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One of the highlights of green chemistry is the development of
techniques and procedures with low environmental impact. In
the last years, deep eutectic solvents (DES) have become an
important alternative to conventional organic solvents. For a
period ionic liquids have provoked remarkable interest, but
they have been displaced by DES because they show easier
preparation methods, lower prices, many of them are biode-

1. Introduction

The evolution of synthetic chemistry is not unconnected with
the social concern about a more sustainable economy'™ and
an environmentally friendly society. Green chemistry™® is the
ethical response from chemical sciences to such concerns.
Synthetic classic procedures in chemistry, used to show high
efficiency but their environmental impact has been taken into
consideration as a key factor only when green chemistry arises.
Green chemistry aims to develop more sustainable method-
ologies and procedures, with less environmental impact,
minimizing risks to professionals and the general public in
contact with all kinds of chemicals.”

Green chemistry is focused on the development of new
synthesis methods to avoid negative impacts on human health
and the environment. Criteria such as atom economy,” as an
efficiency parameter, avoiding the formation of by-products,
replacing risky reagents or catalysts with less harmful sub-
stances, and energy efficiency of the processes. Such con-
ditions provide the design of chemical reactions under a green
chemistry perspective. In the last decades a remarkable effort
has been made to replace many organic solvents commonly
used in industry and laboratories for others safers, less toxic
with a lower impact on the environment and when it is
possible obtained from renewable sources. Deep eutectic
solvents are a set of new solvents that may be prepared from
a combination of solids compounds that become liquids when
mixed and heated, and may be used as solvents for example,
in chemical reactions, or extraction of high value compounds
from biomass.
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gradable and compatible with biological systems. In addition,
they show adjustable physicochemical properties, high thermal
stability, low volatility and are compatible with water. In this
paper is reviewed the state of the art of the use of DES paying
special attention to the role of reaction media in organic
synthesis.

2. Conventional Organic Solvents Versus Deep
Eutectic Solvents

Conventional organic solvents are carbon-based compounds.
Most of them show high vapor pressure values and most of
them are water immiscible. They constitute a heterogeneous
group of volatile compounds chemically diverse and mainly
obtained from the petrochemical industry. Organic solvents are
widely used as reaction media, but in many other industrial
branches and household products.”

Most conventional organic solvents show serious risks and
hazards for handling, storing or using them because they use to
be flammable, explosive, and they may form compounds with
high toxicity when they break down at high temperatures. They
produce harmful health effects when they come into direct
contact with mucous, skin or eyes,® and by inhalation they are
distributed quickly into the blood and vital organs.

From the point of view of environmental chemistry, most of
organic solvents are considered as volatile organic
compounds,” so they may be emitted to the atmosphere and
contribute to atmospheric pollution participating actively in
many photochemical processes® that produce the photo-
chemical smog and some of them, as the very well known
halogenated solvents contribute to ozone depletion.”

To avoid the inherent risks and hazards related to the
massive use of solvents in laboratories and industry in the last
years, a lot of work has been done in two main directions:

1) The publication of several guides and recommendations for
the substitution of solvents with a high impact on human
health and the environment, or potentially dangerous
because of their flammability, or explosion risks"*'" by
others less hazardous solvents.

2) The introduction of non-conventional solvents as a general
practice in laboratories and industrial processes,'? paying
special attention to those biodegradable and obtained from
renewable sources.">'

With this background there is a strong tendency to replace
most conventional organic solvents with others, with lower
environmental impact obtaining the same results.

A green alternative to conventional organic solvents is the
so-called Deep Eutectic Solvents (DES).">™'”) DES are obtained by
mixing together two or more solid substances, to give an
eutectic mixture, showing significant negative deviations to
thermodynamic ideality in the liquid state."® They may contain
a variety of organic and inorganic charged species (anionic and/
or cationic) and they use to be cheap, renewable, and
biodegradable, The term DES has been coined mainly to
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differentiate them from another family of non-conventional

solvents, the so called ionic liquids (IL). IL are another class of

non volatile salt-like solvents that were reported for the first

time by Walden in the early years of the 20th century."® Both IL

and DES may be prepared from organic and/or inorganic

cations and anions, but DES can also be obtained from non-

ionic molecules, and therefore are not considered true IL.""*"

Table 1 shows the main remarkable differences between both

types. A critical difference is that DES are actually environ-

mentally friendly compared with IL.

DESs are prepared by a combination of two or more solids
to give a mixture which often has a melting point very close to
room temperature. They use to exhibit low toxicity and
volatility, a remarkable thermal stability in a wide range of
temperatures, low volatility, low vapor pressures, and tunable
polarity and most of them are biodegradable. Another charac-
teristic is that they are easy to prepare, and inexpensively. The
starting material may be inorganic compounds, organic materi-
als from the petrochemical industry and even from renewable
sources. This last group is nominated as Natural Deep Eutectic
Solvents (NADES).?'

The more accepted classification of DES divides them into
four groups:?!

e Type I:They are formed by a quaternary ammonium salt and
a metal chloride and may be considered analogous to metal
halide/imidazolium salt systems. This is a group that has
been described before in literature.”

e Type Il: They are prepared from a quaternary ammonium salt
and metal chloride hydrate.”® The relatively low cost of many
hydrated metal salts and their inherent insensitivity to air/
humidity makes their use in industrial processes viable.

e Type lll: They are composed of quaternary ammonium salt
and a hydrogen bond donor HBD.?” In Type lll, choline
chloride and HBDs have been widely used for many
applications, such as metal extraction and organic synthesis.

e Type IV: They are composed of metal chloride and HBD.
These liquids are simple to prepare and relatively unreactive
with water; many are biodegradable and have a relatively
low cost.”® Table 2 shows some examples of DES of every
type.

To this classic classification a new type of DES type has
arisen recently, the so called Type V DES formed from non ionic
species that may improve potential recovery and regeneration
of the eutectic by evaporation,”” which implies a significant
advantage over ionic DES.
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Spain). He has developed its career at the
University of Granada and during the last
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The interest in DESs is increasing every year and the number
of publications devoted to DESs from 2004 to the present has
an unstoppable progression. Table 2 shows some examples of
DES of every type.

3. Preparation and Properties of DES

Deep eutectic solvents are prepared with mixtures of solid
substances that can be described as Lewis or Bronsted acids
and bases. One component acts as a hydrogen bond acceptor
and other as a hydrogen bond donor. A variety of anionic and/
or cationic species may be used as starting material for
preparing a DES. When mixed, those compounds have the
peculiarity of having a lower melting point than the species
that form them. Thus, through a thermal equilibrium process,
two solid substances form a liquid phase at their eutectic
temperature® (Figure 1).

They are prepared very easily, adding an appropriate
amount of solids in a flask, then heated and stirred until a
colourless liquid. is formed. The experimental procedure may
be accelerated with ultrasounds®” microwaves.®*” The proce-
dure is very simple and does not produce by-products, so it
may be considered an environmentally friendly synthesis since
there is no waste and no emissions and the atom economy™ is
100%, since all the initial atoms are included in the final
mixture. When used as reaction media, the high solubility of
DES in water allows the separation of organic products as an
insoluble layer in water with the addition of some water that
dissolves the DES, avoiding the typical extraction of organic
solvents at the end of the reaction. DES can be recovered by
evaporating water from the aqueous layer to obtain again the
starting DES. The molar ratio corresponding to the eutectic
point is variable in composition and also in temperature
according to the nature of each component.® So it is possible
to obtain several DES types with the same components. Binary
DES are the most studied and used systems but the design and
synthesis of ternary DES®*** allows to expand their use and
applications.

Figure 2 shows schematically how binary DES mixing an
inorganic salt and organic hydrogen donor is synthetized, in
this case mixing inorganic salt and organic hydrogen bond
donors.

Traditionally, DESs behaviour has been rationalized using
Hole theory®? for predicting most of the physicochemical
properties of DES. When mixed, an amorphous structure is
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Table 1. Differences between DES and IL.

Deep Eutectic Solvents

lonic Liquids

Biodegradable and nontoxic

High conductivity

Very affordable

Viscosity can be lowered by mixing with suitable ionic solvents
Simple synthesis by mixing inexpensive starting components.
No subsequent purification is required

Generally, not moisture sensitive and water compatible

Not always environmentally friendly, they can be toxic
Conductivity-moderate to high

Expensive: recycling is critical

High viscosity

Complex synthesis and purification

Moisture sensitive must be handled under dry or inert conditions

Table 2. Classification of DES and examples.

Type Formula

Type | - Organic salt/inorganic salt

Type Il - Organic salt/hydrate inorganic salt
Type Ill - Organic salt/hydrogen donor
Type IV - Al, Zn chloride/hydrogen donor

Cat*X™ + zMCl,
Cat*X~/zMClyH,0

MCI,/zRZ

Cat™X™/RZ; MCIx/RZ

M/z Examples
M=2Zn, Sn, Fe, Al, Ga, In ChCl/CoCl,
M=Cr, Co, Cu, Ni, Fe ChCl/CoCl,.6H,0
M=Al, Zn; Z=CONH,, OH, CO,H ChCl/Urea
M=Al, Zn; Z=CONH,, OH ZnCl,/Urea

Table 3. Examples and melting point (°C) of HBD, HBA, and DES.

HBA HBD MP HBA MP HBD HBA:HBD MP Eutectic [°C]
Chdl Urea 300 133 1:2 12,041
ChCl Glycerol 300 17,8 1:2 —40,089
Chcl Glycerol 300 17,8 1:3 1,742

ChCl Benzoic acid 300 122 1:1 95,043
Chcl Oxalic acid 300 190 1:1 34,01
Chdl Xylitol 300 96 1:1 Liquid at r.t
MePPhBr Glycerol 232 17,8 1:2 4,044
MePPh,Br Glycerol 232 17,8 1:4 15,614
MePPh;Br Glycerol 232 17,8 1:5 50,04
MePPh;Br Ethylene glycol 232 -12,9 1:5 —46,04

formed with weak forces between moieties separated by
holds.®?¥ |n the case of DES with organic ions as choline
chloride and a hydrogen bond donor as urea, Hammond et al.,
had suggest that choline interacts very strongly with chloride
by hydrogen bonding. This leads to the formation of a complex
ion as a most likely 3D configuration, involving one choline, one
chloride and two urea molecules.”

One of the most well known examples of DES is the eutectic
formed by choline chloride and wurea (ChCl/Urea)in a
1:2 mol:mol ratio.*” This DES shows a melting point of 120°C,

MP,

MP,
liquid A+B

Temperature

Eusiectic pesnt

SOLID A+ SOLID B

A B

Figure 1. Melting diagram of a binary DES.
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while both components, separately, have melting points of
302°C and 133°C, respectively.

Examples of deep eutectic solvents with differet molar ratios
and are given in Table 3.

Melting points (MP) in °C of the starting materials (HBD and
HBA) and the resulting deep eutectic mixture are described.

Natural Deep Eutectic solvents™ are another category of
DESs which give a step forward to improve the sustainability
concept. This new class of deep eutectic solvents are metal free
materials because they are prepared from natural sources of
biocompatible substances with low cytotoxicity. They have a
promising future in fields such as electrochemistry, organic
synthesis, biocatalysis, extraction in foodomics, and several
biomedical applications. They are composed of two or more
biocompatible organic molecules, generally bio based primary
metabolites.?'*? For example, choline chloride has been
combined with many carbohydrate-type components such as

molar ratio 1:1

= =

*

Hydrogen bond acceplor  Hydrogen bond donor

Figure 2. Schematic Synthesis of DES.
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glycerol, xylitol, sorbitol, glucose, sucrose or maltose in different
molar ratios.* to provide a proper media for natural product
extractions.

4. Physical Properties of DESs

Deep eutectic solvents show remarkable physicochemical and
thermal properties, which can be easily adjusted to the desired
experimental conditions. Their properties are a consequence of
their weak lattice energies between their components caused
by hydrogen bond interactions at room temperature, so they
have a low melting point, low volatility, vapor pressure, high
thermal and chemical stability, and they are capable of
solubilizing a great variety of substrates.

4.1. Melting Point

As mentioned above, DESs are formed by mixing two solids
that generate a new liquid Interaction of components that
provide lower MP that of individual constituents. This decrease
in freezing point comes from an interaction between HBD and
salt. All known DESs melting points show up lower than 150°C.
It should be noted that the number of DES that are liquids at
room temperature is still quite limited. Taking into account the
different types of eutectic solvents, some trends can be
highlighted.

In Table 3 it can be observed that for a given species HBA
(Chdl) it is important to properly choose the HBD to obtain
DESs with a given MP so that when using carboxylic acids such
as HBD, liquid DES can be obtained at room temperature. Also,
for a given HBD (urea), the nature of organic salts and the molar
ratio among HBA:HBD species can significantly affect the MP of
DES.¥7#8%1 The presence of water, a common fact for many
experimental procedures, modified melting point data, occurs
for choline chloride/urea systems and should be taken into
account for any physico-chemical characterization as well as for
applications of this type of solvents.*”

4.2. Density

The density of most DES is between 1.0 g/cm® and 1.35 g/cm’
to 25°C, which is higher than the water density. The
organization of molecules or the packaging of the HBA and
HBD species, cause deSs to have higher or lower densities. DESs
contain “gaps”, so that if they increase, they produce a decrease
in density. On the other hand, the molar ratio of the HBA:HBD
species, and the temperature, also have a significant effect on
the density of these mixtures. The density of DES is influenced
by both HBA and HBD and decreases with increasing temper-
ature, which is similar to ordinary solvents.”” Some work has
been published in order to predict the density of mixtures
according to composition and temperature.”® These data may
be of interest to optimize conditions for certain experiments.

ChemistryOpen 2021, 10, 815-829 www.chemistryopen.org

Table 4 shows the densities of different DESs at 25°C.
Depending on composition and proportions, slightly different
values are obtained.

4.3. Viscosity

The viscosity of DES is normally high (> 100 cP), however some
exceptional values may be observed as ChCI-EG (19-37 cP). In
general, the viscosities of eutectic mixtures are mainly affected
by the chemical nature of DES components (salt nature and
HBD, molar salt/HBD ratio, etc.). The high viscosity of DESs is
often due to:

e The presence of a large interaction of hydrogen bonds
between the components, leading to less mobility of free
species within the DES.

o Electrostatic or van der Waals interactions.

e Large ion sizes and small empty volumes of most DESs.

Viscosity is mainly controlled by volumetric factors despite
strong intermolecular interactions involved in DESs. Therefore,
although ion-HBD interactions play an important role in the
viscosity of DES, we take into account the serum effects. Some
work has been done to provide theoretical models to predict
viscosity. For example, Mjalli et al. proposed a viscosity model
for choline chloride-based mixtures,” or based on data banks
covering 27 and 156 deep eutectic solvents of different
natures.””*®

4.4, lonic Conductivity

DES viscosity and ion conductivity are closely related. They
usually have low conductivity (less than 1 mScm) at room
temperature, due to the high viscosity of most DESs. Con-
ductivity increases with the increase in temperature and,
considering that the molar ratio of the HBA:HBD species
significantly influences the viscosity of DESs, this also signifi-
cantly affects the conductivity of these solvents. The knowledge
of this property is a key factor for electrochemical applications
of DESs. Some theoretical studies have been developed recently
to predict conductivity.*%%”

4.5. Polarity

DESs are considered organic alternative solvents to common
volatile organic solvents. The polarity associated with DESs is an

Table 4. Densities of selected DESs at 25 °C.
HBA HBD HBA:HBD Density [g L]
Chcl Glycerol 1:1 1,1689
Chcl Glycerol 1:2 1,198%
Chcl Glycerol 1:3 1,208¢
Chcl Urea 1:2 1,216
ZnCl, Urea 1:3,5 1,635
[a] Molar relationship.
819 © 2021 The Authors. Published by Wiley-VCH GmbH
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essential data if they are to be used as green alternatives to
common organic solvents in industries capable of dissolving or
extracting properly organic molecules.®™ or however, it can be
said that ChCl/Urea DESs (1:2), ChCl/Glycerol (1:2) and ChCl/
Ethylene glycol are highly polar fluids and their polarity is even
greater than that of short-chain alcohols and more common
jonic liquids.*?

4.6. Surface Tension

Surface tension is generally expected to follow viscosity-like
behavior, as it depends on the strength of HBA:HBD inter-
actions. In all DESs studied to date, surface tension increases
with a decrease in temperature and molar salt fraction due to
weakening of HBD. Experimental data has been recovered on a
significant group of DESs™**¥ and theoretical models have been
developed to predict surface tension of them.** This property
has significant effects, for example, on permeability and
bubbling, that may be considered in the design of many
processes.

4.7. Toxicity and Biodegradation

There are two fundamental questions to talk about the green
character of a solvent: toxicity and biodegradability. The first
item directly affects people involved in the handling and use of
these substances or the trace presence in certain products that
have been manufactured with DESs. The second one is related
to the entire lifetime of the stuff.

The first remarkable idea is that available toxicity data of
DES are considerably less as compared to those of ionic
liquids.® Using a mtk-QSTR model for predicting the toxicity
and antimicrobial properties of several DES against various
biological species, a particularly good overall accuracy and
predictivity has been obtained with an external validation set.

With the possible application of DES as routine solvets in
the cosmetic®® and pharmaceutical sectors,®® some studies
have been made to evaluate the response of human cells
exposed to DES. Such responses in terms of cytotoxicity are still
very incomplete and it is difficult to obtain solid conclusions.”*”

In the case of NADESs because of the natural origin of its
starting materials, they are generally less toxic than DES" and
much of them are considered biodegradable. All starting
components of NADESs are easily metabolized by different
organisms in nature. but numerous studies indicate that,
depending on the choice of components used for their
preparation, they also possess a certain degree of toxicity, and
some of them cannot simply be considered “rapidly biodegrad-
able”. For all this, in order to make the most of these new types
of solvents and expand their applications, it is necessary to
understand in depth the mechanisms of DESs and NADESs in
their biotoxicity and biodegradation, to look for more compo-
nents with superior biosecurity and biocompatibility, and to
create a database of DESs and toxicity for their biodegradation.

ChemistryOpen 2021, 10, 815-829 www.chemistryopen.org

5. Application of DES

Deep eutectic solvents can be effectively adapted and designed
to provide the appropriate properties for many applications of
interest creating specific mixtures for each case. The variety of
HBA and HBD species combined with the different molar
proportions provide countless possibilities to use them in many
areas such as catalysis, organic synthesis, dissolution, purifica-
tion and extraction processes, electrochemistry, new materials
chemistry etc. A subclass of traditional DES are referred as
hydrophobic DES (HDESs), to resolve the issue of instability in
contact with water. The HDESs have been extensively studied
for the isolation and extraction of volatile fatty acids, heavy
metals, and bioactive compounds from aqueous solutions.”"

In the next paragraphs some applications of DES in several
key fields of relevance will be described.

5.1. Synthesis and Purification of Fuels

Deep eutech solvents have facilitated the process of biodiesel
synthesis®”>7 and purification.”*”® A key factor of biodiesel
synthesis is to successfully carry out the separation of glycerol
and base traces from a biodiesel from crude reaction The most
common DESs for this purpose are ChCl/2,2,2-trifluoroaceta-
mide, ChCl/Glycerol and ChCl/Ethylene glycol. FOr example,
With DES formed by ChCl/2,2,2-trifluoroacetamide, biodiesel is
produced as a major product, with a high performance, and on
the other hand DES along with impurities of the reaction.”

In the field of fuel purification DESs has been tested in the
extraction of aromatic hydrocarbons from reformer and
pyrolysis gasolines with several choline chloride-based DES and
different hydrogen bond donors. This procedure could work at
moderate temperatures at a bulky scale in this way.”” In this
field, preliminary investigations have been carried out with
DESs to remove sulfur compounds from fuels.”®

5.2. Graphene Exfoliation

One of the main applications presented by DESs is the
exfoliation of graphene.”*® Graphene is usually obtained from
adhesive tape placed on graphite and other synthesis methods
based on graphite oxidation. However, these methods have
great disadvantages, since with these methods graphene is
obtained with structural defects and, in addition, require energy
treatments with high toxicity, so it has led to the need to use
new methods.

The use of DES for exfoliating graphene has been very
useful, presenting important advantages, the most important to
highlight is that you get a product (graphene exfoliated) of
high quality because, throughout the process, there is no
chemical transformation, in addition this process is simple,
which facilitates the synthesis method and the estimated
reaction time. The DES used is formed by choline chloride and
ethylene glycol in a molar ratio of 1:2, which provides low
melting points and low viscosity. All of this makes the Graphene

820 © 2021 The Authors. Published by Wiley-VCH GmbH
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synthesized exfoliated, from this method, is compatible with
the elaboration of polymeric composite materials, which are
mostly used for energy storage, in addition to their use in the
electronics, optical and catalysis industries.

A recent example of DES application in this area is the liquid
ball milling exfoliation technique used for the preparation of
defects-free multi-layer graphene samples in choline chloride-
urea system 2"

5.3. Recycling Polymers

Nowadays there is a huge market for products made of
polymeric plastics. They have great advantages, such as their
low cost and easy manufacturing, however, they have a serious
environmental impact, in two senses:

1. Most of them are produced from the petrochemical industry

(non-renewable sources).

2. Once the useful life of the plastic-made object is finished,
many polymers are hardly biodegradable.

There is, opportunity to explore polymer synthesis and
recycling in environmentally friendly, renewable solvents as
DES.®

Polyethylene terephthalate (PET) is of the most commonly
used thermoplastic polymer used to prepare fibers, packaging,
bottles for water and carbonated soft drinks etc.®® Recycling
process has taken on great importance, to obtain again high
value products from waste matter by depolymerization of
polymer into its monomers, in order to obtain the former
polymer (Scheme 1).

To achieve this reaction it is necessary to carry out the
hydrolysis of the polyester chain in basic or acidic media. The
DES formed by ZnCl,/Urea procures by itself the acidic media
and simultaneously, the interaction between hydrogen of the
hydroxyl group and the oxygen of urea molecules, increases
the nucleophilic character of oxygen.®** The coordination of
PET carboxylic oxygen with zinc promotes electrophilia. PET
degradation gives bis terephthalate (2-hydroxyethyl) monomer
(BHET) which is very useful for new syntheses of unsaturated
polyester and PET resins.

o) (0]
o] C o}
o~/ BHET \on

Scheme 1. PET degradation.
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5.4. Preparation of Antibacterial Materials

Some studies have been carried out to evaluate the application

of DES with antibacterial activity. Two examples of these

interesting properties can be found in literature in two

directions.

a) The intrinsic antibacterial properties of DES

b) Their use of DES in formulations of different materials to
take advantage of DES as biocides

The antimicrobial activity of the formulations based on
capric acid and lauric acid formulations have shown a relevant
antimicrobial activity towards the gram-positive bacteria.”*5?
Such properties provide a great potentiality of DES as effective
substitutes of currently applied infection prevention/treatment
protocols.

According to the second item it has been described in
literature the preparation of benzalkonium chloride (BC) and
acrylic acid (AA) mixtures form a deep eutectic with antibacte-
rial activity, that incorporated into dental resin composites
procure antibacterial dental materials with better biocompati-
bility and long and long durability.®”

5.5. Synthesis of New Materials

In new material manufacturing, DESs have great advantages

over traditional organic solvents and ILs.

e Its preparation is simple and inexpensive.

e They are environmentally friendly.

e They are not water-reactive, making it easy to store.

o Its ability to generate new structures by developing various
functions simultaneously (solvent, catalyst, precursor or
supplier of chemical species or molecules, managing agent
of structure, reagent for the formation of crystalline lattices,
etc.).

All this gives rise to a wide range of possibilities in the
synthesis of materials assisted by DESs. Some recent publica-
tions have been done, for example, in the synthesis of nano-
particles (NPs),*%°% MOFs (organo-metallic structures)®*? and
structured porosity carbons,”®  DESs contribute to
supramolecular organization many new materials based on the
formation of hydrogen bridges between the reactions compo-
nents, providing a proper environment that helps to control
shapes and sizes, stabilizing agents throughout the process, etc.
which is essential for the production of materials with different
physicochemical and functional properties.®

5.6. Carbon Dioxide Fixation and Removing

CO, emissions are an important environmental concern. DESs
have been studying very affordable systems for CO, absorption.
A series of DESs with various hydrogen-bonding donor-acceptor
pairs are being tested as CO,-capturing solvents.”*"”

Based on solubility values of CO, recovered in literature,
Choline chloride/urea DES is a potential medium to resolve
another problem such as efficient CO, removal in natural gas

821 © 2021 The Authors. Published by Wiley-VCH GmbH
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and flue gas separation processes replacing the current amine-
based absorption technology.®®

5.7. Extraction and Separation of Bioactive Compounds with
DES

DESs are gaining relevance for extraction of many molecules
from natural sources with several purposes: obtaining raw
materials, analytic procedures, separation and purification
techniques etc. They may be considered as an incipient
alternative to classical extraction or separation methods with
organic solvents.

Many value-added products must be obtained from bio-
mass but not directly. Some pre-treatments are necessary to
dissolve biomass polymers, mainly cellulose and lignin, as a
previous step to convert biomass into high value-added fuels
and chemicals.””'® DESs are capable of performing those
pretreatments."®” In the case of lignin extraction from biomass,
choline chloride-based DES has shown remarkable efficiency in
the separation of hemicellulose.

Because of DESs physicochemical properties, biodegradabil-
ity, low toxicity and lower price, DESs may be used to extract
specific bioactive compounds, such as flavonoids,"® phenolic
acids" and polyphenols"® from various types of natural
sources, favoring their synthesis and production, for use as
antioxidant, anti-inflammatory, antibacterial, etc. (Figure 3).

It can be found in literature many specific examples about
the use of DES in sample microextraction preparation,'® the
extraction and separation of natural products,"® bioactive

compounds,'®'7 food analysis,"® protein partitioning,"*”
[111]

lignin separation”'” or obtention of cellulose nanocrystals.
In the pharmaceutical industry, DESs are being taken into
account for the development of methods for the extraction,
separation and delivery of bioactive compounds.
In addition to their use in the pharmaceutical industry,

DESs shows a promising future for the production of
114,

68,112,113]

[67,115]

agrochemicals,"™ cosmetics®’ and nutraceuticals.

EXTRACTION )

ISOLATION l
1 ( BIOACTIVE
( MOLECULES

Figure 3. Schematic representation of extraction of bioactive molecules with
DES.

-{| —
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6. Organic synthesis in DESs

Many organic reactions have benefited from the versatility of
DESs, that procure an ideal reaction media for reactions and
sometimes plays a double role because the presence of metallic
salts givethem characteristic acid catalysts simultaneously.!''*"”

A summary of some of the common reactions in organic
synthesis that have been performed with DESs are outlined
below. Such description may give an idea about the stay of the
art of organic synthesis using DESs.

6.1. Redox Reactions

Redox reactions are reactions frequently used for functional
groups interconversion. Oxidation of alcohols to aldehydes or
ketones is a can be performed in choline chloride/urea at room
temperature or at 60°C with NBS, with the added value that
selective oxidation of secondary alcohols in the presence of
primary alcohols can be achieved"'® (Scheme 2).

Deep eutectic solvent supported TEMPO (DES-TEMPO)
composed of N,N-dimethyl- (4-(2,2,6,6-tetramethyl-1-oxyl-4-pi-
peridoxyl) butyl)dodecyl ammonium salt and urea constitute an
efficient catalytic system for the oxidation of alcohols to
aldehydes or ketones with molecular oxygen™® without any
other solvent (Scheme 3).

Green oxidation of toluene may be performed by hydrogen
peroxide and several catalysts choline chloride based deep
DES." Depending on reaction conditions, or catalist, several
products may be obtained (Scheme 4).

A remarkable area related to Green Chemistry is the
preparation of high value syntons from renewable sources as a
real alternative to the petrochemical industry."*"'?*! In this DES
can play a relevant role, both as a solvent for extraction and
reaction media for biomass derivatives transformation. As
example on this area it can be described these two examples of
oxidative transformations:

a) The furfural conversion to maleic acid and fumaric acid in

DES formed from oxalic acid and choline chloride

OH 1eq. NBS 0
—_—

choline chloride/urea

Scheme 2. Oxidation of alcohols with NBS in choline chloride urea.

“Ne~~,
X
N H,N” ~NH,
OH o i
R1)\ Ro Ri™ R
Fe(NO)3.9H,0 , O, /ATMOSPHERIC PRESSURE
Scheme 3. Oxidation of alcohols in DES-TEMPO system.
822 © 2021 The Authors. Published by Wiley-VCH GmbH


https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry/solvent-selection-tool.html

Chemistry
Europe

European Chemical
Societies Publishing

Minireviews

ChemistryOpen doi.org/10.1002/0pen.202100137

(ChC''®14 hoth are valuable molecules, used for example
in the in the synthesis of polymers (Scheme 5).

b) The transformation of cellulose into gluconic acid with
gluconic acid self-precipitation in a family of FeCl;-6H,0
based catalytic deep eutectic solvents*’ (Scheme 6).
Reduction reactions can be performed in DES on a variety of

substrates and reactives. Sodium borohydride reduction of

carbonyl compounds and epoxides may be carried out with a

green protocol for the regioselective and chemoselective trans-

(" COOH CHO
CH
®  DES
—
Catalyst < CH, CH,4
cl OH
g

Scheme 4. Oxidation of toluene with H,0, in DES.

H202
0 X
ChCl -Oxalic acid
Scheme 5. Fumaric and maleic acids from furfural.
FeCl, FeCl;
OH
OH ‘\/ OH OH
HYDROLISY M to o — Ho. X _“._cooH
oH OH Oxidation 6H 6H
GLUCONIC ACID
Scheme 6. Gluconic acid from cellulose.
o R NaBH,, 60°/ 180min OH  NaBH,, rt/5-40 min o)
R TR el nd
ChCl/Urea
it 7509,
Scheme 7. Reduction of epoxides and carbonyl compounds.
o Ra~NH
X
| R NaBH, N R,
+# HoN-Ry, —— % o ||
= 2 3 '
R ChCl
2 Ro
89-98%
o) ChCl/Urea
L+ ReN, arh
R4 R» NaBH, (1mmol) R
2

MeOH (2 mL)

Scheme 8. Reductive amination of aromatic carbonyl compounds.
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formation of epoxides and carbonyl compounds, in choline
chloride/urea with good to excellent yields"* (Scheme 7).

Very similar conditions procure the reductive amination of
carbonyl compounds Two examples are shown in Scheme 8 for
aromatic carbonyl compounds and aldehydes.

The reductive amination of aldehydes in ChCl/Urea takes
place with sodium borohydride as a reducing agent to give
secondary amines with high selectivities and good yields."?”!

6.2. Hydrogenations

Some work has been done, using DES for hydrogenation
reactions. For example, and effective approach for the selective
synthesis  2,5-bishydroxymethylfuran ~ (BHMF)  from  5-
hydroxymethylfurfural (HMF) by solvent-free hydrogenation in a
deep eutectic mixture consisting of HMF (75wt %) and choline
chloride (ChCl). Selectivity of such conversion goes up to 94.6 %
over Raney Co at 100°C. BHMF can be transformed into
bishydroxymetyltetrahydofuran (BHMFHF) in a subsequent
reduction in the reaction conditions"® (Scheme 9).

Choline-based DES have been used for hydrogenation
reactions with other strategies, such as microencapsulation of
catalysts in the hydrogenation of unsaturated compounds with
Pd-CHCI: TA@SiO, microcapsules.?”

6.3. Carbamate Synthesis

DES has been used in the efficient synthesis of carbamates with
carmon dioxide as reagent. This method is green and attractive
solvent/catalyst system for the preparation of this family of
compounds™® (Scheme 10).

6.4. Alkylations

The classic Friedel-Crafts reaction has been carried out for the
synthesis of triarylmethanes (TRAMs) and diarylalkanes (DIAAs)
choline chloride-zinc chloride ([ChCl][ZnCl,],) based DES. The
DES plays the role of solvent and Lewis acid and can be reused
directly without any activation process five cycles, and the yield
is in all cases upper than 89%"" (Scheme 11).

HO. fo) H2 HO (o) H2 HO (0]
o OH OH
HMF BHMF BHMTFH

Scheme 9. Hydrogenation of hydroxymethyl furfural.

H
NH, co, N \n/o\/
T Br _— (o]

ChCl/znCl 1:2

Scheme 10. Carbamate synthesis in a DES.
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Ar family of DES as a solvent alkylating agent, and catalyst at the
DES i [134] .
ArH + RCHO R/I\Ar same time"** (Scheme 14)

Triarylmethanes /Diaryalkanes

Scheme 11. Alkylation on aromatic molecules.

6.5. Halogenations

As an example of halogenation reaction in a DES can be taken
in account the bromination of 1-aminoanthra-9,10-quinone
(Scheme 12). It has eliminated any Volatile organic solvent and
the use of concentrated acids like H,SO,, frequently employed
as catalysts in these reactions using a simple ammonium deep
eutectic solvent.*?

6.6. Esterification and Trans-Esterification

Several procedures for the esterification and transesterification
reaction with DESs have been described in literature. These
methods procure simple protocols, in many cases one of the
components of DES is itself the necessary catalyst, and in many
others the reaction media is compatible with the use of
biocatalysts.

Described below are three significant examples of esterifica-
tion reactions using DES, one with a DES formed with metallic
sal that procures acidic media, the other when DES delivers all
the components necessary for the reaction, except carboxylic
acid, and the last one, an example of biocatalysis for the
reaction. The following examples show the potentiality of the
DES application in this area.Formic and acetic acids are able to
give esteres in the DES formed with choline chloride/chromium
(Il chloride hexahydrate when mixed with alcohols at room
temperature with good yields!"*® (Scheme 13).

Other example of esterification reaction on carboxylic acids
has been carried out with a quaternary ammonium salt of deep
eutectic solvent (DES) which opens an access to esters using a

oS - ol

1-aminoanthracene-9,10-dione amino mono/dibromo anthraquinone

Scheme 12. Bromination of 1-aminoanthra-9,10-quinone.

o
o DES
/\/\OH + )J\ . /\/\O)J\R
R "OH rt
Yield: 99%

R=H or CH;

Scheme 13. Esterification of acids in choline ChCl/Cr;Cl.6H,0.
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Because of the biocompatibility of many DESs, some experi-
ments have been developed using enzymes in esterification
and trans-esterification reactions. Enzymatic esterification of
racemic menthol with lauric acid in the presence of Candida
rugosa lipase (CRL)reached up to 44 % after 3 h of reaction and
an enantiomeric excess of the ester of 62%"* (Scheme 15).
Racemic menthol and lauric acid form insitu a DES that
provides the separation of the mixture.

Transesterification reactions can be performed with DES. As
an example of such reactions are the synthesis of glycolipids.
These products have paid attention in recent years as a way to
prepare biodegradable surfactants. The enzymatic synthesis of
glucose monodecanoate with two hydrophilic DES (choline:urea
and choline:glucose) has been described in the presence of
Candida antarctica lipase with vinyl decanoate'*® (Scheme 16).

Transesterification reaction in DES has been used for the
enzymatic biodiesel production from waste oils considering the
procedure as an alternative to conventional production
methods*”7>*® in most cases focused on enzymatic reactions.

6.7. Condensations

C—C bond formation is a key strategy in organic synthesis
because it lets us build complex molecules from simpler
structures. DESs has also been used in these reaction types and
a lot of work has been done about.* Then, several examples
will be described.

The well known aldol condensation reaction has been
carried out on substituted benzaldehydes with aliphatic ketones
in choline chloride/glycerol mixtures catalysed with porcine

DES (R,);NX / HBD

R,COOH R,COOR,
2 h, 140°C

R = alkyl, aryl

Scheme 14. Esterification reaction with quaternary ammonium salt DES.

3h/37 C

- CO0H

gmd

62 % ee
48 % ee

Scheme 15. Enzymatic esterification of racemic menthol.

Q
(o]
HQMOH /U\/\/\/\/\/
OH
Candida antarctica lipase o
Q
’ 0 “O%OH
HO
/\/\/\/\)I\ o OH

Scheme 16. Transesterification reactions can be performed with DES.
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pancreas lipase (PPL) to give the aldol product high yields. DES
shows excellent compatibility with PPL™® (Scheme 17).

DES was obtained from 3-(cyclohexyldimethylammonio)
propane-1-sulfonate and (15)-(+)-10-camphorsulfonic acid (SB3-
Cy/CSA) as a reaction media and catalyst for carbon-carbon
bond formation reaction via Claisen-Schmidt condensation.""!

Another example of condensation reaction with DESs has
been developed. by Qin et al. in an halogen-free deep eutectic
solvent (DES) for the well known Knoevenagel condensation
between aromatic aldehydes and active methylene compounds
at room temperature™? using as DES imidazole (Im) and p-
toluenesulfonic acid (PTSA) (Scheme 18).

6.8. Nucleophilic Substitutions

Nucleophilic substitution is another classic reaction in organic
synthesis that can be performed with DES. A convenient
approach to the direct nucleophilic substitution reactions of
alcohols, has been described using ChCl and ZnCl, in a molar
ratio 1:2 that as in other cases play as dual role of solvent and
catalyst to obtain the final products with excellent isolated
yields of 95% (Scheme 19).

6.9. Diels-Alder Reactions
Several DESs have been tested for the Diels-Alder reaction,
using N-ethylmaleimide as dienophile and changing the nature

of the diene under both conventional heating and ultrasonic
activation. Using ultrasonic activation in combination with DES

(0]

(o} OH O
R1)J\R2
R = H R =
Z Porcine pancreas lipase Z
DES

Scheme 17. Enzymatic aldol condensation.

Scheme 18. Knoevenagel condensation between aromatic aldehydes and
active methylene compounds.

2 5o oo

By-roduct

Scheme 19. Nucleophilic substitution in ChCl/ ZnCl,.
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proved good yields in drastically reduced reaction times!'*

(Scheme 20).

6.10. Cyclizations

Ciclization reactions have been developed with DES as reaction
media. The Nazarov cyclization of the model substrate 2,4-
dimethyl-1,5-diphenylpenta-1,4-dien-3-one has been optimized
in deep eutectic mixtures containing triphenylmeth-
ylphosphonium bromide (TPMPBr) and acetic acid or ethylene
glycol as hydrogen bond donors.™ This reaction has been
extended using NDES formed from choline chloride and
carboxylic acids"*' (Scheme 21).

6.11. Glycosylations

DES have been used as reaction media for the synthesis of alkyl
glycosides catalyzed by thermostable a-amylase from Thermo-
toga maritima Amy A. The enzyme was almost completely
deactivated when assayed in a series of pure DES, but as
cosolvents, DES containing alcohols, sugars, and amides as
hydrogen-bond donors (HBD) performed best."*

6.12. Peptide Synthesis

DESs have proved to be a good alternative to traditional
organic solvents and in many biocatalytic processes,"*” includ-
ing enzymatic peptide synthesis. An example of enzymatic
peptide synthesis is the choline chloride based DES as a
neoteric solvent."* An indirect procedure has been proposed
for prebiotic replication of nucleic acids, and here are studied as
media for prebiotic translation using NATS as a model. the
storage of DNA-conjugated activated esters in a DES followed
by transfer into aqueous buffer to activate the NATS of peptides
,on demand”. These findings, together with the reported
functions of DESs in prebiotic processes.'*'*

OH o

DES
& | N-Et —_— OH
Ultrasound
; O

anthracen-9-ylmethanol 1-ethyl-1H-pyrrole-2,5-dione

Scheme 20. Example of Diels-Alder reaction in DES.

o 0
R4 R3 NDES Ry
| | —_— R3
R R R
2 4 2 R4

Scheme 21. Cyclization with NDES.
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6.13. Polymerization

DES may be used in polymer chemistry with three roles."™”
a. As a reaction media in polymerization reactions.
b. As monomers in the synthesis of copolymers.'*"
c. As media for modification a preexisting polymer.

An early example of polymerization using DES as reaction
media was published in the synthesis of polyaniline polymer by
electrochemical polymerization in an inorganic DES mixture
formed by NH,F-HF."*? Some examples about this methodology
can be found in literature.'*>'*

6.14. Multicomponent Reactions

A domino reaction is a process involving two or more bond-
forming transformations (usually C—C bonds) which take place
under the same reaction conditions without adding additional
reagents and catalysts, and in which the subsequent reactions
result as a consequence of the functionality formed in the
previous step.'**

Multicomponent Reactions (MCRs) are considered as a
subclass of domino reactions, one in which three or more
molecules react to form a single product in a one pot
reaction.**** They are an important tool in organic synthesis
to obtain complex structures in one pot reaction, often used for
the preparation of chemical libraries of functionalized
heterocycles*'>” or heterocycles based scaffolds™® throw
combinatorial chemistry processes.Under the perspective of
green chemistry MCRs are specially convenient because of their
high selectivity, and excellent atom-economy.™® Sustainability
of these reactions may be improved when DES are used as
reaction media. In many cases the solvent acts as an acidic
catalyst.

The classic Biginelli, Ugi and Passerini multicomponent
reactions have been carried out using DES and some examples
can be found in literature.

Biginelli is a three-component reaction between an alde-
hyde, a B-ketoester and urea with acid catalysis. This reaction
has been performed with several mixtures of HBD and HBA as
reaction media in the synthesis of 3,4-dihydropyrimidin-2(1H)-
one and thiones derivatives®®'®" (Scheme 22).

Ar

o o o X DES R,0C
+ + — NH
Ar)J\H R1)I\/lLR2 HZNJLNHZ " ‘ N/&X
' H
X=0,S
Scheme 22. Biginelli reaction in DES.
PhCHO PhNH, O Ph H
DES (1 mL) L N
+ - - Ph N “CgHyy
rt, 3h Ph O

PhCOOH CgHyNC

Scheme 23. Ugi reaction.
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Ugi is a four-component reaction that has been extensively
investigated for the preparation of compounds with pharma-
ceutical interest. Such reaction can be carried out for example
with Choline chloride/Urea showing higher yields than conven-
tional solvents'®? (Scheme 23).

The synthesis of a-acyloxyamides may be performed with
Passerini reaction. The a-acyloxycarboxamide scaffold is present
in many natural products as well as in pharmacologically active
substances. This reaction can be accomplished in various
choline chloride-based deep eutectic solvents, mixing benzalde-
hyde, benzoic acid and cyclohexyl isocyanide in 1:1:1
proportions, without using any catalysts afforded products in
excellent yield"® (Scheme 24).

The multicomponent domino reactions of ketones, alde-
hydes and malononitrile in a deep eutectic solvent (DES) were
developed. Urea-choline chloride based DES is effective dual
solvents/organocatalysts and affording a series of multisubsti-
tuted cyclohexa-1,3-dienamines®” (Scheme 25).

7. Conclusions

Due to demands for greener technologies, the substitution of
conventional solvents for others less toxic and with lower
environmental impact has become a priority objective for
scientific and manufacturing communities. Deep eutectic
solvents may be considered as a valuable alternative because
they can be easily prepared from affordable starting materials,
reusable in most cases and many of them are completely
biodegradables. They can be used in many fields as a valuable
substitutes of conventional organic solvents to avoid common
inconveniences for the separation or extraction of high value
natural products, and as reaction media for many types of
chemical transformations. Chemists can replace satisfactory,
organic solvents produced by the petrochemical industry by
deep eutectic solvents in conventional reaction conditions, or
when required with ultrasound and microwave irradiation. A
remarkable group of deep eutectic solvents are prepared from
renewable sources, therefore they are biocompatible so they

Choline chloride-based o H
COOH CHO DES N.
+ + R-NC ——— o R
o

Scheme 24. Passerini reaction.

CHO

NC__CN DES CN
2

Nc/\CN 50°, 40 min NH,

CN
71-95%
Scheme 25. Example of multicomponent domino reaction.
826 © 2021 The Authors. Published by Wiley-VCH GmbH


https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry/solvent-selection-tool.html

Chemistry

Minireviews Europe
. . E Chemical
ChemistryOpen doi.org/10.1002/0pen.202100137 Societies Publishing

may be used in enzymatic transformations and show a [26] A.P. Abbott, G. Capper, D. L. Davies, R. K. Rasheed, Chemistry 2004, 10,

romising future in pharmacology and medicine applications. 3769-3774.

p_ 9 P 9y X pP [27] T. Zhekenov, N. Toksanbayev, Z. Kazakbayeva, D. Shah, F. S. Mjalli, Fluid

Literature shows the unstoppable growth of publications that Phase Equilib. 2017, 441, 43-48.

use deep eutectic solvents, so they can be taken into account [28] A.P. Abbott, A. A. Al-Barzinjy, P.D. Abbott, G. Frisch, R.C. Harris, J.

as a valuable tool in green chemistry. In this review are Hartley, K. S. Ryder, Phys. Chem: Chem. Phys. 2014, 16, 9047-9055.
d ibed f the leadi field h d tecti [29] D.O. Abranches, M. A.R. Martins, L. P. Silva, N. Schaeffer, S.P. Pinho,

escribed some o .e _ea Ing Tields when .eep eu ec Ic J. A. P. Coutinho, Chem. Commun. 2019, 55, 10253-10256.

solvents may be applied in the present and with promising [30] Y. Marcus, Deep Eutectic Solvents, Springer International Publishing
perspectives for the next years 2019, 45-110, DOI 10.1007/978-3-030-00608-2.
[31] G. Milani, M. Vian, M. M. Cavalluzzi, C. Franchini, F. Corbo, G. Lentini, F.
Chemat, Ultrason. Sonochem. 2020, 69, 105255-105266.
[32] F.J.V. Gomez, M. Espino, M. A. Fernandez, M. F. Silva, ChemistrySelect

Conflict of Interest 2018, 3,6122-6125.

[33] F. M. Perna, P. Vitale, V. Capriati, Curr. Opin. Green Sustain. Chem. 2020,

. . 21,27-33.

The authors declare no conflict of interest. [34] Y.T. Liu, Y.-A. Chen, Y.-J. Xing, Chin. Chem. Lett. 2014, 25, 104—106.

[35] M. Jablonsky, V. Majova, K. Ondrigova, J. Sima, Cellulose 2019, 26,

. . ) 3031-3045.

Keywords: alternative solvents - biocompatible solvents - deep  [36] A.P. Abbott, R. C. Harris, K. S. Ryder, C. D'’Agostino, L. F. Gladden, M. D.
eutectic solvents - green chemistry - sustainability Mantle, Green Chem. 2011, 13, 82-90.

[37] V. Migliorati, F. Sessa, P. D’'Angelo, Chem. Phys. Lett. 2019, 2, 100001-

100009.

[38] S. Mainberger, M. Kindlein, F. Bezold, E. Elts, M. Minceva, H. Briesen,

[11 M. Townsend, The Quiet Revolution: Towards a Sustainable Economy, Mol. Phys. 2017, 115, 1309-1321.

Greenleaf, 2017. [39] O.S. Hammond, D.T. Bowron, K. J. Edler, Green Chem. 2016, 18, 2736-

[2] P.T. Anastas, J. C. Warner, Green Chemistry: Theory and Practice, Oxford 2744.

University Press, 2000. [40] A.P. Abbott, G. Capper, D.L. Davies, R.K. Rasheed, V. Tambyrajah,

[3] J. V. Rodricks, Calculated Risks: The Toxicity and Human Health Risks of Chem. Commun. 2003, 70-71.

Chemicals in Our Environment, Cambridge University Press, 2006. [41] D. Shah, F.S. Mjalli, Phys. Chem. Chem. Phys. 2014, 16, 23900-23907.

[4] R. A. Sheldon, ACS Sustainable Chem. Eng. 2018, 6, 32-48. [42] H. Zhao, G. A. Baker, S. Holmes, Org. Biomol. Chem. 2011, 9, 1908-1916.

[5]1 N.P. Cheremisinoff, Industrial Solvents Handbook, Revised And Ex- [43] A.P. Abbott, D. Boothby, G. Capper, D. L. Davies, R. K. Rasheed, J. Am.
panded, CRC Press, 2003. Chem. Soc. 2004, 126, 9142-9147.

[6] E. Mullins, Organic Solvents: Properties, Applications, and Health Effects, [44] M. A. Kareem, F.S. Mjalli, M. A. Hashim, I. M. Al Nashef, J. Chem. Eng.
Nova Science Publishers, 2017. Data 2010, 55, 4632-4637.

[7] Technical Overview of Volatile Organic Compounds, U.S. Epa, OAR, [45] A. Paiva, R. Craveiro, I. Aroso, M. Martins, R. L. Reis, A. R. C. Duarte, ACS
2014. https://www.epa.gov/indoor-air-quality-iag/technical-overview- Sustainable Chem. Eng. 2014, 2 (5), 1063-1071.
volatile-organic-compounds. [46] T. Jelinski, M. Przybytek, P. Cysewski, Pharm. Res. 2019, 36, 116-126.

(8] J. Williams, R. Koppmann, Volatile Organic Compounds in the Atmos- [47] G. Garcia, S. Aparicio, R. Ullah, M. Atilhan, Energy Fuels 2015, 29, 2616~
phere, Blackwell Publishing Ltd, 2007, 1-32. 2644.

[9] 'VOC Solvents Emissions Directive - Environment - European (48] B. Gurkan, H. Squire, E. Pentzer, J. Phys. Chem. Lett. 2019, 10, 7956~
Commission’, 2012. https://ec.europa.eu/environment/archives/air/sta- 7964.
tionary/solvents/exchange.htm. [49] M.K. AlOmar, M. Hayyan, M.A. Alsaadi, S. Akib, A. Hayyan, M.A.

[10] D. Prat, J. Hayler, A. Wells, Green Chem. 2014, 16, 4546-4551. Hashim, J. Mol. Lig. 2016, 215, 98-103.

[11] ‘Solvent Selection Tool - American Chemical Society’, can be found [50] X. Meng, K. Ballerat-Busserolles, P. Husson, J-M. Andanson, New ..
under  https://www.acs.org/content/acs/en/greenchemistry/research- Chem. 2016, 40, 44924499,
innovation/tools-for-green-chemistry/solvent-selection-tool.html. [51] B. Nowosielski, M. Jamrégiewicz, J. tuczak, M. $miechowski, D.

12] M. Obst, B. Kénig, Eur. J. Org. Chem. 2018, 4213-4232. Warmifiska, J. Mol. Lig. 2020, 309, 113110-113122. '

131 F. Jerome, R. Luque, Bio-Based Solvents, John Wiley & Sons, 2017. [52] K. Shahbaz, F.S. Mjalli, M. A. Hashim, I. M. AINashef, Thermochim. Acta

14] F. G. Calvo-Flores, M. J. Monteagudo-Arrebola, J. A. Dobado, J. Isac- 2011, 515. 67-72
Garcia, Top. Curr. Chem. 2018, 376, 1-40, DOl 10.1007/s41061-018- P .

: ' ! ! [53] B. Jibril, F. Mjalli, J. Naser, Z. Gano, J. Mol. Lig. 2014, 199, 462-469.
0191-6. .
. ) . . . . [54] R.B. Leron, M.-H. Li, J. Chem. Thermodyn. 2012, 54, 293-301.
(13l 5{'}2’ Arijapr;;?:t,io?').s ﬁggfrx” segpsfgzeczt(’; g""’e”“' Synthesis, Properties, 1551 a b Abbott, J. C. Barron, K. S. Ryder, D. Wilson, Chem. - Eur. J, 2007, 13,
. ! ’ ’ 6495-6501.
16l I]E.]I(.).SZSmlth, A.P. Abbott, K.S. Ryder, Chem. Rev. 2014, 114, 11060- [56] F.S. Mijalli, J. Naser, Asia-Pacific Journal of Chemical Engineering 2015,
’ . . 10, 273-281.

[17] B.B. Hansen, S. Spittle, B. Chen, D. Poe, Y. Zhang, J. M. Klein, A. Horton, ’ . L . .
L. Adhikari, T. Zelovich, B.W. Doherty, B. Gurkan, E.J. Maginn, A. [571 26:-1:9‘:\7?k]hgssh,2l(().2Parvaneh, S. Raeissi, A. Shariati, Fluid Phase Equilib.
Ragauskas, M. Dadmun, T.A. Zawodzinski, G. A. Baker, M. E. Tucker- ) BT IS LS . )
man, R. F. Savinell, J. R. Sangoro, Chem. Rev. 2021, 121, 1232-1285. (58] ? BlalI;hzt)(/)azr(l) EéIHf?;:;;h:?éé';;‘R' C. Duarte, S. Raeissi, Fluid Phase

[18] D.O. Abranches, L.P. Silva, M.A.R. Martins, S.P. Pinho, J.A.P. quilib. 2020, 521, . - )

Coutinho, ChemSusChem 2020, 13, 4916-4921. [59] T. Lemaoui, A.S. Darwish, N. El Houda Hammoudi, F.A. Hatab, A.

[19] G. Boeck, ChemTexts 2019, ChemTexts 5(6). Attoui, I. M. Alnashef, Y. Benguerba, Ind. Eng. Chem. Res. 2020, 59, 29,

[20] R. Kohli, Developments in Surface Contamination and Cleaning: 13343-13354. DOI 10.1021/acs.iecr.0c02542.

Applications of Cleaning Techniques 2019, 619-680. [60] D. Reuter, C. Binder, P. Lunkenheimer, A. Loidl, Phys. Chem. Chem. Phys.

[21] A.P.R. Santana, J. A. Mora-Vargas, T.G.S. Guimaraes, C. D. B. Amaral, 2019, 21, 6801‘§809-

A. Oliveira, M. H. Gonzalez, J. Mol. Lig. 2019, 293, 111452-111458. [61] A. Pandey, R. Rai, M. Pal, S. Pandey, Phys. Chem. Chem. Phys. 2014, 16,

[22] Y. Liu, J. B. Friesen, J. B. McAlpine, D. C. Lankin, S-N. Chen, G. F. Pauli, J. 1559-1568.

Nat. Prod. 2018, 81, 679-690. [62] A. Valvi, J. Dutta, S. Tiwari, J. Phys. Chem. B 2017, 121, 11356-11366.

[23] Y. Dai, J. van Spronsen, G.-J. Witkamp, R. Verpoorte, Y. H. Choi, Andl. [63] K. Shahbaz, F.S. Mjalli, M. A. Hashim, I. M. Al Nashef, Fluid Phase Equilib.
Chim. Acta 2013, 766, 61-68. 2012, 319, 48-54.

[24] E.L. Smith, A.P. Abbott, K.S. Ryder, Chem. Rev. 2014, 114, 11060~ [64] Y. Chen, W. Chen, L. Fu, Y. Yang, Y. Wang, X. Hu, F. Wang, T. Mu, Ind.
11082. Eng. Chem. Res. 2019, 58, 12741-12750.

[25] J.S. Wilkes, J. A. Levisky, R. A. Wilson, C. L. Hussey, Inorg. Chem. 1982, [65] R. Haghbakhsh, M. Taherzadeh, A.R. C. Duarte, S. Raeissi, J. Mol. Lig.
21,1263-1264. 2020, 307, 112940-112948.

ChemistryOpen 2021, 10, 815-829 www.chemistryopen.org 827 © 2021 The Authors. Published by Wiley-VCH GmbH


https://www.epa.gov/indoor-air-quality-iaq/technical-overview-volatile-organic-compounds
https://www.epa.gov/indoor-air-quality-iaq/technical-overview-volatile-organic-compounds
https://ec.europa.eu/environment/archives/air/stationary/solvents/exchange.htm
https://ec.europa.eu/environment/archives/air/stationary/solvents/exchange.htm
https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry/solvent-selection-tool.html
https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry/solvent-selection-tool.html
https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry/solvent-selection-tool.html

Chemistry

Minireviews Europe
ChemistryOpen doi.org/10.1002/0pen.202100137 Sociais Pubiehing
ryOp
[66] A. K. Halder, M. D. Natalia, ACS Sustainable Chem. Eng. 2019, 7, 10649- [105] P. Makos, E. Stupek, J. Gebicki, Microchem. J. 2020, 152, 104384-10400.

[101
[102

[103]

[104

10660.

K. M. Jeong, J. Ko, J. Zhao, Y. Jin, Y. Da Eun, S.Y. Han, J. Lee, J. Cleaner
Prod. 2017, 151, 87-95.

S. Emami, A. Shayanfar, Pharm. Dev. Technol. 2020, 25, 779-796.

I. P. E. Macario, H. Oliveira, A. C. Menezes, S. P. M. Ventura, J. L. Pereira,
A. M. M. Gongalves, J. A. P. Coutinho, F. J. M. Gongalves, Sci. Rep. 2019,
9, 3932-3943.

M. Hayyan, Y. P. Mbous, C. Y. Looi, W. F. Wong, A. Hayyan, Z. Salleh, O.
Mohd-Ali, Springerplus 2016, 5, 913-925.

M. H. Zainal-Abidin, M. Hayyan, W. F. Wong, J. Ind. Eng. Chem. 2021, 97,
142-162.

R. Manurung, Taslim, A. G. A. Siregar, Asian J. Chem. 2020, 32, 733-
738.

D. Z. Troter, Z. B. Todorovi¢, D. R. Doki¢-Stojanovi¢, O. S. Stamenkovi¢,
V. B. Veljkovi¢, Renewable Sustainable Energy Rev. 2016, 61, 473-500.

K. Mamtani, K. Shahbaz, M. M. Farid, Fuel 2021, 295, 120604-120620.
R. Manurung, A Syahputra, M. A. Alhamdi, K. Shahbaz, J. Phys. Conf. Ser.
2018, 7028, 012032-012040.

K. Shahbaz, F. S. Mjalli, M. A. Hashim, I. M. Al Nashef, CHEMECA Annual
Conference 2011, 18-21.

M. Larriba, M. Ayuso, P. Navarro, N. Delgado-Mellado, M. Gonzalez-
Miquel, J. Garcia, F. Rodriguez, ACS Sustainable Chem. Eng. 2018, 6,
1039-1047.

F. Lima, M. Dave, A.J.D. Silvestre, L.C. Branco, I. M. Marrucho, ACS
Sustainable Chem. Eng. 2019, 7, 11341-11349.

M. Karimi, S. Hesaraki, M. Alizadeh, A. Kazemzadeh, Mater. Lett. 2016,
175, 89-92.

D. Véasquez-Sandoval, J. Pavez, C. Carlesi, A. Aracena, Fullerenes
Nanotubes Carbon Nanostruct. 2018, 26, 123-129.

B. Yang, S. Zhang, J. Lv, S. Li, Y. Shi, D. Hu, W. Ma, J. Mater. Sci. 2021,
56, 4615-4623.

Y. Nahar, S.C. Thickett, Polymer 2021, 13, 447-471. DOl 10.3390/
polym13030447.

N. A. Barber, Polyethylene Terephthalate: Uses, Properties and Degrada-
tion, Nova Science Pub Inc, 2017.

L. Zhou, X. Lu, Z. Ju, B. Liu, H. Yao, J. Xu, Q. Zhou, Y. Hu, S. Zhang,
Green Chem. 2019, 21, 897-906.

E. Sert, E. Yilmaz, F.S. Atalay, J. Polym. Environ. 2019, 27, 2956-2962.
J. M. Silva, E. Silva, R. L. Reis, A. R. C. Duarte, Sustainable Chemistry and
Pharmacy 2019, 14, 100192-100201.

J. Wang, X. Dong, Q. Yu, S.N. Baker, H. Li, N. E. Larm, G. A. Baker, L.
Chen, J. Tan, M. Chen, Dent. Mater. 2017, 33, 1445-1455.

J.-S. Lee, Nanotechnol. Rev. 2017, 6, 271-278.

L. Adhikari, N.E. Larm, N. Bhawawet, G.A. Baker, ACS Sustainable
Chem. Eng. 2018, 6, 5725-5731.

A. Li, W. Duan, J. Liu, K. Zhuo, Y. Chen, J. Wang, Sci. Rep. 2018, 8,
13141-1350.

P. Li, F.-F. Cheng, W.-W. Xiong, Q. Zhang, Inorg. Chem. Front. 2018, 5,
2693-2708.

M.-Y. Zhao, J.-N. Zhu, P. Li, W. Li, T. Cai, F.-F. Cheng, W.-W. Xiong,
Dalton Trans. 2019, 48, 10199-10209.

G. Carrasco-Huertas, R.J. Jiménez-Riobdo, M. C. Gutiérrez, M. L. Ferrer,
F. Del Monte, Chem. Commun. 2020, 56, 3592-3604.

Y. Wei, P. Wu, J. Luo, L. Dai, H. Li, Ming Zhang, L. Chen, L. Wang, W.
Zhu, H. Li, Microporous Mesoporous Mater. 2020, 293, 109788-109796.
L.I.N. Tomé, V. Baido, W. da Silva, C. M. A. Brett, Applied Materials
Today 2018, 10, 30-50.

Z. Li, L. Wang, C. Li, Y. Cui, S. Li, G. Yang, Y. Shen, ACS Sustainable
Chem. Eng. 2019, 7, 10403-10414.

K. Mulia, S. Putri, E. Krisanti, Nasruddin, AIP Conf. Proc. 2017, 1823,
020022-020030. DOI 10.1063/1.4978095.

R. J. Isaifan, A. Amhamed, Adv. Chem. 2018, 2018, 1-6.

H. Treichel, G. Fongaro, T. Scapini, A.F. Camargo, F.S. Stefanski, B.
Venturin, Utilising Biomass in Biotechnology 2020, 19-48.

D.B. Meneses, G.M. de Oca-Vasquez, J.R. Vega-Baudrit, M. Rojas-
Alvarez, J. Corrales-Castillo, L. C. Murillo-Araya, Biomass Conversion and
Biorefinery 2020, DOI 10.1007/s13399-020-00722-0.

Y. Chen, T. Mu, Green Energy & Environ. 2019, 4, 95-115.

M. C. Ali, J. Chen, H. Zhang, Z. Li, L. Zhao, H. Qiu, Talanta 2019, 203,
16-22.

M. I. Razborsek, M. Ivanovi¢, P. Krajnc, M. Kolar, Molecules 2020, 25,
1619-1633.

C. Bakirtzi, K. Triantafyllidou, D. P. Makris, J. Appl. Res. Med. Arom. Plants
2016, 3, 120-127.

ChemistryOpen 2021, 10, 815-829 www.chemistryopen.org

[106] J. Huang, X. Guo, T. Xu, L. Fan, X. Zhou, S. Wu, J. Chromatogr. A 2019,
1598, 1-19.

[107] Y. H. Choi, R. Verpoorte, Current Opinion in Food Science 2019, 26, 87—
93.

[108] J. Chen, Y. Li, X. Wang, W. Liu, Molecules 2019, 24, 4594-4656. DOI
10.3390/molecules24244594,

[109] Q. Zeng, Y. Wang, Y. Huang, X. Ding, J. Chen, K. Xu, Analyst 2014, 139,
2565-2573.

[110] D. Smink, S.R.A. Kersten, B. Schuur, Sep. Purif. Technol. 2020, 235,
116127-116133.

[111] H. Wang, J. Li, X. Zeng, X. Tang, Y. Sun, T. Lei, L. Lin, Cellulose 2020, 27,

1301-1314.

H. Palmelund, M. P. Andersson, C. J. Asgreen, B. J. Boyd, J. Rantanen, K.

Lébmann, Int. J. Pharm. 2019, 1, 100034-100043.

[113] A. Gutiérrez, S. Aparicio, M. Atilhan, Phys. Chem. Chem. Phys. 2019, 21,
10621-10634.

[114] S. Mouden, P.G. L. Klinkhamer, Y. H. Choi, K. A. Leiss, Phytochem. Rev.

2017, 16, 935-951.

C. Fanali, S. Della Posta, L. Dugo, A. Gentili, L. Mondello, L. De Gara, J.

Pharm. Biomed. Anal. 2020, 189, 113421-113428.

[116] H. Qin, X. Hu, J. Wang, H. Cheng, L. Chen, Z. Qi, Green Energy & Environ.

2020, 5, 8-21.

A.E. Unli, A. Arikaya, S. Takag, Green Processing and Synthesis 2019, 8,

355-372.

[118] N. Azizi, M. Khajeh, M. Alipour, Ind. Eng. Chem. Res. 2014, 53, 15561-

15565.

Y. Zhang, F. LU, X. Cao, J. Zhao, RSC Adv. 2014, 4, 40161-40169.

N. Guajardo, C. Carlesi, A. Aracena, ChemCatChem 2015, 7, 2451-2454.

D. Sengupta, R.W. Pike, Chemicals from Biomass: Integrating Biopro-

cesses into Chemical Production Complexes for Sustainable Development,

CRC Press, 2012.

Top Value-Added Chemicals from Biomass - Volume Il - Results of

Screening for Potential Candidates from Biorefinery Lignin, 2007.

J. J. Bozell, M. K. Patel, American Chemical Society. Meeting, Feedstocks

for the Future: Renewables for the Production of Chemicals and

Materials, Amer Chemical Society, 2006.

[124] Y. Ni, Z. Bi, H. Su, L. Yan, Green Chem. 2019, 21, 1075-1079.

[125] F. Liu, Z. Xue, X. Zhao, H. Mou, J. He, T. Mu, Chem. Commun. 2018, 54,
6140-6143.

[126] N. Azizi, E. Batebi, S. Bagherpour, H. Ghafuri, RSC Adv. 2012, 2, 2289-
2293.

[127] D. Saberi, J. Akbari, S. Mahdudi, A. Heydari, J. Mol. Liq. 2014, 196, 208-
210.

[128] T. Wang, J. Wei, Y. Feng, H. Liu, X. Tang, X. Zeng, Y. Sun, T. Lei, L. Lin, J.
Chem. Technol. Biotechnol. 2020, 95, 1748-1755.

[129] C. Batarseh, A. Levi-Zada, R. Abu-Reziq, J. Mater. Chem. A 2019, 7,
2242-2252.

[130] I. D. Inaloo, S. Majnooni, New J. Chem. 2019, 43, 11275-11281.

[131] A. Wang, P. Xing, X. Zheng, H. Cao, G. Yang, X. Zheng, RSC Adv. 2015,
5,59022-59026.

[132] S. B. Phadtare, G. S. Shankarling, Green Chem. 2010, 12, 458-462.

[133] J. Cao, B. Qj, J. Liu, Y. Shang, H. Liu, W. Wang, J. Lv, Z. Chen, H. Zhang,
X. Zhou, RSC Adv. 2016, 6, 21612-21616.

[134] S. Yasmin, W.-B. Sheng, C.-Y. Peng, A-U. Rahman, D.-F. Liao, M.
Igbal Choudhary, W. Wanga, Synth. Commun. 2018, 48, 68-75.

[135] R. Craveiro, L. Meneses, L. Durazzo, A. Rocha, J. M. Silva, R. L. Reis, S.

Barreiros, A. R. C. Duarte, A. Paiva, ACS Sustainable Chem. Eng. 2019, 7,

19943-19950.

R. Hollenbach, B. Bindereif, U.S. van der Schaaf, K. Ochsenreither, C.

Syldatk, Front. Biomed. Biotechnol. 2020, 8, 382-392.

F. Merza, A. Fawzy, I. AlNashef, S. Al-Zuhair, H. Taher, Energy Reports

2018, 4, 77-83.

I. Wazeer, M. K. Hadj-Kali, I. M. AlNashef, Biorefinery 2019, 185-210.

P. Liu, J.-W. Hao, L.-P. Mo, Z.-H. Zhang, RSC Adv. 2015, 5, 48675-48704.

D. Gonzalez-Martinez, V. Gotor, V. Gotor-Fernandez, Eur. J. Org. Chem.

2016, 8, 1513-1519.

M. Tiecco, R. Germani, F. Cardellini, RSC Adv. 2016, 6, 43740-43747.

H. Qin, Y. Zhou, Q. Zeng, H. Cheng, L. Chen, B. Zhang, Z. Qi, Green

Energy & Environ. 2020, 5, 124-129.

S. Marullo, A. Meli, F. D’Anna, ACS Sustainable Chem. Eng. 2020, 8,

4889-4899.

S. Nejrotti, A. Mannu, M. Blangetti, S. Baldino, A. Fin, C. Prandi,

Molecules 2020, 25(23), 5726-5740. DOI 10.3390/molecules25235726.

[112

[115

Mz

[119
[120
[121

[122

[123

[136

[137

[138
[139
[140

[141
[142

[143

[144

828 © 2021 The Authors. Published by Wiley-VCH GmbH


https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry/solvent-selection-tool.html

Chemistry

Minireviews Europe
ChemistryOpen doi.org/10.1002/0pen.202100137 Socienes puiehing
[145] S. Nejrotti, M. lannicelli, S. S. Jamil, D. Arnodo, M. Blangetti, C. Prandi, [154] L.F. Tietze, G. Brasche, K. Gericke, Domino Reactions in Organic

Green Chem. 2020, 22, 110-117.

Synthesis, John Wiley & Sons, 2006.

[146] A. Miranda-Molina, W. Xolalpa, S. Strompen, R. Arreola-Barroso, L. [155] R. C. Cioc, E. Ruijter, R. V. A. Orru, Green Chem. 2014, 16, 2958-2975.
Olvera, A. Lépez-Munguia, E. Castillo, G. Saab-Rincon, Int. J. Mol. Sci. [156] I. Ugi, A. Domling, B. Werner, J. Heterocycl. Chem. 2000, 37, 647-658.
2019, 20, 5439-5455. [157] Chem. Heterocycl. Compd. 2017, 53, 381-381.

[147] P. Xu, G.-W. Zheng, M.-H. Zong, N. Li, W.-Y. Lou, Bioresour Bioprocess [158] J. D. Sunderhaus, S. F. Martin, Chemistry 2009, 15, 1300-1308.

2017, 4 (1), 34. DOI: 10.1186/540643-017-0165-5. [159] B. Ganem, Acc. Chem. Res. 2009, 42, 463-472.

[148] Z. Maugeri, W. Leitner, P. D. de Maria, Eur. J. Org. Chem. 2013, 2013, [160] N. Azizi, S. Dezfuli, M. M. Hahsemi, TheScientificWorld 2012, 2012, 1-6.
4223-4228. [161] Y. Cui, C. Li, M. Bao, Green Processing and Synthesis 2019, 8, 568-576.

[149] S. Nafez-Pertifiez, T. R. Wilks, Front. Chem. 2020, 8, 41. DOI=10.3389/  [162] N. Azizi, S. Dezfooli, M. M. Hashemi, C. R. Chim. 2013, 16, 1098-1102.
fchem.2020.00041. [163] A. Shaabani, R. Afshari, S. Hooshmand, Res. Chem. Intermed. 2016, 42,

[150] M. Jablonsky, A. Skulcova, J. Sima, Molecules 2019, 24, 3978-4011. 5607-5616.

[151] G. Li, K. H. Row, J. Sep. Sci. 2020, 44, 2, 549-556. DOl 10.1002/ [164] N. Azizi, T.S. Ahooie, M. M. Hashemi, J. Mol. Lig. 2017, 246, 221-224.

[152]

[153]

ChemistryOpen 2021, 10, 815-829

j$5€.202000984.

E. M. Genies, C. Tsintavis, J. Electroanal. Chem. Interfacial Electrochem.
1985, 195, 109-128.

N. Ndizeye, S. Suriyanarayanan, . A. Nicholls, Polym. Chem. 2019, 10,
5289-5295.

Manuscript received: June 8, 2021
Revised manuscript received: June 30, 2021

www.chemistryopen.org

829

© 2021 The Authors. Published by Wiley-VCH GmbH


https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-chemistry/solvent-selection-tool.html

