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A renewed understanding of eco-friendly principles is moving the industrial sector toward a shift in the utilization of

less harmful solvents as a main strategy to improve manufacturing. Green analytical chemistry (GAC) has definitely

paved the way for this transition by presenting green solvents to a larger audience. Among the most promising,

surely DESs (deep eutectic solvents), NaDESs (natural deep eutectic solvents), HDESs (hydrophobic deep

eutectic solvents), and HNaDESs (hydrophobic natural deep eutectic solvents), with their unique features, manifest

a wide-range of applications, including their use as a means for the extraction of small bioactive compounds.

bioactive compounds  environmental extraction  green chemistry  deep eutectic solvent

1. Introduction

As established by the development plan of the UN, there is a need for a more sustainable chemistry that looks after

the environmental impact and sustainability of the methods employed. The new EU environmental policies and

legislations for the period 2010–2050  are calling, in fact, on a drastic reduction in solvents from non-renewable

resources (e.g., fossil fuel): harmful volatile organic compounds’ use, although highly effective in many

applications, must decrease . High toxicity, high flammability, and non-biodegradability,

being their main shortcomings, have exerted an intolerable pressure to the environment via unsustainable

emissions. The green branch of chemistry, through green analytical chemistry (GAC), has investigated this

challenge so far. Guided by 12 principles postulated in 2013 , GAC researchers have continuously strove to

enhance the environmental performance from classical methods. As a result, greener options have emerged over

petrochemicals. In particular, the new generation of ionic liquid (ILs), e.g., deep eutectic solvents (DESs) 

 and natural eutectic solvents (NaDESs) , are overtaking the way in many fields, as also witnessed in

the scholar sector by an increasingly higher number of related publications each year. Indeed, DESs and their

natural equivalents, NaDESs, have found a wide series of applications, including drug discovery  and

drug delivery systems , employment as therapeutic deep eutectic solvents (THEDESs) , production of new

nano-materials , desulfurization of fossil fuels , chromatography , organic synthesis , removal of

environmental contaminants and separation of azeotropes , isolation and fractionation of compounds , and

many more . Likewise, in the food, cosmetic and pharmaceutical industry, following the view of the FAO for a

circular economy based on zero waste, DESs and NaDESs are finding more and more space as a plausible means

to extract bioactive compounds from several natural sources such as plants, vegetables, fruits and animals , as

[1]

[2][3][4][5][6][7][8][9][10][11][12]

[13]

[14][15][16]

[17][18][19] [20]

[21][22][23][24]

[25] [26][27]

[28][29] [30] [31] [32]

[33] [34]

[35]

[36]



Characteristics and Extraction Capacity of Deep Eutectic Solvents | Encyclopedia.pub

https://encyclopedia.pub/entry/55288 2/16

well as from different by-products and waste materials of the food and agri-food chain , with, to date, the majority

of the studies on the discipline focused on the extraction of bioactive small molecules  and only a minority

focused on the DESs’ extraction of bioactive biological macromolecules (e.g., proteins, carbohydrates, and lipids)

.

Solvents designates as ‘green solvents’, such as subcritical water, supercritical fluids, ionic liquids, DESs and

HDESs are all characterized by excellent properties, posing little to no toxicity to human health and to the

environment, being more sustainable and bio-renewable in respect to the already existing hazardous . The two

latter however, which are often defined together with the term DESs  or sometimes also as deep eutectic liquids

(DELs)  or as low-transition temperature mixtures (LTTMs), are the most promising and excel even over

biomass-derived solvents . Furthermore, their natural equivalents, i.e., NaDESs and HNaDESs, among many

pros, for instance, also tend to more easily meet the GRAS (generally recognized as safe) requirements for

solvents by the FDA , being that the chemical nature of NaDESs are fully compliant with the REACH Regulation.

Moreover, it is accepted that DESs and NaDESs are less toxic than most organic solvents, and NaDESs are less

toxic than DESs . DESs have received increasing interest in a wide variety of chemical transformations . In

recent years, considerable attention has been paid to the application of DESs in the formation of amide bonds and

in reactions for the protection of functional groups  (Scheme 1). Furthermore, the possibility of creating

new DESs for specific tasks has aroused great interest both in the field of organic synthesis and metals processing

 and in biomass .

Scheme 1. Organic synthetic process using DESs.
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The peculiar and tailorable features of DESs, their versatility and ease of preparation, have made them gain a lot of

attention especially in the extraction field of valuable compounds: their unique super-molecular structure manifests

high affinity towards various classes of molecules, resulting in high solubilization power, extraction efficiency, and

stabilizing ability .

2. Definition of DESs

DESs have been a real breakthrough in the ground of green chemistry because of Abbott’s group publications 

. The name ‘DESs’ takes its origin from ‘eutectic‘, namely as a mixture of compounds that, at a certain

well-defined composition, displays a unique and minimum melting point in the phase diagram (Figure 1). The

variation in the freezing point at the eutectic composition between a binary mixture of A and B and an ideal mixture

can be quantified as ΔTf. This difference is directly influenced by the strength of the interaction between A and B.

When the interaction is stronger, ΔTf will also be greater in magnitude. According to the most valued definition of

the acronym DESs of Smith et al. , DESs (type I–IV) are salts formed by a eutectic mixture of Lewis or Bronsted

acids and bases which can contain a variety of anionic and/or cationic species—type V of DESs are not

necessarily made by salts but rather by molecular substances. Practically, DESs are formed by mixing, under

certain optimal conditions (temperature and stirring time), two or three solid organic or inorganic compounds that

do behave as hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) so that they liquefy (at a specific

molar ratio) and form a stable eutectic. Depending on the type of the DES complexing agent, there are four/five

types of DESs according to different authors: (I) quaternary ammonium salt with an anhydrous metal chloride; (II)

quaternary salt with a metal chloride hydrate; (III) quaternary ammonium, sulfonium, or phosphonium salt (HBA)

with an HBD compound; (IV) metal halide with an HBD; (V) ‘non-ionic DES‘ that are those in which both

components are molecular substances . In Figure 2, some common HBDs and HBAs in DES formation are

reported; Table 1 summarizes instead the five mentioned DESs types.
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Figure 1. Schematic representation of a eutectic point on a two-component phase diagram .[60]
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Figure 2. Structures of some halide salts (HBAs in red) and (HBDs in blue) for DESs formation.

Table 1. Classification of the five DESs ty .[45]

Type General Formula Terms

I Cat X  zMCl M = Zn, Sn, Fe, Al, Ga, In

II Cat X  zMCl  H O M = Cr, Co, Cu, Ni, Fe

III Cat X  zRZ Z = CONH , COOH, OH

IV MCl  RZ M = Al, Zn and Z = CONH , COOH

V Non-ionic DESs Composed only of molecular substances

+ −
x

+ −
x y 2

+ −
2

x 2
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With that being said, the most common type of DESs is type III, in which choline chloride (ChCl) constitutes the

quaternary ammonium salt, acting as HBA and either urea, polyalcohols, sugars, amides, organic acids, or PCs are

the HBD species. DESs type I and II are used to synthesize hydrophilic DESs, whilst DESs type III and IV are used

for hydrophobic DESs . ‘Natural‘ DESs or NaDESs are instead considered as being DES derivatives . The

term was coined to distinguish such a liquid made by primary or secondary metabolites of cells; this means that

NaDESs are solvents prepared using natural components from cell metabolism. Over 135 primary metabolites

based on NaDESs have been found, characterized by high polarity and hydrophilicity . This has led to the

hypothesis that the existence of natural DESs in living organisms might play an important role as a liquid phase for

solubilizing, storing, or transporting non-water-soluble metabolites in living cells and organisms. Recently, another

class of eutectic solvents has emerged for the extraction of phenolic compounds; these solvents are known as

hydrophobic deep eutectic solvents (HDESs) and hydrophobic natural deep eutectic solvents (HNaDESs) ,

which are based respectively on, as HBA species, either quaternary ammonium salts with long alkyl chains or

hydrophobic natural compounds, both coupled to hydrophobic HBDs such as carboxylic acids or alcohols with long

alkyl chains, giving the solvent hydrophobic character. HDESs can be useful for the extraction of some PCs with

nonpolar characteristics such as tocopherols ; HNaDESs have been employed for the purification of OMWW

from endogenous phenol .

3. Brief Resumé on the Advantages of DESs over ILs

Research on DESs blew up in the early 2000s to attempt to overcoming the at least questionable and weak green

character of ILs. In fact, although over conventional solvents, ILs have been exhibited several pros (such as

negligible vapor pressure, good thermal properties, wide liquid range, wide solubility and miscibility range,

suitability for chemical reactions, and good recycling properties), studies have also highlighted many cons (high

preparation costs for large-scale applications that in some cases are ten times higher than for conventional organic

solvents; similar or higher toxicity than organic solvents and low biodegradability) . On the other hand, DESs are

more inclined towards large scale-up processing, having much easier preparation and greater availability from

relatively inexpensive raw material that does not require the tedious and costly dual-step synthesis of ILs that is not

even devoid of by-products, while also exhibiting superior biodegradability, lower toxicity, chemical inertness with

water, and fine tailorable properties. For these reasons, DESs are more properly considered a class of entirely

newly generated fluids  rather than a subtype of ILs, as for many, the differences between the two outweigh the

similarities. In fact, although DESs and ILs share similar physical properties, such as low volatility, high viscosity,

chemical and thermal stability and non-flammability, they differ in the nature of the constituents, in the methods for

the formation, and in the type of dominant intermolecular forces involved . More detailed information on ILs can

be found in the literature .

4. Green Characteristics of DESs

DESs and NaDESs share very similar physicochemical properties (strong ability to dissolve protic molecules, low

vapor pressure, and miscibility with water, among others). As said, the most common DESs are type III formed by
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ChCl with cheap and safe HBDs, with the most popular ones being urea, ethylene glycol, and glycerol, but other

alcohols, amino acids, carboxylic acids and sugars have also been quite often used . DESs are characterized by

a well-defined composition, which displays a significantly lower melting point in the solid–liquid phase diagram in

respect to those of the pure compounds. The strong decrease in freezing point can span up to 200 °C, as in the

case of the choline chloride:urea DES prepared at a molar ratio of 1:2 that reaches 12 °C, whilst the corresponding

melting points are 302 °C (choline chloride) and 133 °C (urea) . This interesting phenomenon of pure

solid compounds that become liquid (at room temperature or at a temperature below 70 °C) by mixing them in a

certain molar ratio under mild heat, according to the available instrumental analysis so far , is attributed to a

decreased lattice energy due to hydrogen-bonding and van der Waals interactions formation . For instance, in

the case of the mentioned choline chloride:urea DES, the chloride ion of the HBA and the OH group of the HBD

strongly link through hydrogen bonds—this interaction could explain the weakening of the lattice energy of the

system from which the measured marked depression in melting point arises . Having a solvent that is liquid at

room temperature is a plus applicable to an extraction solvent. Another highlight is that the HBA-HBD molar ratio

can influence the melting point. For instance, the choline chloride:urea DES at a molar ratio of 1:1 exhibits a

melting point > 50 °C . Also, the choice of the HBD partner has an important effect on the resulting melting point.

For instance, the use of citric acid, malonic acid, oxalic acid, glycerol, ethylene glycol, and xylitol as HBDs resulted

in the formation of DESs with melting temperatures of 69 °C, 10 °C, 34 °C, −40 °C, −66 °C, and room temperature,

respectively . More examples reporting the melting point of different combinations of DESs can be found in the

review performed by Ling and Hadinoto . For what concerns the production of DESs, this process is relatively

straightforward and inexpensive and does not pose any significant post-purification or disposal problems. DESs

can be conventionally obtained either by heating-stirring, grinding, evaporation, or freeze-drying. Usually, the

components are put in a closed bottle and heated at 60 °C under stirring until a clear liquid appears. In the case of

carboxylic acids as HBDs with ChCl, however, it is preferable to choose the grinding option over the heating one, or

otherwise by-products (e.g., esters) from the reaction of the two species might form. So, with carboxylic acids, the

DES components are rather pounded with a mortar to form the liquid to obtain a purer DES. The evaporation

method, then, implies the dissolution of the DES components in water followed by evaporation at 50 °C with the

rotary evaporator. The obtained liquid is put in a desiccator with silica gel until it reaches a constant weight .

Finally, the freeze-drying approach is less frequently used . Apart from conventional ways, some greener

preparation approaches have recently been introduced. Gomez et al.  prepared a microwave-assisted method

that only needs 20 s of synthesis time to make the DES, while Santana et al. have presented an ultrasound-

assisted method .

5. The Two Main Characteristics of DESs at the Basis of
Their Extraction Performance: Viscosity and Polarity

The extraction performance of DESs is ruled by two principal properties: viscosity and polarity . These two

features can be tailored by the addition of water and changes in the extraction conditions (e.g., temperature, solid-

to-solvent ratio, choice of the HBD species) .
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The vast majority of DESs shows a higher viscosity at room temperature than many conventional solvents, but they

are similar to ILs (>100 cP). The high viscosity of DESs is primarily due to the extensive hydrogen bonding type of

interactions between each component of the system but, also, to a lesser extent, to van der Waals and electrostatic

interactions . This high parameter can be very beneficial when processing single drop micro-extraction but it

limits the extraction applications of DESs in most settings, since it hampers the mass transfer rate between the

sample and the extraction phase. Considering the inverse correlation between viscosity and extraction efficiency, it

is more appropriate to choose low-viscosity DESs . As a rule of thumb for DESs, the higher the number of OH

groups present in the system, the more enhanced the hydrogen bond network and the higher the deriving viscosity.

This results in limited mass transfer, thus reducing the extraction yield.

The inverse proportion between viscosity and temperature, on the other hand, can be useful in promoting

extraction efficiency. In fact, since viscosity decreases significantly when the temperature increases, by raising the

temperature up to a certain limit, the internal resistance of molecules decreases, causing the molecules to flow

more easily . For instance, the viscosity of glucose:ChCl:water is decreased by 2/3 when the temperature

increases from 20 °C to 40 °C. With that being said, a too elevated raise in temperature levels might also impact

the chemical bonds and structure of the targeted compounds, leading to thermal degradation and/or oxidation of

targeted phenolics, consequently reducing the extraction efficiency .

Another option for lowering the viscosity of DESs is represented by playing with the HBD component. For instance,

DESs have higher viscosity when sugars and carboxylic acids are employed as an HBD partner, whilst ethylene

glycol, glycerol, and phenol as HBD species result in less viscous DESs. As already explained, the higher the

number of OHs, the stronger the hydrogen bonding interaction, the higher the viscosity, and the worse the

extraction efficiency.

Research has also discovered that adding water to DESs is able to diminish their viscosity. Upon water addition,

the weakening of the hydrogen bonding and the increase in osmotic pressure enhance the mass transfer, thus

lowering viscosity. This effect stays optimal when the water content is generally in between 20% and 30% (v/v).

Above that value, i.e., if the water content goes above 50% (v/v), the hydrogen bonding between the species is so

weakened that it even disappears and the DES loses its stability and exists only as a liquid with individual and

separated HBA and HBD .

Aside from viscosity, the other strategic factor for improving the extraction efficiency of DESs is polarity . Indeed,

having a solvent with a polarity close to the one of the desired compounds to extract favors solubilization, ultimately

empowering the extraction efficiency . The polarity of DESs increases with an increasing proportion of water.

This effect was already visible in one of the first studies of Choi et al. . Also, the polarity of DESs varies when

different HBD components are used. Organic acid-based DESs are reported to be the most polar (44.81 kcal/mol)

and both sugar- and polyalcohol-based DESs are less polar, with a polarity value closer to that of methanol (51.89

kcal/mol) . It is also possible to adjust the polarity of a DES by tailoring the molar ratio of the DES components.
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A more comprehensive and detailed list of studies in which the extraction efficiency of DESs is correlated to

important analytical parameters can be found in the study of Ali Redha  and in the study of Ling et al. .

Together with the findings they present, it is possible to draw some conclusions. The viscosity of DESs should be

low, otherwise the solubility of the targeted compounds might be not so favorable, resulting in poor extraction

efficiency. Change in water content and mild temperature increase can hamper the high viscosity of DESs and

facilitate the extraction process. The HBD component can influence the physicochemical properties of DESs. For

these reasons, an evaluation of the properties is therefore necessary to ensure optimized extraction performance.

Nonetheless, extraction process variables, such as extraction temperature, time, and liquid-to-solid ratio, also play

critical roles in the extraction efficiency of target compounds. Lastly, advanced technologies like microwave and

ultrasound can boost the extraction performance.
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