human health and must therefore be closely monitored. Extrac-
tion and pre-concentration are crucial steps for analysing these
hormones in the samples, which are usually performed using
non-environmentally friendly solvents and techniques. In this
sense, Fattahi et al.°®> developed a fast, simple, and environ-
mentally friendly pre-treatment method using a pH-RDES. The
prepared pH-RDES containing t-menthol and (15)-(+)-camphor-
10-sulfonic acid was manipulated by adding KOH to the
solution. After changing the polarity, the RDES became mis-
cible with water and a homogeneous mixture was formed,
promoting a better interaction of the RDES and the steroids
being extracted. Then, HCI was added to the system, restoring
RDES hydrophobic state and promoting again the phase
separation. The steroid hormones were concentrated in the
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RDES-rich phase and were then quantified. The sample analysis
showed good linearity, precision, and sensitivity of the method as
well as ease of use, which emphasizes the potential of RDES for
monitoring environmental samples. Ma and co-workers,>* on the
other hand, prepared a few pH-RDES using thymol as the HBA
and medium-chain fatty acids as the HBDs. RDES were used as
solvent in the liquid-liquid extraction of two antibiotics, namely
levofloxacin and ciprofloxacin, that most commonly accumulate
in environmental water samples, affect the human body and lead
to drug resistance in pathogenic bacteria. The extraction of the
target analytes was achieved by changing the medium acidity
through the addition of HCI, which led to a change in the polarity
of the RDES and its miscibility with water. The method showed
high extraction efficiency and good repeatability, making it a
promising approach for similar pre-concentration and extraction
procedures. Likewise, Lu and coworkers®® utilized fatty acid-
based RDES to concentrate/extract UV filters from river, lake,
sea, and bathing water samples. To achieve this, a dispersive
liquid-liquid microextraction was employed, and a switchable
solvent, namely a pH-RDES, served two purposes by acting as a
dispersive solvent and an extraction solvent, depending on the
PH of the solution and thus the solvent’s polarity. The prepared
octanoic acid-based RDES extracted all target analytes in a short
amount of time (within 9 minutes) and the method exhibited low
detection limits coupled with a wide linear range, making it a
practical and easy approach for water sample monitoring.
Regarding waste management, an ethyl maltol-fatty acid-
based pH-RDES was applied for the oil removal from oily sawdust
with a ~67% oil content.®* The process includes multiple steps
to recover the oil from the solid and liquid fractions, as shown in
Fig. 5. Considering the liquid fraction, i.e., the oil-RDES fraction,
the homogeneous phase was disturbed by the addition of NaOH,
which deprotonated the RDES and increased its hydrophilicity,
thus forcing the phase separation with an oil-rich top phase and
aqueous RDES-rich bottom phase. After collecting the oil phase,
acetic acid was added to the system, reprotonating the RDES and

Oily Centrifugation __ Sawdust
sawdust 4000pm/min. 10min .

J ;
HDES

Methanol
washing

Imol/L NaOH Solid-liquid
scparation
Removal
oil layer Acetic acid
. . —
Residue g
Aqueous
solution
Extraction
100 Centrifugation tant
60~100°C 4000rpm/min, 10min Aceticacid |__|
30~120min —_— g —_—
5.3mol/L NaOH
Aqueous A
Removal solution
oil layer
Oil-HDES
Recycle use HDES recover

HDES

Fig. 5 Removal of oil from oily sawdust. Reprinted from Chemical Engi-
neering Journal, Volume 495, Ning Gao, Yunbo Wang, Huixin Luo, Ying-
tong Xu, Jining Liu, Yingwen Chen, pH-switchable hydrophobic deep
eutectic solvents for sustainable recycling extraction of high oily waste,
Copyright 2024, with permission from Elsevier.
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returning its hydrophobic character, which in turn promoted a
new phase separation. This allowed the recycling and reuse of the
RDES for 5 cycles with an efficiency loss of ~10% from the first
cycle (~86%) to the second, remaining stable in the consequent
cycles (~76%). Additionally, authors also studied heavy metals
extraction from the same sample and under the optimal condi-
tions, the RDES showed extraction rates of >60% for all explored
heavy metals except iron.

The use of RDES in the field of environmental sustainability
is far more advanced than in biomedicine, with most studies
focusing on the application of RDES to concentrate and extract
contaminants from different types of samples either as a
monitoring measure or for remediation purposes.

4. Critical analysis and future
perspective

As aforementioned, RDES have emerged as interesting alter-
native solvents with applications in multiple fields, for instance
downstream processing, environmental monitoring and even
medicine. Understanding the advantages and limitations of
solvents is essential for optimizing experimental outcomes,
enhancing reaction rates, and ensuring environmental and
health safety. This section explores the key benefits as well as
the drawbacks associated with RDES, as summarized in Fig. 6,
and offers critical feedback on the path forward.

RDES offer the possibility to change solvent properties such
as polarity, viscosity, and solubility in response to external
stimuli such as CO,, pH, or temperature. This adaptability
makes RDES highly versatile for applications, for instance
extraction and separation processes.’>** Their switchable nat-
ure contributes to improved selectivity of target compounds,
enabling simultaneous extraction of multiple compounds with
different chemical properties and leading to better overall
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Fig. 6 Advantages and limitations of responsive DES in comparison to
DES.
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performance. In addition, the general adaptability of RDES
simplifies separation processes, enhancing the sustainability
of industrial processes by reducing solvent consumption and
costs. In this context, recyclability is another important feature
of RDES. The tunable properties of RDES mean easy and fast
solvent recycling, and as shown in several studies, the recycling
process hardly affects the effectiveness of the RDES, especially
forthermo- and pH-RDES, which is of great importance for
sustainable chemistry.*"** Moreover, RDES are simply a parti-
cular type of DES, so their designer solvent character remains
one of the most intriguing and useful properties of these
solvents. Thus, a wide range of possible green and biocompa-
tible precursors is available, depending only on the switching
mechanism and the target application. This is in line with the
principles of green chemistry and points to a promising change
in chemistry, but also in other areas where the need for better,
more efficient, and environmentally friendly solvents and inno-
vations is constantly growing.%

However, despite their great advantages, RDES also face
several challenges. The first obstacle is the complexity of some
operations, which can lead to higher costs and require addi-
tional equipment. CO,-RDES require additional equipment and
regulations for their use, as well as special amines and phenols,
which are more expensive HBAs and HBDs. Similarly, thermo-
RDES require heating to promote phase switching, and in the
case of LCST-based RDES, temperatures can be relatively high.
This complexity can also hinder the transition to a larger scale.
As the name “responsive” implies, these solvents respond to
external stimuli. However, to fine-tune the solvent, external
stimuli must be precisely controlled, which can complicate
some industrial applications.

As far as the recyclability of RDES is concerned, all studies
state that it is easy and possible to recover and recycle DES.
However, this is not entirely clear for CO,-RDES, especially since
CO, injection leads to the formation of carbonic acid, which in
turn reacts with the HBA and induces the formation of an
ammonium salt-rich top phase and an HBD-rich bottom phase.
At this stage, the HBA and HBD are in separate phases regard-
less of the location of the analyte, so a further technique is
required to separate the DES precursor and analyte before the
two phases can be combined and exposed to the N, stream to
restore the HBA character and thus allow the “regeneration” of
the RDES. So far, most studies lack a clear explanation on how
the analyte is recovered and on how the RDES is recycled and
reused. Often, the authors mention that the analyte has prefer-
entially migrated to one of the phases and present its quantifi-
cation but continue with the discussion of the N, flux to induce
the monophasic state. When the CO,-RDES is recycled and
reused, the authors mentioned the number of cycles performed
and the extraction efficiency, but without explaining how this
was done. In this sense, readers have considerable difficulty
understanding the procedures performed in this type of RDES,
so future studies should begin to address this shortcoming.
This is not to say that only thermo- and pH-RDES enable DES
recycling, but these tend to be much clearer, not to mention that
both HBA and HBD remain in the same phase during phase
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separation, which facilitates the RDES recycling. In addition, some
studies have reported the use of resins to separate the target
compound from DES, allowing the solvents to be reused.****

From the point of view of sustainability and biocompatibility,
the current RDES are not as biocompatible as the regular DES,
which is due to the choice of HBAs and HBDs. To change their
properties in response to a stimulus, RDES require precursors
with specific properties, and until now, researchers have
focused mainly on these properties rather than on the toxicity
of these compounds. This is particularly true for HBAs and
HBDs that are used in most CO,- and thermo-RDES and gen-
erally exhibit moderate to high toxicity.*® In contrast, pH-RDES
tend to use more natural compounds such as thymol, menthol,
and fatty acids, which could then be labelled as natural RDES.
This large current gap offers room for improvement and should
encourage scientists to search for more natural compounds with
comparable properties to those needed in CO,- and thermo-
RDES. In addition, this would further enhance the possibilities
and applications of RDES in the biomedical field.

Finally, up to date and to the best of our knowledge, there is
not a single study that assesses the environmental footprint of
this type of DES (i.e., RDES) and RDES-based processes, nor has
anyone conducted a techno-economic analysis of these pro-
cesses. This clearly shows that the development, understanding
and application of RDES in various fields is still in its infancy,
especially when compared to the progress made so far with
regular DES. Nevertheless, this review has also highlighted the
enormous potential of RDES, particularly in downstream pro-
cessing and in biomedical and environmental applications.

5. Conclusions

In a world that is battling climate change and pollution with
the aim to shift towards a sustainable future, green chemistry
plays a key role, especially when it regards to the development
and use of greener solvents and technologies that are more
environmentally friendly, efficient, and adaptable. Among the
different possibilities, the use of DES stands out, as they offer
numerous advantages over conventional solvents. Unlike the
latter that can be hazardous and non-recyclable while also
presenting high operational costs and complex and time-
consuming processing, DES are more biocompatible, versatile,
and capable of solubilizing a wide range of compounds. In
recent years, responsive or switchable DES have emerged as an
upgrade of regular DES, as they combine the advantages of DES
with the additional ability to respond and switch physical
properties when exposed to specific stimuli (pH, temperature,
CO,). This not only contributes to better efficiency and selec-
tivity of the solvent, but simultaneously also allows solvent
recycling. The ability to precisely control the behaviour of the
solvent depending on the conditions of the medium can
optimise both industrial processes and their environmental
footprint. All the advantages of using RDES have led to this type
of solvent being successfully used in the extraction of various
compounds and their valorisation, in the monitoring of
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environmental samples and in the pre-treatment of biological
samples for pharmaceutical studies. Despite recent advance-
ments, several limitations still restrict the broader use of RDES.
Future developments in the areas of scalability, system complex-
ity and comprehensive health and toxicological assessments need
to be addressed in order to enable a broad application of RDES in
various academic and industrial settings. In addition, the inte-
gration of RDES into green chemistry methods will depend on
the development of more sustainable and environmentally
friendly RDES formulations. With ongoing research, RDES could
play a significant role in various industries by providing tailored
solvent systems that respond to external stimuli, increasing
productivity and decreasing waste. Considering all that, the
future of RDES is promising, with potential to transform various
sectors through innovation and sustainability, align with the
sustainable development goals and green chemistry practices,
and pave the way for a more sustainable future.
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