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Preface to "Advances and Applications in Deep
Eutectic Solvents Technology"

The development of new technologies and chemical applications nowadays cannot ignore their
impact on the environment, due to the widespread diffusion of environmental pollution and the
relative consequences also on human health. In this context, the development of novel non-harmful
and green solvents represents an excellent contribution to the cause because commonly used solvents
are generally toxic, highly volatile, and hardly biodegradable.

Deep eutectic solvents (DESs) represent a new class of green organic solvents that possess the
characteristics that can adequately address this problem. Synthesised via combination through weak
interactions of two or more solid substances and without the use of any other solvent, DESs possess
many green properties: bio-availability of their components; easy biodegradation; low or absent
toxicity as well as low or absent vapor pressure. Moreover, they are able to perform catalytic tasks as
the properties of the components reflect on the properties of the mixtures obtained.

The focus of this Special Issue is the use of DESs as alternatives to commonly used organic
solvents in different areas such as chemical transformations; extraction/preconcentration procedures;
electrochemistry; fundamental structural research, and various other topics in which these solvents

are finding fruitful applications for the transition from academia to industrial use.

Matteo Tiecco
Editor
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Abstract: The paper presents the screening of 20 deep eutectic solvents (DESs) composed of tetrapropy-
lammonium bromide (TPABr) and glycols in various molar ratios, and 6 conventional solvents as
absorbents for removal of siloxanes from model biogas stream. The screening was achieved using the
conductor-like screening model for real solvents (COSMO-RS) based on the comparison of siloxane
solubility in DESs. For the DES which was characterized by the highest solubility of siloxanes, studies
of physicochemical properties, i.e., viscosity, density, and melting point, were performed. DES com-
posed of tetrapropylammonium bromide (TPABr) and tetraethylene glycol (TEG) in a 1:3 molar ratio
was used as an absorbent in experimental studies in which several parameters were optimized, i.e.,
the temperature, absorbent volume, and model biogas flow rate. The mechanism of siloxanes removal
was evaluated by means of an experimental FT-IR analysis as well as by theoretical studies based on
o-profile and o-potential. On the basis of the obtained results, it can be concluded that TPABr:TEG
(1:3) is a very effective absorption solvent for the removal of siloxanes from model biogas, and the
main driving force of the absorption process is the formation of the hydrogen bonds between DES
and siloxanes.

Keywords: absorption; biogas; deep eutectic solvents; siloxanes

1. Introduction

The production of energy from renewable sources is not only a choice resulting from
the policy of environmental protection or care of the environment but is also an obligation
imposed by the European Union in the form of numerous ordinances and international
agreements [1]. Therefore, more and more EU countries are focusing their attention on
managing waste materials from various industries for the production of biogas [2-5]. This
approach is consistent with the theory of sustainable development. However, the obtained
biogas is usually a multicomponent mixture containing both inorganic and organic sub-
stances, i.e., methane (30-60% v/v), carbon dioxide (15-30% v/v), water, ammonia, hydrogen
sulfide, organosulfur compounds, siloxanes, and other linear and aromatic volatile organic
compounds (VOCs) [6,7].

The chemical composition of the waste biogas changes depending on the type of
raw materials used in the dark fermentation process. The presence of gaseous substances
other than methane causes many technological and environmental problems. Particularly
dangerous pollutants include siloxane compounds, which can appear in the biogas from
municipal landfills or wastewater treatment plants [8,9]. During the combustion of such
types of biogas, silicone may be released and combined with oxygen. This can lead to
the formation of silica deposits. The silica deposits can cause abrasion of engine parts
or the formation of layers that inhibit thermal conductivity or lubrication and clogged
transmission lines [10]. Therefore, in order to eliminate the failure of engines convert-
ing biogas into energy and to meet the quality requirements for fuels, raw biogas must
undergo several treatment processes. The oldest and most widely used process for the

Materials 2021, 14, 241. https://doi.org/10.3390/ma14020241

https:/ /www.mdpi.com/journal/materials



Materials 2021, 14, 241

treatment of gaseous streams is the application of water or amine scrubbers [11,12]. How-
ever, most siloxanes are hydrophobic, and only some of them, i.e., trimethylsilanol, can be
absorbed with water because of their high solubility therein [13,14]. Amine scrubbers do
not show satisfactory efficiency of siloxane removal either. Among the effective absorbents,
there are mineral oils, mixtures of glycols, or inorganic acids [15-18]. Although the above-
mentioned absorption methods allow for the recovery of solvents, these methods have
a significant disadvantage, which is their energy consumption resulting from the large
amount of energy needed to regenerate the absorbent. Therefore, in recent years, more and
more scientific research has been devoted to the search for new “green solvents” that will
have higher purification efficiency of biogas streams with a simultaneous lower energy
demand during regeneration [19].

In the last few years, ionic liquids (ILs) have attracted a lot of attention because they
belong to the class of new solvents with a high affinity for CO, and a wide range of
VOCs [20,21] In addition, ILs have a lower degradation rate, a lower energy requirement
for solvent regeneration, and lower corrosive characteristics compared to conventional
amine-based solvents [22]. The main disadvantages of ILs are their high viscosity, very high
prices, and toxic character. Therefore, deep eutectic solvents (DESs) are a good alternative
to ILs because they are much cheaper, less toxic, and more biodegradable [23]. These
advantageous properties have made DESs widely used in various separation processes
such as extraction [24-27], absorption [28-33], or adsorption [34]. So far, DES has not been
used for the experimental removal of siloxanes from biogas. Only theoretical studies can
be found in the literature [35].

The study presents screening of twenty-five deep eutectic solvents composed of
tetrapropylammonium bromide (TPABr) as hydrogen bond acceptor (HBA) and glycols
as hydrogen bond donors (HBDs) in various molar ratio as absorbents for removal of
siloxanes from model biogas stream. For this proposal, the conductor-like screening model
for real solvents (COSMO-RS) was used. The selection of DESs with the highest siloxane
capacity potential was made on the basis of the calculated solubility. For DES (TPABr:-TEG
1:3), which was characterized by the highest solubility of siloxanes, the study of its physic-
ochemical properties, i.e., viscosity, density, and the melting point, was performed. Further
on, optimization studies of the main parameters influencing the absorption processes were
carried out. The mechanism of siloxane removal was evaluated by means of an experi-
mental FT-IR analysis as well as theoretical studies based on o-profile and o-potential. To
the best of our knowledge, this is the first study dedicated to the application of DES for
experimental removal of siloxanes from the gas steams.

2. Materials and Methods
2.1. Materials

The following pure substances were used in this study: tetrapropylammonium bro-
mide (TPABr) (purity > 99.0%), tetraethylene glycol (TEG) (purity 99%), hexamethyld-
isiloxane (L2) (purity 98.5%), octamethyltrisiloxane (L3) (purity 98.5%), and octamety-
locyclotetrasiloxane (D4) (purity 98%) were purchased from Sigma Aldrich (St. Louis,
MO, USA).

For the preparation of model biogas, compressed gases such as nitrogen (purity N 5.5)
and methane (purity N 5.0) (Linde Gas, £L6dz, Poland) were used. Additionally, for the GC
analysis, compressed gases such as nitrogen (purity N 5.5), air (purity N 5.0) generated by a
DK50 compressor with a membrane dryer (Ekkom, Cracow, Poland), and hydrogen (purity
N 5.5) generated by a 9400 Hydrogen Generator (Packard, Detroit, MI, USA) were used.

2.2. Apparatus

The purification process was controlled by gas chromatography (Autosystem XL)
(PerkinElmer, Waltham, MA, USA) coupled with a flame ionization detector (FID) (PerkinElmer,
Waltham, MA, USA) and an HP-5 (30 m x 0.25 mm x 0.25 um) capillary column (Agilent
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Technologies, Santa Clara, CA, USA). In the investigations, the TurboChrom 6.1 software
(PerkinElmer, Waltham, MA, USA), was used.

The following apparatus was used to evaluate the physicochemical properties: Bruker
Tensor 27 spectrometer (Bruker, Billerica, MA, USA) with an ATR accessory and OPUS
software (Bruker); BROOKFIELD LVDV-II + viscometer (Labo-Plus, Warsaw, Poland);
DMA 4500 M (Anton Paar, Graz, Austria).

2.3. Procedures
2.3.1. COSMO-RS Studies

The geometry optimization of TPABr:TEG (1:3) was performed by means of the
continuum solvation COSMO model at the BVP86/TZVP level of theory. The level of theory
was used based on previous studies [35,36]. Multiple starting geometries of TPABr:TEG
(1:3) were created and optimized in the gas phase to identify stable conformers. In the
next step, the vibrational analysis was conducted to find the DES conformer correspond to
the true energy minimum. Full geometry optimization was performed only for the most
energetically favorable conformer.

In the studies, the COSMO-RS model was used for the screening of DESs using ADF
COSMO-RS software (SCM, Netherlands). The relative solubility of siloxanes (xj) in DESs
were calculated using Equation (1):

exp (V];?ure - H;olvent _ AGj,fusion)
lOglO (x]) = lOglO RT (l)

solvent
j
siloxanes at infinite dilution (J/mol); AGj fsi,n—fusion free energy of siloxanes (J/mol);
R—universal gas constant = 8.314 (J/mol-K); T—temperature (K) [37-39].

where: y?""*—chemical potential of pure siloxanes (J/mol); —chemical potential of

2.3.2. Preparation of DES

The deep eutectic solvent was successfully synthesized by mixing TPABr and TEG in
1:3 molar ratio, on a magnetic stirrer under 800 rpm, at 80 °C. All components were dried
in a vacuum oven before mixing. The mixing process was carried out for half an hour. The
resulting liquid DES was left cooling to room temperature (RT).

2.3.3. Preparation of Model Impurities and Biogas

The model impurities were prepared by means of the barbotage process. Pure nitrogen
was moved through a vial containing 1 mL of each siloxane. The obtained model impuri-
ties were diluted with a nitrogen stream to acquire a suitable concentration of siloxanes
(50 mg/dm3). This is the upper limit of the range of siloxane concentrations which can be
identified in biogas [40].

The model biogas stream was prepared in two options. The first with the use of pure
nitrogen, and the second with the use of a mixture of nitrogen and methane gases in the
volume ratio of 2:1.

2.3.4. Absorption Process

The installation to separate the siloxanes consists of an absorption column, a stripper
column, a heat exchanger, and a reboiler. Figure 1 shows the process of the absorption—
desorption course of siloxanes using TPABr:TEG (1:3). The model polluted biogas stream
containing a certain amount of methane and siloxanes is fed into the absorption column.
The absorption process takes place under certain conditions maintained in the column
(temperature of the process—Ta, the volume of DES—Va, flow rate of the biogas stream—
wa). Pure methane from the top of the absorption column is collected. The next step in
the entire process is desorbing the siloxanes from DES. For this purpose, the contaminated
DES is directed into the stripper column which works in specific conditions (temperature
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Raw gas mixture:
YcHy Y12, Y13, YD4

of the stripper process—Ts, time of the stripper process—ts). Owing to regeneration, it is
possible to reuse DES, which has a major impact on the economics of the process.

™
I'l

,—‘ Siloxanes

Absorption
Ta
Va

Wa

Stripper

Heat
exchanger

i Reboiler
-

solubility siloxanes: solubility siloxanes:

Nitrogen

Xar2, XaLs, Xapy XSL2, XSL3, XSD4

Figure 1. Simplified process flow diagram of siloxanes separation using deep eutectic solvent (DES).

The absorptivity (A) of siloxanes in the TPABr:TEG (1:3) was calculated using Equation (2):

Cin — Cout

A=
Cin

) )
where ¢;,—initial siloxanes concentration (mg/ dm3), cout—siloxanes concentration after
absorption process (mg/dm?).

2.3.5. Regeneration of DES

Following the selective absorption process of siloxanes, TPABr:TEG (1:3) was regener-
ated using nitrogen barbotage at an elevated temperature (80-100 °C). The regeneration
process was carried out conducted in line with previous studies [24]. The regeneration
experiments were conducted at 90 °C with an N» flow of 50 mL/min. The concentration of
L2, L3, and D4 (before and after regeneration) in TPABr:TEG (1:3) was studied by means of
gas chromatography.

2.3.6. Chromatographic Analysis

The degree and efficiency of the model biogas treatment were determined by gas chro-
matography coupled with a flame-ionization detector (GC-FID) (PerkinElmer, Waltham,
MA, USA). The temperature of the GC oven was 120 °C, the detector temperature was
300 °C, the injection port temperature was 300 °C, the injection mode was split 5:1, and the
carrier gas was nitrogen (2 mL/min).

2.3.7. Physicochemical Properties of DES
FT-IR Analysis
FT-IR spectra were taken using attenuated total reflectance (ATR) with the following

operating parameters: number of background scans: 256, number of sample scans: 256;
spectral range: 4000-550 cm~; resolution: 4 cm~!; and slit width: 0.5 cm.

Viscosity and Density Measurements

The viscosity and density of the synthesized TPABr:TEG (1:3) were measured within
a temperature range of 25-60 °C. The uncertainty measurement for the temperature was
0.5 °C. Additionally, the relationship between the viscosity and revolutions per minute
abbreviated (RPM) in the temperature range 25-60 °C was determined.

4
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HBD:

Melting Point Measurements

The melting point (MP) was determined visually at atmospheric pressure by cooling
DES samples to —50 °C, followed by a temperature increase at 0.1 °C/min. The temperature
at which the initiation of the phase transformation was observed was adopted as the
melting point.

3. Results and Discussion
3.1. COSMO-RS Molecular Simulation
3.1.1. Solubility of Siloxanes in DESs—Preselection of DES

The conductor-like screening model for real solvents (COSMO-RS) was used to calcu-
late the solubility of siloxanes in pure glycols and water and in DESs composed with TPABr
and glycols. Based on the previous studies, it can be deduced that COSMO-RS is a useful
tool for solvent screening and predicting the impurities” solubility in conventional as well
as non-conventional solvents [35,41,42]. In most of the published works, the selection of
solvents is made on certain parameters, i.e., Henry’s constant and activity coefficient. The
results are often inconsistent. However, the most important parameter from the industrial
point of view, solubility, is rarely reported [35,43]. Therefore, in this study, we calculated
the solubility of individual siloxanes (L2, L3, and D4) in various DESs composed of TPABr
as HBA and glycols, i.e., ethylene glycol (EG), glycerol (Gly), triethylene glycol (TriEG),
tetraethylene glycol (TEG), and diethylene glycol (DEG), as HBD at various molar ratios
(1:3; 1:4; 1:5; 1:6, HBA:HBD). These various molar ratios were selected on the basis of other
studies which show that the melting point of most TPABr:glycols in 1:1, 1:2 complexes are
higher than 20 °C [44,45]. This fact disqualifies the possibility of such DES as absorbents
since one of the necessary conditions for absorbents is liquid at room temperature. The
structures of HBA and HBDs are presented in Figure 2.

HBA:

HGC\/\ /\/

CHs

HO\/\OH < N+ S HO/Y\OH

EG

H3C/\/ \/\CH3 OH

/ Br Gly
HO_~ o~ OH \

Ho/\/o\/\o/\/OH

TriEG

HO\/\O/\/O\/\O/\/OH

TEG

Figure 2. Structures of hydrogen bond acceptor (HBA) and hydrogen bond donors (HBDs).

Additionally, the solubility of siloxanes in pure glycols and water were taken into
account. The obtained results are presented in Figures 3-5.
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Figure 5. Solubility of octametylocyclotetrasiloxane (D4) in DES and pure solvents.

Among the tested solvents, water is the poorest solvent for siloxanes. The calculated
solubility of individual siloxanes in water was 0.0054, 0.00011, and 0.027 g/L for L2, L3,
and D4, respectively. This is due to the hydrophobic nature of most siloxanes [13,14]. From
the industrial point of view, the ideal absorbents should be cheap and easily accessible. Due
to the relatively high price of TPABr in comparison to the price of pure glycols, it would be
advantageous to use pure EG, Gly, TriEG, TEG, or DEG to absorb siloxanes from biogas.
However, the calculated solubility values are significantly lower for pure glycols compared
to DES. The highest solubility can be observed for the DES composed of TPABr and glycols
in 1:3 molar ratio. On the other hand, further increasing the amount of glycols in DES
structures reduces the solubility of siloxanes. This indicates that both HBA and HBD take
an active part in the absorption process by creating hydrogen or electrostatic bonds with
siloxanes. COSMO-RS calculations indicate that D4, which represents cyclic siloxanes,
shows higher solubility in DESs than linear siloxanes (L2 and L3). Similar results were
obtained for ILs in the previous studies [46]. For linear siloxanes, as the length of the
molecule decreases, their solubility in DESs increases. These are different results from those
obtained for ionic liquids [46]. The highest solubility of both linear and cyclic siloxanes
was obtained for DES composed of TPABr and TEG in 1:3 molar ratio. This is probably
due to the formation of strong non-bonded interactions between TPABr:TEG (1:3) and
siloxanes, i.e., hydrogen bonds between -OH group from TEG molecules, and O—a group
from siloxanes. In order to obtain detailed information on the interactions between DES
and siloxanes, analyses of o-profiles and o-potentials were performed. Due to the best
siloxane dissolving ability of TPABr:TEG (1:3), only this DES was further investigated.

3.1.2. o-Profile

A very important molecule-specific property in the COSMO-RS model is the o-profile,
which is the probability distribution of surface area with charge density (o). Typically,
o-profile is presented as a histogram which can be divided into three regions i.e., HBA
region o > 0.0084 e/ A2; non-polar region —0.0084 e/A? < ¢ < 0.0084 e/ AZ; and HBD region
o< —0.0084 /A2 [47]. The o-profiles of TPA, Br, TEG, L2, L3, and L4 are shown in Figure 6.
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Figure 6. o-Profile of TPABr:TEG (1:3), L2, L3, and L4.

The results indicate that the o-profiles of all siloxanes are distributed within the non-
polar and hydrogen bond acceptor region. There is no significant difference between
o-profiles of L2, L3, and D4. The only peak can be observed in the more positive region
of the histogram for linear siloxanes. This indicates a slightly stronger hydrogen bond
acceptor capacity of L2 and L3. Similar results were observed in other studies [35,46]. The
distribution of TPA shows the concentration of the charge density mainly around 0, and
a small concentration of the charge below —0.0084, which indicates the role of TPA as a
hydrogen bond acceptor in hydrogen bond formation. The distribution of the bromide
anion is located around 0.018 in the HBA area, which demonstrates a non-polar character
and the possibility of H-bonding formation. On the other hand, the distribution of TEG
is observed over the entire range of the o-profile. This indicates that TEG can be both an
acceptor and a hydrogen bond donor.

3.1.3. o-Potential

The o-potential is typically used to indicate the affinity between mixture components.
The higher values of the positive 1 (0) suggest an increase in its repulsive behavior, and
higher negative values of the u (o) indicate a stronger interaction between the molecules.
Similarly to the o-profile plot, the o-potential plot is divided at the same three regions. The
o-potential for TPABr:TEG (1:3), L2, L3, and D4 are plotted in Figure 7. The obtained results
indicate that all siloxanes almost overlap each other, which means that L2, L3, and D4
have similar molecular interaction properties with other molecules and with themselves.
The shape of siloxanes o-potential is negative in the HBA region and positive in the HBD
region. This means that L2, L3, and D4 can be acceptors in H-bonding formation. However,
the DES shape is negative in both these regions. This indicates that it is both an acceptor
and a hydrogen bond donor. Therefore, the formation of hydrogen bonds is the most likely
driving force in the process of removing siloxanes from biogas.

3.2. Structural and Physicochemical Properties of DES
3.2.1. FT-IR Analysis

Spectroscopic characterization is a very important aspect to determine the interaction
between HBA (TPABr) and HBD (TEG). For this purpose, the FI-IR analysis was used in
the study (Figure 8).
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Figure 8. FT-IR spectrum for pure TPABr, TEG, and TPABr:TEG (1:3).

Figure 8 shows the mechanism of TBABr:TEG (1:3) formation. In the TPABr:TEG (1:3)
spectrum, the shift of -OH group vibration towards lower values compared with pure TEG
HBD (from 3411.14 to 3386.93 cm™!) indicates the formation of O-H O or O-H Cl bonds. In
addition, the broadening and shifts of the vibration towards lower values of the aliphatic
C-H stretching bonds (from 2996.67 and 2869.12 cm ™! to 2942.26 and 2867.71 cm ™) can be
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observed. The shifts O-H O or O-H Cl, and C-H groups are most likely the consequence
of hydrogen bond formation between TPABr and TEG [48,49]. Moreover, shifts of the OH
group may result from the presence of C-O-C groups in the TEG. The C-O-C group are
considered as the electronegative groups and tend to attract electrons on hydrogen in OH
bands. The occurring interactions between TPABr and TEG can be confirmed by the shift
of the C-O-C group towards lower values from 1227.80 to 1115.17 cm~! and increasing the
intensity of the OH group [50]. Similar vibration towards lower values can be seen in the
peaks in the bands responding with H-bending, CH, deformation, and N-C-C bending
bonds from 1514.06-1207.26 cm ™! to 1493.48-1202.00 cm~—!, and C-N bond symmetric
stretching vibration from 774.17 to 768.27 cm~! as well as redshift phenomena O-H and
C-O-H stretching bonds from 1042.73 to 1060.44 cm ™. The shifts confirm the interaction
between the atoms in TPABr and TEG [51-53].

3.2.2. Viscosity and Density Measurements

It is well known that DES components and temperature have a dramatic effect on
the absorbent density and viscosity. Basic physicochemical parameters of DES strongly
influence the ability of the mass transfer capacity, which is of great importance for any
changes in the absorption process [54,55]. In order to analyze the flow behavior of syn-
thesized TPABr:TEG (1:3), the viscosity was studied in a function of shear rate ranging
10-50 rpm and temperature range 25-60 °C. The obtained results indicate that the viscosity
of TBABr:TEG (1:3) decreases with increasing temperature. The increase in temperature
causes the velocity of the particles in the liquid to increase, which reduces the intermolecu-
lar forces, resulting in a decrease in the TPABr:TEG (1:3) viscosity (Figure 9A). At room
temperature, the viscosity of TPABr:TEG (1:3) is 84.6 mPas; it should be noted that it is
much lower compared to the DESs which are presented in the literature. The dynamic
viscosity of DES composed of tetrabutylammonium bromide (TBABr) and glycerol (Gly)
or ethylene glycol (EG) in a molar ratio of 1:3 were 467.2 and 91.4 mPas, respectively [56].
A decrease in the viscosity value contributes to the increase in the capacity and rate of
absorption because it makes the mass transfer easier. Therefore, DESs with lower value
viscosities are more desirable for absorption processes.
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Figure 9. (A) Viscosity for TPABr:TEG (1:3) as a function of temperature in the range 25-60 °C. (B) Dependence of viscosity

on turnover in the range 10-50 RPM in temperature 40 °C.

In Figure 9B, it can be observed that the viscosity of TPABr:TEG (1:3) remains almost
constant throughout the range of the applied shear rate ranging. Therefore, it can be
concluded that the obtained DES is a Newtonian liquid [57]. The possible shear thinning
behavior can be attributed to different strengths of the H-bonding present in TPABr:TEG
(1:3) which can start breaking with increasing RPM. However, deeper analysis is required
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to confirm these assumptions. Similar behavior was also observed for another type of
DES [58].

Another tested physicochemical parameter was density. The value of DES density de-
creases linearly with increasing temperature (Figure 10). At 20 °C, the density TPABr:-TEG
(1:3) is 1.5520 g/cm?®. However, it can be observed that with increased temperature (60 °C),
the density value decreases to 1.5508 g/cm3. The lower density values can be due to
the fact that during heating, HBA and HBD in DES vibrate harder. These vibrates can
cause molecular rearrangements between HBA and HBD, which can contribute to creating
weaker interactions in the hydrogen bonding [59]. The obtained density of TPABr:TEG
(1:3) is higher compared to the DESs which are composed of quaternary ammonium salts
(ChCl or TBABr) [56,60].

1.5520 1 @

1.5518 1 °

1.5516 - °

1.5514 - °
1.5512 - °

Density (g/cm3)

1.5510 1 °
1.5508 - °

1.5506

20 30 40 50 60
Temperature (°C)

Figure 10. Density for TPABr:TEG (1:3) as a function of temperature in the range 25-60 °C.

3.2.3. Melting Point Measurements

The measured MP of TPABr:TEG (1:3) is —48 °C. As expected, the melting point of
TPABr:TEG (1:3) is lower than the MP of pure TEG (—9.4 °C) [61]. The depression in the
melting point of the mixture shows the formation of strong intermolecular interactions, i.e.,
hydrogen bonds between TPABr and TEG [62].

3.3. An Experimental Studies on Absorption of Siloxane Compounds
Optimization of the Absorption Process Conditions

In our research, the processes of absorption using a new DES based on TPABr:TEG
(1:3) were carried out for purification of the model biogas stream from L2, L3, and D4
pollutants. The absorption processes were optimized in terms of the volume of TPABr:TEG
(1:3), model biogas flow, and temperature.

The first optimized parameter was the volume of the TPABr:TEG (1:3) in the range
of 15-50 mL/min (Figure 11). The results show that the volume of DES has a significant
impact on the overall siloxane capture process. As the volume of DES increases from 15
to 50 mL/min, the DES saturation time increased from 150 to 320 min (L3—Figure 11B),
from 140 to 400 min (L2—Figure 11A), and from 1551 to 5281 min (D4—Figure 11C). The
increase in saturation time can be explained by increases in the contact time between the
siloxane gas phase and the absorbent [63]. Increasing the volume of DES also contributes
to an increase in the amount of active substance (TPABr:TEG (1:3)) and an increase in the
number of active sites that are responsible for capturing of the siloxanes from DES.
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Figure 11. Experimental breakthrough curves of siloxane absorption with TPABr:TEG (1:3) at the different volumes of DES
for (A) L2; (B) L3; and (C) D4.

The next studied parameter was model biogas flow rate in the range of 10-50 mL/min
(Figure 12). The results indicate that the flow rate has only a minor effect on siloxane uptake
compared to DES volume. The conducted research indicates that an increase in the flow
rate from 10 to 50 mL/min slightly decreased the effectiveness of siloxane removal from the
model biogas stream. Similar results were observed in the previous studies [29,64]. In the
industrial technologies used with the use of a water scrubber, a flow of 88 mL/min is used
to remove CO; or H,S [65], whereas when using an amine scrubber, flows of 30 mL/min
are used [66]. The reduction in the flow rate may result from the different viscosities of the
use of the absorbent. Therefore, the assumed optimal value of 50 mL/min seems to be the
rational and comparable value.

The temperature in the range of 25-50 °C was selected as the last parameter for
optimizing the absorption conditions (Figure 13). An increase in temperature causes
decreases in TPABr:TEG (1:3) viscosity. The lower viscosity improves the mass transfer
efficiency and, hence, the siloxane removal efficiency should be higher. However, increasing
the temperature does not extend the absorption process too much. This is likely due to the
fact that the absorption process is normally exothermic [67]. Therefore, a temperature of
25 °C was adopted as optimal.
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Figure 12. Experimental breakthrough curves of siloxane absorption with TPABr:TEG (1:3) at the different biogas flow rate
for (A) L2; (B) L3; and (C) D4.
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Owing to the conducted research, the optimum conditions for the removal of siloxanes
from the model biogas stream were selected as a temperature of 25 °C, a DES volume of
50 mL, and a flow rate of 50 mL/min. The obtained dependence of the absorption efficiency
on the duration of the absorption process of individual pollutants is shown in Figure 14A
(with the use of pure nitrogen) and Figure 14B (with the use of a mixture of nitrogen and

methane gases in the volume ratio 2:1).
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Figure 14. Experimental breakthrough curves of impurities absorption with TPABr:TEG (1:3) using (A) pure nitrogen and
(B) mixture of nitrogen and methane at 2:1 volume ratio under optimum conditions, and (C) methane absorption curve

using TPABr:TEG (1:3).

For D4 in pure N, after 5380 min of absorption process, a sharp increase in the
supersaturation value was observed. While for D4 in the mixture of nitrogen:methane at 2:1
volume ratio, the saturation time was 5300 min. The oversaturation times of the other two
siloxanes in N, were 400 and 300 min, while in N»:CHy (2:1), they were 375 and 280 min,
respectively, for L2 and L3. In the literature, there are very few works that focus on the
capture of siloxanes from biogas. The results obtained in our studies can only be compared
to the absorption in which the absorbent consists of amines, acids, or bases. However, it is
well known that the strong bases and acids contribute to the cleavage of Si-O bonds and
convert siloxanes to other volatile compounds with lower boiling points [68].

Devia and Subrenat [15] proposed L2 and D4 absorption into motor oil, cutting oil,
and water-cutting oil. The studies showed the best results were obtained for motor oil for
which the breakthrough curves obtained to allow for efficient removal of siloxanes were
for 191.4 min (L2) and for 47.1 min (D4). The obtained results show that the proposed
new DES-based absorbents show a much higher absorption capacity towards siloxanes
than conventional solvents. In the studies, apart from monitoring the siloxane absorption
process, the concentration of methane was also monitored (Figure 14C). The results show
that complete saturation of TPABr:-TEG (1:3) with methane occurs after 50 min of the
process. The loss of methane in the entire process of siloxane absorption was within 5%.
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3.4. FT-IR Studies on Absorption of Siloxane Compounds

The experimental study on the mechanism of the absorption process of siloxanes
was conducted by FI-IR analysis. The obtained spectra of pure TPABr:TEG (1:3) and
pure siloxanes were compared with the spectra of TPABr:TEG (1:3) after the absorption
process (Figures 15-17). All of them identified the bands which can be observed in the
FT-IR spectrum for pure siloxanes: Si-O-Si antisymmetric stretch bonds in the range
1000-1100 cm ! and Si-C symmetric stretch bonds at 800 cm ™! are visible in the spectrum of
the TPABr:TEG (1:3) after the absorption process [69]. In the spectrum after the absorption
process, new peaks or significant band shifts cannot be observed. Only shifts of the -OH
stretching vibration and aliphatic C-H stretching bonds are visible, which confirms the
phenomena of physical absorptions. In addition, the shifts of -OH stretching vibration
indicate that the hydroxyl group from TPABr:TEG (1:3) may interact with the oxygen
atoms from siloxanes by forming hydrogen bonds, which is in accordance with the siloxane
absorption [70]. Additionally, a shift of the bands originating from group C-O-C towards
higher values from 1112.40 to 1123.83 cm~? (Figure 15), 1123.54 cm ! (Figure 16), and
1118.59 ecm™~! (Figure 17) are observed. These shifts indicate that siloxane absorption
can also occur through the interaction of silicon atom (Si-OH—827.67 em~! and SiO—
752.14 cm~! (Figure 15), $i-O—801.56 cm~! (Figure 16), Si-OH and Si-O in the range
847.96-792.11 cm~! (Figure 17)) with the oxygen atoms with C-O-C in the DES (1:3) [50].
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Figure 15. FT-IR spectrum for pure TPABr:TEG (1:3), pure L2 and complex TPABr:TEG + L2
(DES + L2).
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3.5. Regeneration of DES

From the industrial point of view, the regeneration processes of absorbents are ex-
tremely important because they determine the final costs. The obtained results indicate
that siloxanes can be completely removed from TPABr:TEG (1:3) using nitrogen barbotage
conducted at a temperature of 90 °C for 3 h. TPABr:TEG (1:3) shows tall and almost
unchanging L2, L3, and D4 removal efficiency for up to 10 regeneration cycles (Figure
18A). In addition, the thermal stability of TPABr:TEG (1:3) by means of FI-IR analysis was
confirmed. The comparison of fresh and regenerated TPABr:TEG (1:3) spectrum indicates a
lack of additional shifts and peaks in the regenerated TPABr:TEG (1:3) (Figure 18B). This
confirms stability and effective regeneration of TPABr:TEG (1:3).
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Figure 18. (A) Reusability of TPABr:TEG (1:3) on the example of removing L2, (B) FT-IR spectra from
on fresh and regenerated TPABr:TEG (1:3).

4. Conclusions

In the paper, the solubility of siloxanes (L2, L3, and D4) in deep eutectic solvents (DESs)
composed of tetrabutylammonium bromide and glycols as well as conventional solvents
was investigated. The siloxane solubility was predicted by means of the COSMO-RS model
where the highest solubility of both linear and cyclic siloxanes was present in the DES
composed of TPABr and TEG in a 1:3 molar ratio. The chemical structures of TPABr:TEG
(1:3) and the interaction structures between TPABr and TEG as well as between DES and
siloxanes were reported using FT-IR spectroscopy. Furthermore, in order to confirm the
interactions, the analyses of o-profiles and o-potentials were used.

The results of physicochemical properties indicate that TPABr:TEG (1:3) is a Newto-
nian liquid due to the lack of viscosity changes during shear changes, which contribute to
only minor changes in siloxane removal efficiency with increasing temperature. In turn,
carrying out the absorption process at a temperature of 25 °C is beneficial from an economic
point of view. Under optimum conditions (50 mL of TPABr:TEG (1:3), 50 mL/min flow
rate, and temperature 25 °C), the L2, L3, and D4 can be removed with high efficiency
for 375, 280, and 5300 min, respectively. These are much better absorption efficiencies
compared to mineral oils. In addition, TPABr:TEG (1:3) also can be easily regenerated up
to 5 cycles without significantly changing the siloxane absorption efficiency. The studies
on the absorptive mechanism to remove siloxanes indicate that the reason for the high
solubility siloxanes in TPABr:TEG (1:3) is the formation of the strong hydrogen interactions
between -OH group from DES molecule, and -O- a group from siloxanes.

The cost of the absorption process mainly depends on the type of absorbents. The esti-
mated capital cost of the absorption process based on TPABr:TEG (1:3) is 126.05 €/L [71,72].
The DES price is higher than conventional absorbents prices which are 9.17 € /L for motor oil
5W40 from EIf) [73]; 33.42 €/L for cutting oil Hochleistungs-Schneidsl Alpha 93 from Jokish®
GmbH [74]. However, it should be remembered that DES can be used for up to 5 cycles
without changing the high efficiency of removing siloxanes from biogas. The initial price of
126.05 €/L can drop to 25.21 €/L. Therefore, DESs can be used as alternative absorbents.
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Abstract: Three ternary mixtures composed by choline chloride (ChCl), ethylene glycol (EG), and a
second hydrogen bond donor (HBD) as ethanol (A), 2-propanol (B), and glycerol (C) were studied
in terms of composition related to the band gap energy (BGE). A Design of Experiments (DoE)
approach, and in particular a Simple Lattice three-components design, was employed for determining
the variation of the BGE upon the composition of each system. UV-VIS analysis and subsequent Tauc
plot methodology provided the data requested from the DoE, and multivariate statistical analysis
revealed a drop of the BGE in correspondence to specific binary compositions for systems A and B. In
particular, a BGE of 3.85 eV was registered for the mixtures ChCl/EtOH (1:1) and ChCl/2-propanol
(1:1), which represents one of the lowest values ever observed for these systems.

Keywords: eutectic mixtures; hydrogen bond acceptor; hydrogen bond donor; design of experiments;
Tauc plot; band gap energy

1. Introduction

Hydrogen bond-based systems have been affirmed during the last 20 years as one
of the most recurrent topics in the scientific literature [1]. In particular, the possibility to
combine in a eutectic molar ratio Hydrogen Bond Acceptors (HBAs) and Hydrogen Bond
Donors (HBDs) and form liquid mixtures at room temperature with increased solvent
ability, which was reported for the first time by Abbott et al. in 2003 (choline chloride/urea
1:2) [2], created opportunity for many applications in several research and industrial
sectors. Since the first paper of Abbot about the topic, dozens of such systems have been
developed, characterized, and studied in terms of physical-chemical properties [3-5].
These systems are of particular interest when the molar ratio between HBAs and HBDs
produces a drop of the melting point which produces experimental results deeper than the
expected theoretical ones [3,6]. When this specific combination takes place, a concomitant
increased solvent ability is also observed [7], and for this reason, the acronym DESs
has been proposed, which stands for Deep Eutectic Solvents. Through the years, many
researchers have been trigged by the possibility of engineering DESs by choosing opportune
combinations of HBAs and HBDs and by finding the best molar ratio between them [6].
At the molecular level, most of the DESs can be described according to the hole theory [8]
and rationalized as systems made by an intense hydrogen bond network decorated with
randomly distributed holes, where the ions can move along the network by jumping
from one hole to another [9]. This supramolecular behavior gives to the system peculiar
properties such as an increased density, a decreased viscosity, and a low conductivity [1].
On the basis of such characteristics, DESs have found many applications as media for
biomass treatment [10], metal extraction [11], solvents for Volatile Organic Compounds
(VOCs) [12,13], templates for ionothermal synthesis [14-16], or non-innocent solvents in
organic synthesis [17-21], as well as additives in pharmaceutical formulations [1,22,23].
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Recently, some preliminary studies have highlighted how the deep eutectic composi-
tion in mixtures of hydrogen bond acceptors and donors is related to a depression of the
band gap energy [24,25] along with a drop of the structural disorder (Urbach energy) [26].
The possibility to tune such optical parameters results is of interest especially for the
development of new liquid organic semiconductors.

In this context, the possibility to model the band gap energy (BGE) and monitoring its
variation in ternary mixtures composed by one HBA (choline chloride, ChCl), a first HBD
(ethylene glycol, EG), and a second HBD (ethanol-EtOH (A), 2-propanol (B), or glycerol-
GLY (Q)) is herein explored. In particular, a Design of Experiments (DoE) approach
followed by multivariate analysis was employed to finally plot a surface representative of
the variation of the BGE depending on the molar fraction ratio between the constituents of
each system. According to the DoE, seven samples were prepared for each one of the three
systems (A, B, C) for a total of 21 experiments, which were subjected to the graphical Tauc
plot method for the determination of the BGE.

2. Experimental Section
2.1. General Synthetic Procedure

Chemicals were purchased from commercial sources and used as received. In particu-
lar, choline chloride (>98%) and 2-propanol (99.8%) were purchased from Merck KGaA,
Darmstadt, Germany, ethanol (96%) and glycerol (99.6%) were purchased from VWR, and
ethylene glycol (99%) was purchased from Carlo Erba. Finally, H,O was purified with a
Millipore RiOg 3 Water System.

The samples were prepared following this protocol: ChCl was weighted in a vial, and
10 wt % of water was added. Thus, one or two hydrogen bond donors were added, and the
resulting mixture was stirred for 2 h at room temperature before the analysis.

2.2. Spectroscopic UV-VIS Analysis

The samples were analyzed in a pure form by UV-VIS spectrophotometry. The spectra
were recorded in transmittance mode in a quartz cell (path length: 1.00 mm) with an
Agilent Cary 60 UV-Vis Spectrophotometer.

2.3. Statistical Analysis

Design of Experiment (DoE): a Simple Lattice three-components design was settled
up [27] Thus, for each ternary system, we prepared seven samples with the molar ratio as
reported in Table 1.

Table 1. BGEs and corresponding nomenclature for the systems A-C.

HBA () ! HBD (x) HBD (x) Name BGE (eV)
ChCl (1) EG (0) EtOH (0) Al 5.75
ChCl (0) EG (1) EtOH (0) A2 5.66
ChCl (0) EG (0) EtOH (1) A3 5.88

ChCl (0.5) EG (0.5) EtOH (0) A4 5.86

ChCl1(0.5) EG (0) EtOH (0.5) A5 3.85
ChCl (0) EG (0.5) EtOH (0.5) A6 6.05

ChCl(0.33) EG (0.33) EtOH (0.33) A7 5.87
ChClI (1) EG (0) 2-propanol (0) B1 5.75
ChCl1 (0) EG (1) 2-propanol (0) B2 5.66
ChCl (0) EG (0) 2-propanol (1) B3 5.88

ChCl (0.5) EG (0.5) 2-propanol (0) B4 5.87

ChCl (0.5) EG (0) 2-propanol (0.5) B5 3.85
ChCl1 (0) EG (0.5) 2-propanol (0.5) B6 6.05

ChCl1 (0.33) EG (0.33) 2-propanol (0.33) B7 5.84
ChCl (1) EG (0) GLY (0) C1 5.75
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Table 1. Cont.

HBA () ! HBD (x) HBD (x) Name BGE (eV)
ChCl (0) EG (1) GLY (0) c2 5.66
ChCl (0) EG (0) GLY (1) c3 5.23

ChCl (0.5) EG (0.5) GLY (0) C4 5.86

ChCl (0.5) EG (0) GLY (0.5) C5 551
ChCl (0) EG (0.5) GLY (0.5) C6 5.17

ChCl (0.33) EG (0.33) GLY (0.33) c7 5.12

! To each ChCl sample 10 wt % of water was added to make the samples measurable at UV-VIS.

Multivariate analysis, including the Analysis of the Variance (ANOVA) and the cor-
responding surface plots, was conducted with the Statgraphics Centurion v 18 software,
Statgraphics Technologies, Inc. The Plains, Virginia.

3. Results and Discussion

Ternary systems A, B, and C were prepared by combining ChCl, EG, and a second
HBD. The choice of the second HBD was driven by the affinity of alcohols with ChCl and
EG; thus, EtOH, 2-propanol, and GLY were selected.

The aim of the research was to develop a tool for engineering a ternary mixture of
HBAs and HBDs in terms of BGE. Thus, the first target was to model the variation of the
BGE in each ternary system A, B, and C and to provide a suitable statistical instrument
for describe these mixtures. In order to reach such goal, a DoE approach was used, and in
particular, a Simple Lattice three-components mixture experiment was implemented [28].

Seven different molar combinations were prepared for each system, and the corre-
sponding BGEs were determined by the known graphic UV-VIS-based Tauc plot method,
following a procedure previous optimized by some of us [24].

In Table 1, the nomenclature corresponding to the systems prepared and subjected to
UV-VIS analysis is reported.

In Figure 1, the UV-VIS spectra of representative binary systems A5, C5, and the
thernary ones A7, C7 are reported.
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Figure 1. UV-VIS spectra of systems A5 (a), C5 (b), A7 (c), and C7 (d).
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From a visual and qualitative analysis of the UV-VIS spectra of the systems reported
in Figure 1, it is possible to notice some differences. In particular, systems A5 (a, ChCl/EG
1/1), and C7 (d, ChCl/EG/GLY 1/1/1) show the same UV-VIS behavior, suggesting that
the addition of glycerol does not affect in a relevant way the optical characteristics of the
system. On the other side, systems C5 (b, ChCl/GLY 1/1) and A7 (c, ChCl/EG/EtOH
1/1/1) reveal different absorbance spectra, with C5 showing multiple absorbance peaks
between 200 and 400 nm, and A7 highlighting a relevant peak at 270 nm. Nevertheless, it is
difficult to extrapolate trends and information from the analysis of the UV-VIS spectra. On
the other side, the calculation of the band gap energy from the UV-VIS data can provide
many information, which can be related with the structural effects of the constituents on
the system.

Looking at the band gap data reported in Table 1, it is possible to highlight some
trends. Each single component, measured in pure form, shows a relatively high BGE:
BGEcnc1 5.75 eV, BGEgion 5.88 eV, BGEGry 5.23 eV, and BGEgg 5.66 eV. As expected, when
two HBDs are combined (1:1 molar ratio), no significant drop of the BGE is observed:
BGEgG,/gton 6-05 eV (A6), BGEEG /2-propanol 6-05 (B6), BGEEG /Ly 5.17 eV (C6). In addition,
no relevant differences were observed changing EtOH by 2-propanol (A6 vs. B6). As a
matter of fact, the deepest reduction of the BGE was observed for the binary systems A5
and B5, which do not contain EG. This value of BGE, around 3.86 eV, falls in the range of
interest for potential application as an organic liquid semiconductor. It is interesting to
notice that the corresponding binary system C5, composed by ChCl and GLY, shows a BGA
far away from the parent A5 and B5.

In Figure 2, the reduction of the BGE obtained by substituting EG with EtOH (A4, B4,
and C4 vs. A5) is reported.
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Figure 2. Tauc plots relative to the systems A4, B4, C4, ChCl/EG (1:1) and A5, ChCl/EtOH (1:1).

Each set of experiments (A, B, and C, Table 1) was processed according to the DoE
procedure adopted to build a descriptive model of the variation of the BGE as a function of
the molar ratio between the three constituents of the mixture.
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Multivariate Analysis of Systems A, B, and C

At first, system A composed by ChCl/EG/EtOH was analyzed with the aim to find
the best statistical model that can represent the behavior of the mixture in terms of variation
of the BGE. After a screening between linear, special cubic, and quadratic statistical models,
the last one has been selected as the most accurate in describing the system. Full data
details are reported in the Supporting Information file.

Starting from the selected quadratic model, the data obtained for the system A were
subjected to the Analysis of the Variance (ANOVA), which gave the results reported in
Table 2.

Table 2. ANOVA for BGE of system A.

Source Sum of Squares Df Mean Square F-Ratio p-Value
Quadratic model 3.1813 5 0.63626 1.48 0.5435
Total error 0.430699 1 0.430699
Total (corr.) 3.612 6

ANOVA analysis shows an R-squared value that indicates that the model as fitted
explains 88.0759% of the variability in BGE. The adjusted R-squared statistic, which is
more suitable for comparing models with different numbers of independent variables, is
28.4553%. The standard error of the estimate shows the standard deviation of the residuals
to be 0.656277. The mean absolute error (MAE) of 0.195845 is the average value of the
residuals. The Durbin-Watson (DW) statistic tests the residuals to determine if there is any
significant correlation based on the order in which they occur in your data file. Since the
p-value is greater than 5.0%, there is no indication of serial autocorrelation in the residuals
at the 5.0% significance level.

Systems B and C were subjected to the same statistical treatment confirming the
quadratic model as the best one.

For comparison purposes, the R-squared values of systems A, B, and C are reported
in Table 3.

Table 3. R-squared for system A, B, and C.

System Statistical Model R-Squared (%)
A quadratic 88.0759
B quadratic 89.2872
C quadratic 83.3460

Once we determined the statistical parameters that better described the behavior of
each system, it is possible to graphically represent them in the form of a responsive surface
(Figure 3).

The surface responding plots reported in Figure 3 describe the variation of the systems
A-C in terms of BGE. From a fist qualitative analysis, it is possible to notice that the shape
of the surface that describes the behavior of the ternary mixture is very similar for systems
A and B, while it changes for system C. This is mainly due to the previously commented
different interaction between ChCl and GLY (C5) with respect to ChCl and EtOH (A5)
or ChCl and 2-propanol (B5). This experimental behavior of C5, combined with lower
maximum values of BGE for A6 and B6 (6.04 eV), determines a flatter surface. From the
combined analysis of the plots reported in Figure 3, it is possible to conclude that only
systems A and C show a consistent depression of the BGE, which indeed correspond to a
binary system. No one of the three systems considered performs better (in terms of lower
BGE) with a ternary composition. Thus, the increment of O-H bonds achieved with the
introduction of a second HBD seems to negatively affect the eutectic nature of the mixture.
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To the best of our knowledge, this study represents the first report about the variation
of the BGE in ternary mixtures of HBAs and HBDs. In addition, the statistical model
herein presented can be applied for optimizing other systems, even considering different
parameters beyond the BGE.

4. Conclusions

Three ternary systems composed by ChCl, EG, and a second HBD (EtOH, 2-propanol,
GLY) were studied in terms of variation of the BGE with respect to the molar ration of the
former’s components. A statistical reliable model that describes the relationship between
BGE and molar composition was built and described. The statistical multivariate analysis
revealed, for the systems herein considered, that an excessive increasing of the O-H bonds
affects the eutectic nature of the mixture, resulting in an increasing of the BGE. In addition,
the combination between UV-VIS spectroscopy, Tauc plot method (for the band gap energy
determination), and the Simple Lattice DoE followed by statistical multivariate analysis
provide an easy and fast tool for engineering ternary mixtures of Hydrogen Bond Donors
(HBDs) and Acceptors (HBAs). In fact, the combination of techniques reported allow
mapping the variation of the band gap energy versus the molar composition of the ternary
system. This procedure can be used for screening purposes with the target to select the best
combination between HBDs and HBAs that provides the minimum band gap energy value.
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Abstract: Deep Eutectic Solvents (DESs) are experiencing growing interest as substitutes of polluting
organic solvents for their low or absent toxicity and volatility. Moreover, they can be formed with
natural bioavailable and biodegradable molecules; they are synthesized in absence of hazardous
solvents. DESs are, inter alia, successfully used for the extraction/preconcentration of biofunctional
molecules from complex vegetal matrices. Onion skin is a highly abundant waste material which
represents a reservoir of molecules endowed with valuable biological properties such as quercetin
and its glycosylated forms. An efficient extraction of these molecules from dry onion skin from
“Dorata di Parma” cultivar was obtained with water dilution of acid-based DESs. Glycolic acid (with
betaine 2/1 molar ratio and L-Proline 3/1 molar ratio as counterparts) and of p-toluensulphonic acid
(with benzyltrimethylammonium methanesulfonate 1/1 molar ratio)-based DESs exhibited more
than 3-fold higher extraction efficiency than methanol (14.79 ug/mL, 18.56 ug/mL, 14.83 pug/mL
vs. 5.84 ug/mlL, respectively). The extracted quercetin was also recovered efficaciously (81% of
recovery) from the original extraction mixture. The proposed extraction protocol revealed to be green,
efficacious and selective for the extraction of quercetin from onion skin and it could be useful for the
development of other extraction procedures from other biological matrixes.

Keywords: quercetin; Deep Eutectic Solvents; extraction; preconcentration; DESs water dilutions;
RP-HPLC-UV; UHPLC-MS/MS; recovery

1. Introduction

The substitution of common toxic and volatile organic solvents with novel greener
liquids is of prior importance to tackle the urgent problems of planet pollution and im-
proper chemical wastes disposal [1-3]. A large number of tons per year of volatile, toxic
and bioaccumulating organic solvents are in fact used in chemical industries, playing the
greatest part in chemical applications [4].

Deep Eutectic Solvents (DESs) are a novel class of organic liquids that are gaining
increasing attraction in many sub-fields of chemical practice, as is well-documented by
the recent literature [5-8]. A DES is an organic liquid endowed with valuable “green
properties” which is formed via weak interactions, such as hydrogen bonds, between
two (often solid) molecules, namely a hydrogen bond donor (HBD) and a hydrogen bond
acceptor (HBA). The network of weak interactions established between the molecules of the
same species and between the molecules of different species determines a difficult or even
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impossible crystal lattice formation. This ultimately leads to the formation of a liquid [9,10].
The resulting liquids show a deviation from ideal liquid mixtures in terms of the melting
temperatures depending on the molar fraction of the components, with a deepening of
the melting points as well as a shift in the molar ratio of the eutectic point [11]. Relevant
papers are reported in literature with a quantitative approach to the phase diagrams of
these liquids that can define these liquids as DESs or simple eutectic mixtures [12-14].
The preparation of these green mixtures represents a great step ahead in the formulation
of innovative green liquids, especially whenever they are compared with other green
liquids [15-17]. This is because the liquids are formed simply by heating and mixing the
two often solid substances until homogenous systems are formed (often in few minutes)
without the use of any other solvent. As a result, the realization processes, which often
require only a few minutes, have 100% yield and 100% atom economy [5]. Many different
molecules can be used to realize DESs liquids, including, but not limited to: onium salts
with metal chlorides (also hydrated); choline chloride mixed with hydrogen bond donors
(such as carboxylic acids); Lewis bases mixed with alcohols or amides; etc. [17-20].

The green properties of DESs rely on the fact that they generally (i) are non-toxic,
(ii) have low or absent volatility (leading to the possibility of “out of the hood” procedures),
(iii) are biodegradable and, (iv) in the case of natural source molecules used for their
preparation (NADESs: Natural Deep Eutectic Solvents), their impact on the environment
is markedly reduced, both in terms of bioavailability and biodegradability of the liquids
themselves [21-25]. However, because the properties of the liquids’ components are
retained in the properties of the DESs, not all these novel liquids can be considered of
course as totally green as they can be formed by harmful or not green molecules. This is
the case i.e., for highly acidic DESs components as p-toluenesulfonic acid. In these cases,
the use of these liquids can nevertheless permit the avoidance of volatile mineral acidic
components [26].

For the same reasons of the properties of the constituting components, DESs can
also exhibit appreciable catalytic properties [8,27-32]. The effect seems to depend on the
“availability” of the molecule forming the DES in exerting the catalytic action [33-35].

Another interesting facet about DESs, which is steadily gaining ground in the litera-
ture, is represented by the water dilutions of these weak forces-based systems, as water
molecules can participate in the network of weak interaction [36,37]. The increase of the
water dilutions leads to a solvation of clusters of couples of HBD-HBA molecules and to
micro-domains of DESs and water; at values over about 50-60% w/w the DESs” deconstruc-
tion occurs. Water dilutions, even after low amounts of added water, have peculiar and
interesting physical-chemical properties as they show a high decrease of their viscosity and
changes in their polarity [38]. These effects are however dependent on the hydrophobicity
and hydrophilicity of the DESs” components, so the values of water needed to determine
structural changes can slightly shift.

Based on the last property, DESs are fruitfully applied in extraction and preconcentration
procedures from different matrices, encompassing vegetal and biological ones [39,40]. One
of the most interesting areas where DESs are finding relevant results is in their use as green
liquids for biomass feedstocks treatments, where they are finding high effectiveness [41-45].

In particular, phenolic compounds of vegetal origin are successfully extracted/
preconcentrated as they can participate in the hydrogen bonds network with the hy-
droxyl function as well as with the aromatic portions that can act as hydrogen bond
acceptors [24,46].

Among the several naturally occurring flavonoids, quercetin is currently one of the
most extensively studied because, besides its proven anti-blood clotting, cardioprotective,
neuroprotective, anti-inflammatory, anti-cancer and antioxidant properties [47,48], it also
shows an effective antiviral and immunomodulatory activity. In particular, recent studies
suggest the efficacy of quercetin-based formulations in reducing symptoms severity and
negative predictors of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
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which is the cause of the present COVID-19 global pandemic [49,50]. However, further
studies are still needed to demonstrate these relevant data [51].

Among the different methods available for the extraction of quercetin, and of flavonoids
from natural sources more generally, the ones based on ultrasound- and microwave-assisted
procedures are the most widely applied. Besides the major well-recognized advantages
of these techniques (fast execution, a certain level of environmentally friendly character,
easy automation, etc.), some of their severe limitations and major drawbacks have been
also described [52]. For example, thermal degradation of the compounds of interest, as
well as their accidental participation in unwanted /uncontrolled side reactions are worthy
of noting. Still, the use of even small percentages of volatile organic extraction solvents
can represent a problem in terms of their environmental and safety impact. Equally impor-
tant, using ultrasound- and microwave-assisted procedures implies a proper tuning and
combination of several process variables, which must be cautiously optimized.

Scientific works describing the use of DESs and their water dilutions for the effec-
tive quercetin extraction from onion skin waste are already present in the literature [53];
the authors reported the use of common DESs such as choline chloride/urea/water mix-
tures or sugar-based DESs. Furthermore, applications regarding the efficient extraction
performances of high water dilutions of DESs have been described [54].

Quercetin is contained in abundance in different varieties of vegetables and fruits
such as apples, honey, raspberries, onions, red grapes, cherries, citrus fruits, and green
and red leafy vegetables [55]. Among them, high quercetin content is found in yellow
onion skin. Onion is one of the most important horticultural crops, which has reached a
current worldwide production of around 100 million tons in 2019 leading to a consequent
generation of a consistent amount of solid waste material. Recent literature reports that the
annual European production of onion waste is around 500,000 tons, especially in major
producing countries such as Spain, the Netherlands and the United Kingdom [56]. Onion
skin, the most highly abundant waste material derived from onion processing, represents a
reservoir of molecules endowed with valuable biofunctional properties [57,58]. Within the
(phyto)complex, quercetin and in its glycosylated forms occupy a prominent position in
this regard [59,60].

In this work, we present an effective and green procedure for the extraction of
quercetin and its principal glycosylated form from dry onion skin of “Dorata di Parma” cul-
tivar with the use of water dilutions of acidic DESs with a heating/stirring- and ultrasound-
assisted protocol. This procedure revealed to be much more effective than the use of neat
methanol, a protic highly toxic and volatile solvent commonly used in the extractions of
polyphenols from complex matrixes [61,62]. An anti-solvent and a reversed-phase chro-
matography approach were performed to enable the raw quercetin recovery from each
extract. In order to select the best parameters to maximize the recovery of quercetin(s) from
onion extracts, the extraction efficiency was monitored by reversed phase-high performance
liquid chromatography coupled to UV detection (RP-HPLC-UV). Ultra-high performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) analyses were also
performed to allow the identification of the main peaks.

2. Materials and Methods
2.1. Reagents and Instruments

Glycolic acid (GA), Trimethylglycine (TMG), Ethylene Glycol (EG), Choline Chlo-
ride (ChCl), Glycerol (GLY), Urea (U), p-toluenesulfonic acid (pTSA), L-proline (L-PRO),
Octanoic Acid (OCT), Decanoic Acid (DEC), Thymol (THY), Phenylacetic acid (PhAA),
Methanol, Ethanol were purchased from Merck (Darmstadt, Germany) and Alfa-Aesar
(Haverhill, MA, USA) and were used without further purifications (purities > 98.5%).
Hygroscopic reagents were desiccated under P,Os prior use. Trimethylbenzylammonium
methanesulfonate was synthesized following a procedure reported elsewhere [26]. Water
was used at milliQ purity grade (>18 MQ)).
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A Sartorius LE225D was used as analytical balance; the centrifugations were per-
formed using a Beckmann Coulter ALLEGRA 64R Centrifuge; Agilent 8453 UV-VIS Spec-
troscopy system equipped with a thermostat (25.0 £ 0.1 °C) was used for the UV-VIS
spectra determination.

HPLC-grade and MS-grade acetonitrile (ACN, purity > 99.9%) and formic acid
(FA purity > 95%) were purchased from Sigma Aldrich (Milan, Italy). Water for HPLC
analysis was purified with a Milli-Q Plus185 system from Millipore (Milford, MA, USA).
The HPLC-UV study was performed on a Thermo Separation low-pressure quaternary
gradient pump system (Spectra system Series, Thermo Scientific, Waltham, MA, USA)
supplied with a GT-154 vacuum degasser (Shimadzu, Kyoto, Japan). The system was
equipped with a SPD-10A UV-Vis detector (Shimadzu, Kyoto, Japan) and a Rheodyne
7725i injector (Rheodyne Inc., Cotati, CA, USA) with a 20 uL stainless steel loop. Data
management and acquisition was made by means of Clarity Lite chromatography software.
UV detection was carried out at 360 nm. A Robusta RP18 (250 x 4.6 mm i.d., 5 pm, 100 A
pore size from Sepachrom, Milan, Italy) was used as analytical column. A Grace (Sedri-
ano, Italy) heater/chiller (Model 7956R) thermostat was used to carry out the RP-HPLC
analyses at a column temperature fixed at 25 °C. All the analyses were carried out at a
1.0 mL min~"! flow rate. For UHPLC-MS/MS analysis an Agilent 1290 Infinity LC system
coupled with an Agilent 6540 UHD Accurate Mass QTOF (Agilent Technologies, Santa
Clara, CA, USA) with an Agilent Jet Stream Dual electrospray (Dual AJS ESI) interface was
used. VELP Scientifica AREX oil bath with a VTF Vertex was used for the heating and the
stirring of the samples, Branson BRANSONIC 220 sonicator bath (75 W sonication power)
was used for the sonication procedure. The analytes separation was performed with a
Kinetex (100 x 2.1 mm i.d., 1.7 um, 100 A) column from Phenomenex (Torrance, CA, USA)
connected with a guard cartridge EVO-C18 (2.1 x 2 mm) from Phenomenex.

2.2. DESs Preparation and Water Dilutions

The Deep Eutectic Solvents were prepared by mixing and heating (~70-80 °C) the
weighted components in a sealed flask until homogeneous fluids were obtained in a time-
frame spanning from 10 min to 3 h [29]. The water dilutions were prepared by adding the
specific weighted amounts of water to the DESs and then leaving them under magnetic stir-
ring at 25 °C overnight in order to generate homogenous fluids [38]. The water content of
the starting mixtures was measured with a Karl Fischer titrator (Metrohm 684 KF Coulome-
ter) and the values were found to span from 0.1 to 5% w/w in the different DESs: Ethy-
lene Glycol/Choline Chloride (EG/ChCl, 2/1 molar ratio) 1.9% w/w; Glycerol/Choline
Chloride (GLY/ChCl, 2/1 molar ratio) 3.1% w/w; Urea/Choline Chloride (U/ChCl, 2/1
molar ratio) 1.6% w/w; Glycerol/Trimethylglycine (Gly/TMG, 3/1 molar ratio) 3.6% w/w;
Glycolic Acid/Trimethylglycine (GA/TMG, 2/1 molar ratio) 1.9% w/w; Glycolic Acid/L-
Proline (GA /L-Pro, 3/1 molar ratio) 2.1% w/w; Glycolic Acid/Choline Chloride (GA/Ch(l,
2/1 molar ratio) 2.4% w/w; p-toluenesulfonic acid /benzyltrimethylammonium methane-
sulfonate (pTSA/BZA, 1/1 molar ratio) 4.6% w/w; Thymol/Decanoic Acid (THY/DEC,
2/1 molar ratio) 0.5% w/w; Phenylacetic Acid/Trimethylglycine (PhAA/TMG, 2/1 mo-
lar ratio) 1.6% w/w; Thymol/Trimethylglycine (THY/TMG, 3/1 molar ratio) 0.4% w/w;
Phenylacetic Acid/N,N-dimethyl-N,N-didodecylammonium chloride (PhAA/DDDACI,
2/1 molar ratio) 2.2% w/w.

2.3. Heating-Ultrasound Assisted Extraction Procedure

The onion skin leaves were weighted in a vial then the DES was weighted in the same
recipient. The samples were put in an oil bath at the proper temperature under magnetic
stirring at 300 rpm. The sonication procedure was made by putting the samples in the
ultrasound bath at room temperature (20-25 °C) for the established (evaluated) time period.
Samples were then centrifugated at 25 °C for 30 min at 7000 rpm. A total 50 uL of the
orange/red supernatant (Gilson P-100 pipette) was dissolved in 2 mL of ethanol in quartz
cuvette for the UV-VIS analysis in the 190 nm to 1100 nm wavelength range; spectra were
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normalized with Microsoft Excel software. Then, 100 uL of the same supernatant was
dissolved in 2 mL of ethanol for HPLC and LC-MS/MS analysis. All the samples were
analyzed in triplicate and the errors evaluated via standard deviation of the three samples.

2.4. Onion Skin Samples

Dry onion skins from the “Dorata di Parma” cultivar were bought in a local market
and processed without any further pre-treatments. The onion skin samples were desiccated
under vacuum using a KNF Laboport solid PTFE vacuum pump at room temperature
(20-25 °C) away from sunlight, in times spanning from 1 to 6 h until constant weight. The
samples were always kept in closed containers away from light and sunlight.

In order to ensure the proper comparison of the obtained results, the sets of experiments
were performed with the same batches of finely chopped onion skin (about 1 mm?).

2.5. RP-HPLC-UV Analysis

The extraction efficiencies afforded by each of the DES mixtures were evaluated
through HPLC-UV-Vis analysis, by relying upon a gradient program slightly modified
from a previously developed and optimized method [59]. The final gradient program was
obtained from eluent A (0.1% (v/v) FA in water) and eluent B (0.1% (v/v) FA in ACN) as
follows: 0 min 100% A, 0-5 min from 100% up to 97% A, 5-45 min from 97% up to 50% A,
45-50 min 0% A. At the end of each run, a column cleaning of 10 min with 100% B was
added before column re-equilibration with 100% A.

2.6. UHPLC-MS/MS

The UHPLC analyses were performed under gradient conditions. Eluent A was water
containing 0.1% (v/v) FA and eluent B methanol containing 0.1% (v/v) FA. The gradient
was as follows: 0 min 1% B, 5 min 3% B, 45 min 50% B, 53 min linear gradient 100% B, and
a post run time of 3 min to return to initial condition and re-equilibrate the system. The
flow rate was 0.4 mL min~!, the injection volume was 5 uL and the column temperature
was 40 °C. UV-DAD spectrum range was included between 190 and 630 nm.

The acquisition was performed in positive mode. The Dual AJS ESI gas temperature
was set at 350 °C. The sheath gas temperature at 400 °C, the gas flow and the sheath gas
flow at 9 mL min~!, the nebulizer at 35 psig, the capillary voltage at 4000 V, the nozzle
voltage 0V, the fragmentor at 120 V, the skimmer at 65 V and the Octopole RF Vpp at 750 V.

2.7. Quercetin Recovery

The recovery of the raw materials extracted was performed applying two different
methods. With the anti-solvent procedure at the end of the centrifugation the material was
filtered in folded paper filter and then diluted with water (or with 10% HCl—by volume—
water solution in case of acidic dilutions for the hydrolysis of glycosylated quercetin) in a
way to obtain 75% w/w water solution of the DES. Samples were left stirring (350 rpm) at
room temperature (2025 °C) overnight in order to permit the DES de-structuration and
the HBD-HBA bond cleavage. The solutions were then centrifuged, the pellets collected
and dried under vacuum with P,Os and the supernatant filtered in weighted Sartorius
0.2 um filters. The reversed-phase chromatography recover procedure was performed on
the 75% w/w water (or 10% v/v HCl) solutions in Supelco Supelclean LC-18 SPE Tubes
with water (3 mL) followed by methanol (3 mL).

Both the procedures were performed starting from 0.2 g of onion skin. The quercetin
amounts in these crudes were then determined via HPLC analyses.
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3. Results and Discussion
3.1. Optimal Deep Eutectic Solvent Design for the Quercetin Extraction

The first step of this work was the choice of the optimal solvent for the extraction of
quercetin from the onion skin waste. The extraction was performed by a heating/stirring-
and ultrasound-assisted procedure. In order to investigate the effectiveness of the dif-
ferent solvents we have firstly set-up experimental conditions commonly reported in
literature [63]: heating at 50 °C and stirring at 300 rpm for 30 min then 45 min of sonication
in bath followed by centrifugation of the extracts for 30 min at 7000 rpm. Afterwards, the
extraction conditions were optimized as well. Because of the large number of samples to be
analyzed, an UV-Vis spectra analysis of the extracts at the same dilutions was performed in
turn facilitating the rapid evaluation of the extraction efficiencies of the different liquids.
Absorbance values were recorded at 300 nm, which is the wavelength used to monitor
the presence of molecules such as protocatechuic acid, and 366 nm, which is the typical
wavelength used to study flavonoids such as quercetin and their glycosylated forms.

Differently structured DESs were used in this set of experiments, starting from com-
monly used ones (i.e., Urea/Choline Chloride or Glycerol/Choline Chloride mixtures and
so on) [64,65] moving to other differently structured acid-based DESs (such as i.e., Glycolic
Acid/Betaine, pTSA-based or Glycolic acid /L-Proline mixtures) [26,30,66].

We chose these liquids aimed at investigating the effect by neutral forms (glycerol-
or glycol-based) as well as slightly acidic (Glycolic Acid-based) and highly acidic ones
(p-toluensulphonic acid based). This heterogeneous selection intended to appraise whether
a form was more capable than another to favor the hydrolysis of the glycosylated forms of
the extracted flavonoids. Moreover, hydrophobic DESs mixtures were tested to evaluate
the water solubility effect of the liquids on the extraction efficacy, considering the low
solubility of the quercetin itself in water [18,67].

The liquids tested were: Ethylene Glycol/Choline Chloride (EG/ChCl, 2/1 molar
ratio); Glycerol/Choline Chloride (GLY/ChCl, 2/1 molar ratio); Urea/Choline Chloride
(U/ChCl, 2/1 molar ratio); Glycerol/ Trimethylglycine (Gly/TMG, 3/1 molar ratio); Glycolic
Acid/Trimethylglycine (GA/TMG, 2/1 molar ratio); Glycolic Acid/L-Proline (GA/L-Pro, 3/1
molar ratio); Glycolic Acid/Choline Chloride (GA/ChCl, 2/1 molar ratio); p-toluenesulfonic
acid/benzyltrimethylammonium methanesulfonate (pTSA/BZA, 1/1 molar ratio); Thy-
mol/Decanoic Acid (THY/DEC, 2/1 molar ratio); Phenylacetic Acid/Trimethylglycine
(PhAA/TMG, 2/1 molar ratio); Thymol/Trimethylglycine (THY/TMG, 3/1 molar ratio);
Phenylacetic Acid /N,N-dimethyl-N,N-didodecylammonium chloride (PhAA/DDDACI, 2/1
molar ratio). In addition to the above mixtures, neat methanol was also used as extraction
solvent for comparative purposes. Indeed, this alcohol is commonly used for the polyphenol
extraction from natural sources [68,69]. In order to evaluate the advantages of the aqueous so-
lutions of DESs (such as the fine tuning of the overall viscosity and the polarity extent), water
additions were also tested. DESs undergo structural changes by adding water in amounts that
are dependent on the structural features of the components and on their interactions. Thus,
three different dilutions were scrutinized using three different amounts of water (10%, 30%
and 70% w/w) in each solvent; considering that with starting water amounts from 0.1% to
5% in the liquids, with these values it is possible to easily stay between the values of water
that determine structural changes in the DESs solutions [38,70-72]. The hydrophobic DESs
were tested as such, without any water addition: indeed, they generally do not absorb water
contents higher than 10% w/w [18]. Water dilutions of methanol were also tested. In Figure 1,
the results of absorbance of the samples at 366 nm are reported, while the absorbance values
at 300 nm of the same samples are reported in the Supplementary Materials (Figure S1) as
well as UV-Vis spectra of a typical sample and of all the samples (Figure S2).
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Figure 1. UV-Vis Absorbance at A = 366 nm of the supernatants of the extraction of onion skin diluted in ethanol (50 uL in
2 mL EtOH). Extraction conditions: 50 mg of onion skin in 1.5 g of aqueous DES, heating and stirring (50 °C, 300 rpm) for
30 min then 45 min of sonication in bath followed by centrifugation of the extracts for 30 min at 7000 rpm. EG/ChCl12/1
molar ratio; GLY /ChCl 2/1 molar ratio; U/ChCl 2/1 molar ratio; Gly/TMG 3/1 molar ratio; GA/TMG 2/1 molar ratio;
GA/L-Pro 3/1 molar ratio; GA/ChCl 2/1 molar ratio; pTSA/BZA 1/1 molar ratio; THY/DEC 2/1 molar ratio; PhAA/TMG
2/1 molar ratio; THY/TMG 3/1 molar ratio; PhAA/DDDACI 2/1 molar ratio. Water amounts are considered as added
water to the starting DESs (initial water amounts spanning from 0.1% to 5% w/w).

From the UV-Vis analyses on the raw extracted material, it is evident that all the pure
non-diluted DESs have extraction efficacies lower than methanol. EG/ChCl DES showed
the highest extraction efficacy in its pure non-diluted form compared to the other pure
liquids. However, these values increase steeply by addition of water: the absorbance
values were more than doubled with 10% w/w water, with the highest values recorded
at 30% w/w; then, a decrease did occur with 70% w/w of added water. This trend is
coherent with the structural properties of the water dilutions of DESs as the lowering of the
liquid viscosity, which follows the increasing amounts of water promoting an easier mass
transfer (that is, the extraction power) from the onion skin. This is also suggested by the
low solubility of quercetin (or similar phenols contained in the onion skin) in water, that
therefore could be easily extracted from onion skin thanks to the lower viscosity and then
it could be solubilized in the DESs domains. The HBD-HBA bond cleavage and following
DESs structures disruptions at values of 70% w/w of added water led to a decrease on
the extraction efficiency, even though it remained higher than that produced both by neat
methanol and water-methanol solutions. The negative inflection of the extraction trend
could be due to interactions of the phenols with the DESs isolated components. The
changes in the polarity of the media did not play a significant role as the trend of the Azg¢
of the water dilutions was the same for all the differently structured polarities. The water
additions, in fact, lead to changes in polarity that lead progressively to the polarity of
water itself by increasing its amount [38]. In this case some of the solvents could have
higher polarity than water and other lower ones, so the trends could have been different.
The hydrophobic DESs (THY/DEC, PhAA/TMG, THY/TMG, PhAA /DDDACI) showed
lower extraction efficacies as they could not benefit from the advantaged resulting from
the water addition.
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The acidity of the HBD in the DESs plays a role in their extraction efficiency as the
common non-acid liquids (EG/ChCl, GLY/ChCl, U/ChCl, Gly/TMG) showed absorbances
at 366 nm lower than the ones with acidic HBDs such as glycolic acid-based liquids
(GA/TMG, GA/L-Pro, GA/ChCl) and the pTSA-based one (pTSA/BZA). HBA seems
to play a less relevant role as the most important differences were observed by changing
the HBD.

The best extracting liquid in our set was found to be the glycolic acid/betaine
(GA/TMG) mixture, already known in the literature for its multiple advantageous uses [73].

The absorbances at 300 nm were higher than those at 366 nm, but the Azgq/Azg trend
was identical for all the samples, therefore suggesting the non-selective extraction of the
different DESs in the set.

From the data reported in Figure 1 it emerges that all the DESs in their water dilutions
at 30% (w/w) are much more efficient than methanol. In particular GA/TMG showed more
than 4.5 times higher extraction efficiency of the raw material compared with methanol
and over twice compared with methanol with 30% (w/w) water. These data strongly
promote the use of the water dilutions of DESs as an efficacious and green method for
the extraction of important phenolic compounds from dry onion skin. In Figure S3 in
Supplementary Materials, the ratio of Azes of the samples on the Azgg of pure methanol
and of methanol with 30% (w/w) of added water are reported in order to evaluate the
efficacy of the DESs water dilutions compared to methanol (the same data at 300 nm is
reported in the same figure).

3.2. Extraction Conditions Optimization

Once the optimal DESs were found, the optimization of the extraction conditions
was made by changing (i) the amount of water added to the DESs extracting liquids (this
time, a more extended water content was evaluated), (ii) the time of heating, (iii) the
temperature of heating and (iv) the sonication time. All these procedures were performed
sequentially, according to the one-variable-at-time (OVAT) approach. These experiments
were performed with the system GA/TMG as this DES emerged as best performing one
for the scope of the present work. Moreover, it is also characterized by a low cost and easy
preparation. In these experiments, the estimation of the extraction efficacy from the dry
onion skin was also evaluated via UV-Vis analysis at 366 nm. The UV-Vis absorbances
at 300 nm gave the same trends and therefore these values are not reported herein. In
Figure 2, the results of the optimization steps are reported; the optimization of the ratio
of the mass of onion skin on the mass of the extracting DESs was also performed, but it
did not show any relevant trend (see Supplementary Materials, Figure 54). Therefore, the
following amounts were maintained also in this part of the study: 50 mg of onion skin with
1.5 g of DES.

The first parameter considered was the amount of water added to the DESs (Figure 3A);
in this framework, a set of ten experiments was performed from 0% to 90% (w/w) added
water. The best result obtained in terms of absorbance at 366 nm was at 30% w/w, the
same value that turned out in the previous step dealing with the screening of the various
DESs. With this water amount the heating time at 50 °C was then evaluated in a time-frame
of 120 min (Figure 3B). The best result was again that previously identified during the
screening stage, that is, 30 min. Then, the heating temperature was varied in the range
25 °C-100 °C (Figure 3C). In this case, an almost constant value of Az, was observed
from 50 °C to 80 °C, then an increase was recorded corresponding to a browning of the
extracting solution and difficult operating conditions (impossible separation of the onion
matrix after centrifugation). Therefore, the temperature was set as optimal at 50 °C because
it is the lowest temperature that gave the optimal results without browning of the solutions.
The only parameter that was changed from the starting conditions was the sonication time
because it showed an increase of Azgs without any experimental drawback (Figure 3D): an
increase from 45 min to 1 h showed an increase of the extracted raw material. Therefore,
the optimal extraction conditions were: 50 mg of onion skin in 1.5 g of 30% w/w of added
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water in DESs, heating and stirring at 50 °C for 30 min, followed by sonication of 1 h and
then centrifugation of the sample for 30 min at 7000 rpm.
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Figure 2. Optimization of the extraction procedure, GA/TMG DES + 30% w/w added water, 50 mg
of onion skin in 1.5 g of DES. (A): optimization of the water amount on GA/TMG DES, heating and
stirring (50 °C, 300 rpm) for 30 min then 45 min of sonication in bath followed by centrifugation of
the extracts for 30 min at 7000 rpm. (B): optimization of heating times, heating and stirring (50 °C,
300 rpm) then 45 min of sonication in bath followed by centrifugation of the extracts for 30 min
at 7000 rpm. (C): optimization of heating temperature, heating and stirring (300 rpm) for 30 min
then 45 min of sonication in bath followed by centrifugation of the extracts for 30 min at 7000 rpm.
(D): optimization of sonication times, heating and stirring (50 °C, 300 rpm) for 30 min then sonication
in bath followed by centrifugation of the extracts for 30 min at 7000 rpm. All the measures are
averages of triplicates and the error bars are standard deviations of the set.

The samples of GA/TMG, GA/L-Pro and pTSA/BZA, obtained by applying these
experimental conditions, were then submitted to HPLC analysis (see Section 3.3 for details).
Methanol and its water dilutions were also considered for comparative purposes.
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Figure 3. Chromatograms of the HPLC-UV-Vis analysis on onion extracts at 360 nm. (A): pure MeOH, (B): MeOH 30% w/w
water, (C): GA/TMG +30% w/w water, (D): GA/L-Pro + 30% w/w water, (E): pTSA/BZA + 30% w/w water.

3.3. RP-HPLC-UV Analysis

In order to characterize the qualitative and quantitative profile of each onion extract, a
HPLC-UV (wavelength of detection 360 nm) analysis was firstly carried out followed by
an UHPLC-MS investigation for the identification of the main peaks.

The chromatographic profiles clearly evidenced the presence of two main peaks
(Figure 3). The first one, with a retention time of about 29 min, was plausibly ascribed to a
glycosylated form of quercetin and successively confirmed and characterized by UHPLC-
MS analysis (see Section 3.3.1 for details). In fact, besides the aglycone of quercetin, digluco-
sides (mainly quercetin-3,4’-O-diglucoside) and glucosides derivatives (mainly quercetin-4'-
O-diglucoside) represent the predominant forms in different onion varieties [74-76]. More-
over, the prevalence of the mono-glycosilated quercetin with respect to the di-glycosylated
form could reasonably originate from a hydrolytic cleavage occurring during the extraction.
The second main peak was identified as the quercetin aglycone, based on the correspon-
dence of peak retention time (around 34 min) with that of the reference standard.

The applied gradient program produced a profitable separation of the selected peaks
from other minor compounds or matrix interferences. This in turn allowed the reliable
quantitation of quercetin, its extraction being the focus of the present study. A noteworthy
major content of quercetin was always recovered with the use of different DESs mixtures if
compared to more conventional extraction protocols operated with pure methanol or its
hydro-alcoholic mixtures.

The exemplary chromatograms of onion skin extracts submitted to conventional meth-
ods or DES-based extraction protocols are shown in Figure 3. The results also evidenced
a higher content of glycosylated quercetin provided by DESs extractants, thus underly-
ing their effectiveness and selectivity towards such class of flavonoids with respect to
traditional methods.

3.3.1. UHPLC-MS/MS

According to HPLC results, the UHPLC-MS/MS analysis was focused on the identi-
fication of peak at lower retention time and with UV absorption at 366 nm. The sample
analyzed was the one extracted with GA/L-Pro + 30% added water liquid. The results are
reported in Figure 4.
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Figure 4. LC-MS/MS analysis of the peak at lower retention time of GLY/L-Pro + 30% added
water sample. (A): LC chromatogram; (B): MS and MS/MS fragmentations of the peak at 19 min
retention time.

The MS spectra show a peak with m/z value of 465.1029 that corresponds to pseu-
domolecular ion [M+H]* of a compound with chemical formula Cp;H9O12. The [M+H]*
fragmentation pattern is consistent with the loss of a glycosyl or galactosyl due to the
presence of the fragment with n/z 303.0493. The presence of fragments with m/z at
257.0430, 229.0502, 153.0189, 137.0223 are related to the fragmentation of quercetin moiety
as reported in literature [77,78] and they confirm that the compound is a glycosylated form
of quercetin.

3.3.2. Quantitation of Quercetin in the Investigated Extracts

The quantitation of quercetin in all the investigated extracts was performed by relying
upon a calibration curve built up by using standard solutions with concentration values
spanning in the range specified in Table S1 (Supplementary Materials). As evident by the R?
value, the obtained mathematical models were characterized by a very good linearity. The
established HPLC method was further validated in terms of accuracy, precision, and limit
of detection (LOD) and limit of quantification (LOQ) (Tables S1 and S2, Supplementary
Materials). Accordingly, high recovery% values (from 98.15% up to 99.56%) and low
range of variation of the RSD% values (from 0.83% up to 1.04%) were observed when
the long-term (inter-day) accuracy and precision were evaluated, respectively (Table S2,
Supplementary Materials). Additionally, appreciably low LOD (0.37 pug/mL) and LOQ
(1.11 pg/mL) values were calculated for quercetin samples (Table S1, Supplementary
Materials). The obtained results are comparable with data reported in literature [79,80].
For example, the validation data of the HPLC method for quercetin determination in green
tea reported by Savic and co-workers showed accuracy values between 98.2 and 101.3%,
RSD% values in the range 0.89-1.55%, and LOD and LOQ values of 1.2 and 4.0 ug/mL,
respectively [81].

39



Materials 2021, 14, 6465

The consistent and reliable outcomes achieved with the validation process revealed
the adequacy of the analytical method to be applied for quantitative purposes.

The results shown in Table 1 highlight a certain selectivity in terms of extracted
compounds by DESs characterized by a higher content of quercetin in all the extracts with
respect to the traditional media. In particular, the mixture GA/L-Pro produced the highest
quercetin recovery. Interestingly, it is worth noting that the ratio between the glycosylated
form and the aglycone one was kept quite constant when extractions were performed with
DESs systems. In these cases, the ratio between the two forms was around 1.4 with a slight
prevalence of the glycosylated form over the aglycone one. On the contrary, despite the
inverted ratio found when pure methanol or a methanol/water mixture was employed, a
lower total recovery was reached.

Table 1. Quantitation of quercetin amounts and glycosylated /aglycone quercetin ratio in the analyzed samples.

Onion Extract

Quercetin Mean Conc. &+ SD (ug/mL) Glycosylated/Aglycone—Quercetin Ratio

MeOH 5.84 +0.13 43/57

MeOH + 30% w/w water 10.83 £ 0.01 40/60
GA/TMG + 30% w/w water 14.79 + 0.50 58/42
GA/L-Pro + 30% w/w water 18.56 + 0.25 58/42
PTSA/BZA + 30% w/w water 14.83 + 0.31 59/41

3.4. Quercetin Recovery

The recovery of the quercetin from the extraction matrix was performed with two
different methodologies: water anti-solvent method and SPE (solid phase extraction)
method. In both protocols it was considered that at water amounts over 75% (w/w) the
DESs structures are disrupted and the bonds HBA-HBD are cleaved; in these conditions the
limited water solubility of quercetin can be exploited for its separation from the hydrophilic
media. Therefore, the experiments were carried out in the optimized conditions and then
water was added in order to get to 75% (w/w) of added water. Then, the samples were left
stirring at room temperature (20-25 °C) overnight and finally treated in the two different
methodologies. With anti-solvent technique, the samples were centrifuged and the solid
phases separated, the supernatants filtered in weighted 0.2 um filters and the solid phases
diluted in the proper amounts of ethanol to perform the HPLC quantitative analyses.
The SPE was performed via loading of the sample in the reversed-phase cartridge and
then the products were recovered with methanol (3 mL) wash. The same experiments
were conducted with HCI 10% (w/w) water solution instead of water; in this way an
increase of the non-glycosylated form could be collected because of acid hydrolysis. The
anti-solvent procedure gave 0.16 g of raw material starting from 0.2 g of onion leaves and
the reverse-phase chromatography gave 0.016 g of raw material starting from 0.2 g of
onion skin.

The yields of quercetin recovery, calculated as amount of quercetin obtained on the
amount of quercetin extracted both evaluated via HPLC analyses, are reported in Table 2.
In the same table, the data coming from the experiments conducted with HC1 10% (w/w)
are reported in terms of ratio glycosylated /non-glycosylated forms. This is because in
these cases it is not possible to calculate a yield because of the increasing amount of
non-glycosylated quercetin.

The SPE (solid phase extraction) method gave excellent yield of recovery of quercetin
(81%), while the water anti-solvent method showed low performances of recovery (8%).
The low values observed with anti-solvent method could be due to interactions occurring
between the DES components (glycolic acid and trimethylglycine) and the quercetin that
could lead to more water-soluble adduct not allowing the precipitate formation after
centrifugation. Polyphenols extraction procedures made by DESs are known to occur
thanks to weak interactions occurring between the phenols and the network of weak forces
in the DESs liquids [24,82]. This is supported by the values of Az in extraction procedures
observed with 70% (w/w) of added water in the optimal DES design that were in fact still
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over the methanol extraction even if lower than the maximum observed at 30% (w/w)
added water.

Table 2. Recovery of quercetin from the extracted samples evaluation via HPLC analyses.

. . Glycosylated/Aglycone— Glycosylated/Aglycone—
Recovery Procedure Sample C ()%lclericestgl (M e;:::L) R Yle‘lld Ofo/ Quercetin Ratio Quercetin Ratio
: Hg ecovery, /o H,0 Recover HClI 10% w/w Recover
extracted 12.83 £0.012 o
SPE recovered 11.68 4+ 0.39® 81% 52/48 40/60
. extracted 13.88 £ 0.02 ¢ o
Anti-Solvent recovered 449+ 0,014 8% 38/62 29/71

Extracting liquid GA/TMG + 30% w/w added water (density 1.1941 g/mL), heating and stirring at 50 °C for 30 min, 1-h sonication,
centrifugation of the sample for 30 min at 7000 rpm, filtration of the sample with water amounts to give 75% w/w of added water left
stirring overnight. Yields of recovery calculated as percent of recover from the extracted material reported at the same dilutions. Dilutions
made in order to give values of areas of HPLC analyses inside the calibration curve. Glycosylated / Aglycone—Quercetin Ratio calculated as
ratio of HPLC peaks area in the recover procedure with water (H,O recover) or with 10% w/w HCl in water solution (HCI 10% w/w recover
column). ? = 50 uL of sample from 1.2587 mL extracting DES batch dissolved in 2 mL of EtOH; b =140 uL of sample from a total 2 mL
EtOH batch dissolved in 2 mL of EtOH; € = 50 uL of sample from 5.3641 mL extracting DES batch dissolved in 2 mL of EtOH; d =200 uL of
sample from a total 5 mL EtOH batch dissolved in 2 mL of EtOH.

In the SPE method, excellent values of recovery were observed (81%) but methanol
was used for the recovery after the wash in the SPE cartridge. However, the amounts
of extracted material with the DESs water dilutions showed values that are over 4.5 and
2 times higher than the ones of methanol or methanol with 30% (w/w) of added water when
used as extracting agents. If the recovery efficacy is normalized on the amounts of methanol
used (1.89 mL in case of extraction with methanol and 3 mL in case of DES) the procedure is
still advantageous because the extraction efficacy is 4.5 times higher with almost twice the
methanol used, therefore it is almost three times more efficacious. Moreover, when used as
extracting liquid, methanol is heated to temperatures close to its boiling point, therefore
implying peculiar attention to the experimental conditions (aspirating hoods, flammability
of the media, toxicity of the vapors and so on) that increase in the case of industrial scale-up
of the process. This feature undoubtedly promotes the DES-water system for the inherent
extraction efficiency and overall greenness of the method.

The use of HC1 10% (w/w) water solutions instead of the simple water for the dilutions,
led to an increase of the amount of non-glycosylated form as expected; in this case, the
yields of recovery was not calculated as the amounts of quercetin recovered were also
higher than the ones initially extracted.

4. Conclusions

In this work water dilutions of a set of Deep Eutectic Solvents (DESs) revealed to
be excellent and efficacious green media for the selective extraction of quercetin and its
glycosylated form from onion skin, a low-cost waste material. As reported, the best results
were obtained with the use of acidic components in the DESs liquids (GA/TMG, GA/L-Pro
and pTSA/BZA). Glycolic acid-based ones can be considered NADESs, therefore their
greenness is increased over the pTSA-based one that moreover has strong acidity in its
components. However, no effect on the ratio aglycone/glycosylated forms was observed by
changing the acidic strength in the liquids even though the O-glycosidic bond can usually
be hydrolyzed in acidic conditions, therefore suggesting a different mechanism of extraction.
The procedure revealed to be much more effective than the use of methanol, a highly toxic
and volatile solvent commonly used in the extraction of polyphenols from vegetal matrixes.
The quercetin concentration in the samples (in the aglycone form only) were in fact over
three times higher than methanol as emerged from HPLC analyses (5.84 pg/mL with
methanol compared to 18.56 pg/mL with GA/L-Pro and over 14 pug/mL for GA/TMG and
pTSA/BZA samples) and more than 1.5 times higher using the water/methanol mixture
(10.83 ng/mL). The extracted materials were also recovered efficaciously with solid phase
extraction method with excellent yields (81%) of recovery.
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The proposed extraction protocol revealed to be green, efficacious and selective for
the extraction from onion skin of quercetin, a molecule that is gaining importance for
properties such as its pharmacological activity.
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10.3390/ma14216465/s1, Figure S1: UV-Vis Absorbance at A = 300 nm of the supernatants of the
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GA/TMG + 30% added water samples—UV-Vis spectra of all the extraction samples. Figure S3: ratio
of UV-Vis Azpp nm and Azge nm sample/methanol and sample/methanol + 30% w/w water added.
Figure S4: ratio of the mass of onion skin on the mass of the extracting DESs optimization. Table S1:
HPLC Calibration data. Table S2: HPLC Method validation.
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Abstract: Deep Eutectic Systems (DESs) are obtained by combining Hydrogen Bond Acceptors
(HBAs) and Hydrogen Bond Donors (HBDs) in specific molar ratios. Since their first appearance
in the literature in 2003, they have shown a wide range of applications, ranging from the selective
extraction of biomass or metals to medicine, as well as from pollution control systems to catalytic
active solvents and co-solvents. The very peculiar physical properties of DESs, such as the elevated
density and viscosity, reduced conductivity, improved solvent ability and a peculiar optical behavior,
can be exploited for engineering modular systems which cannot be obtained with other non-eutectic
mixtures. In the present review, selected DESs research fields, as their use in materials synthesis, as
solvents for volatile organic compounds, as ingredients in pharmaceutical formulations and as active
solvents and cosolvents in organic synthesis, are reported and discussed in terms of application and
future perspectives.

Keywords: deep eutectic solvents; materials; API formulation; gas sorbents; ionothermal synthesis;
organic synthesis

1. Introduction

The so-called Deep Eutectic Solvents (or DESs) have been firstly described in the
scientific literature in 2003 with the pioneering work of Abbot and co-workers on the
eutectic behavior of urea in the presence of some quaternary ammonium salts [1].

Since this seminal report, many efforts have been devoted in the last decade to the
development of such systems which revealed impressive performances when used as green
solvents. In particular, their peculiar physical properties, such as low volatility, flamma-
bility and vapor pressure, increased chemical and thermal stability could be exploited for
generating a superior class of improved solvents [2]. In addition, by designing DESs with
specific components, it is possible to obtain eutectic mixtures with low toxicity and high
biodegradability [3].

Generally speaking, a DES is obtained by combining in eutectic molar ratio specific
Hydrogen bond Donors (HBDs) and Acceptors (HBAs). The most evident, as easily visible,
parameter related with the formation of a DES is represented by its melting point, which
results lower than the one of the formers HBDs and HBAs, typically with values around the
room temperature. As an example, when the quaternary ammonium salt choline chloride
is mixed with urea (both solid at room temperature) in a 1:2 molar ratio, a viscous liquid
is obtained in a few minutes. When all the possible combinations between any HBA and
HBD are considered, the definition of DES becomes tricky, especially in terms of distinction
between Deep Eutectic (DES) and Eutectic Solvents (ES). This matter has been the subject of
research and discussion for many years. Currently, according to Ryder [4] and Martins [5],
the term deep should be associated with eutectic mixtures that show a decreasing of the
melting point with respect to the ideal eutectic point and not with respect to the melting
points of the former HBA and HBD. In the absence of such a condition, a simple eutectic
mixture (ES) is thus obtained.
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Regarding the possibility to classify a DES according to the nature of the formers
HBA and HBD, Abbott and co-workers [6] defined Deep Eutectic Solvents using the
general formula:

Cat™X™ - Y~ (1)
where Cat* is an organic cation (typically an ammonium, but also phosphonium or sul-
phonium are included), X~ is the Lewis base counterion (generally a halide ion) and Y
represents a Lewis or Brensted acid which is involved in the formation of the anionic
complex with X~. Nowadays, the majority of DESs that have been prepared and studied
could be classified into five different classes, as shown in Table 1.

Table 1. Classification of deep eutectic solvents.

DES Classification General Formula Terms
Typel Cat*X™ - MCly M =Zn, Sn, Fe, Al, Ga
Typell Cat*X™ - MCly - yH,O M = Cr, Co, Cu, Ni, Fe
Type III Cat*X™ -RZ Z = CONH,, COOH, OH
Type IV MCly - RZ M = Al, Zn;Z = CONHj,,
Type V non ionic COOH, OH

Type I and Type Il DESs combine a quaternary ammonium salt and a metal chloride,
the latter both in anhydrous (Type I) or in hydrated form (Type II). DESs can be formulated
by the combination of a quaternary ammonium salt with a HBD, as in the above mentioned
ChCl-based DES, where the HBD species is typically a small organic molecule (Type III
DESs). Type 1V, a combination between Type II and Type III DESs, includes the deep
eutectic mixtures formed by a metal chloride hydrate and an organic HBD [6]. Recently, a
fifth class of DES has been integrated in the general classification including all the deep
eutectics composed of only non-ionic, molecular HBAs and HBDs (Type V DESs) [7].

Type III DESs are the most investigated class of DESs. The HBA is typically an ionic
halide salt, such as an ammonium or phosphonium salt. Choline chloride (ChCl), a quater-
nary ammonium salt, is one of the most employed HBAs for the formation of DESs, since
it fulfils several sustainability principles due to its reduced costs, high biodegradability,
low toxicity and bioavailability. The other component of the DES is a generally safe and
bioavailable small molecule as urea, organic carboxylic acids (e.g., mono- or bicarboxylic
acids, citric acid or aminoacids) or polyols (e.g., glycerol, ethylene glycol or carbohydrates).
Some selected examples of HBAs and HBDs are illustrated in Figure 1.

As a matter of fact, the almost unlimited possible combinations and the large pool
of bio-derived and bio-inspired components available offer boundless possibilities to
formulate new DESs with remarkable properties in terms of physico-chemical parameters.
A relevant complementary class of DESs is represented by Natural Deep Eutectic Solvents
(NADESs). The term NADES is generally intended to designate DESs composed only
by naturally occurring compounds. In 2011 Verpoorte observed that a small number of
primary metabolites as carboxylic acids, choline, sugars and aminoacids are present in
high amounts in living organisms, much more abundant than expected on the basis of
their metabolic roles [8]. It has also been proposed that NADESs may be involved in the
resistance of some organisms to low temperatures and drought [9,10]. The hypothesis
put forward to explain the ubiquitous presence of NADESs in living organisms is that the
mixture of metabolites could form eutectic mixtures that would serve as reaction media for
the biosynthesis of non-water-soluble molecules [8].
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Figure 1. Selected examples of HBAs and HBDs for the formulation of DESs. Bn = benzyl, Ph = phenyl.

Taking inspiration from nature, several eutectic mixtures of bioderived compounds
have been prepared and employed for various applications [11-13]. Among the wide
variety in terms of components of NADESs, hydrophobic mixtures based on terpenes
and fatty acids have been reported [14-17]. A growing number of publications report on
very diverse use of NADESs. The special features of NADESs, such as biodegradability
and biocompatibility [11], suggest that they are alternative candidates for concepts and
applications and can be used in replacement to Volatile Organic Solvents (VOCs) in organic
synthesis as well as in extraction processes [2,18,19]. Stemming from the idea that NADESs
are the natural environment for metabolic processes, biocatalysis in NADESs has received
much attention for those transformations in which substrates or products show low water
solubility [20-22]. Most of the applications rely on the use of NADESs as extraction media
for Natural Products (NPs). As NADES species exhibit a superior solubilizing ability for
NPs, this provides a special advantage for NADESs as extraction media. Examples in the
extraction capabilities of NADESs for a large number of natural products are covered in a
pair of excellent recent reviews [23], and more recent references [24-28].

Further exploitation of NADES properties refers to their use as drug carriers. A
recent study refers to the slightly reduced permeability of chloramphenicol through the
pig skin after NADES application, which most likely was caused by hydrogen bonding
between the NADES and proteins in the skin based on FT-IR-results [29]. Additional areas
of possible further applications of NADES including their use as reaction, extraction and
chromatographic media as well as their biomedical relevance are expected in the next
future as far as the complexity of their supramolecular properties is elucidated.

The intriguing properties of DES make them exploitable not only as green solvents,
but also in other fields of industrial interest. In this context, cutting edge applications of
DESs are emerging, from the designing of functional materials [30], to the development of
innovative medicinal formulations, to the possibility to act as active catalytic systems [31]. A
relevant research line with important industrial applications is related with the employment
of DESs as green solvents for biomass processing. This specific topic has been recently
reviewed in a very exhaustive way by Jablonsky and coworkers and thus will not be
discussed herein [32].

In the present review, an overview about the application of DESs as possible organic
liquid semiconductors, as shape directing agents, as solvents for VOCs and as additive
or solvents in pharmaceutical formulations, is reported. In particular, a special focus on
the molecular structure of these systems and the consequences on their performances will
be given.
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The present review has been divided into five parts.

In the first section, the relationship between the physical properties of DESs and their
molecular structure will be discussed in general terms. Common preparation procedures
will be also considered, as well as the low stability of some common DESs, recently high-
lighted by some Authors. In the second section, the application of eutectics in ionothermal
synthesis and thus to the production of materials will be described. In the third part, the
employment of DESs-based devices to the solubilization of Volatile Organic Compounds
(VOCs) will be discussed. In the fourth section, promising application of some DESs in
medicine (Therapeutic DESs, THEDESs), as in the formulation of improved drugs will
be presented. In the last part, the possibility to employ DESs as non-innocent solvents in
organic synthesis will be reported.

2. Molecular Structure of Deep Eutectic Systems and Properties

The so-called deep eutectic solvents (DESs) were initially considered as sort of room
temperature ionic liquids [33]. Despite this first raw classification, DESs show many
differences from the parent ionic liquids. DESs are not liquid salts, being the components
very often neutral small molecules. They are in fact formed by eutectic combinations of
HBAs and HBDs connected through an intense hydrogen bond network responsible for a
very peculiar supramolecular architecture. In addition, the DESs’ physical properties are
uncommon as their enhanced solvent ability. Indeed, the possibility to produce sustainable
DESs (as NADESs, by choosing appropriate HBAs and HBDs), make them potentially high
performant green solvents. Nevertheless, during the last 15 years, an increasing number
of alternative applications has been reported for many DESs, and some Authors started
to use the term “DES” as short name for deep eutectic systems, in this way comprising
any possible exploitation of such compounds. By the way, these eutectic systems have
grown in importance as they show some peculiar physical properties directly related to
their molecular structure. Several studies have been reported in order to characterize and
classify many DESs considering some physical parameter, such as density, viscosity or
conductivity. In addition, many experimental and theoretical attempts have been done in
order to explain the DESs behavior at molecular level. A DES is usually characterized by a
decreased viscosity, an increased density, a low conductivity and it usually shows liquid
consistency at room temperature. In particular, when its melting point is plotted versus
the molar fraction between the former constituents, a drop is experimentally observed in
correspondence of the eutectic composition. When the drop is deeper than the expected
theoretical melting point, the term DES results appropriately. Otherwise, the resulting
mixture should be addressed as a simple ES (eutectic system) [4,34]. Many researchers
studied the variation of physical properties as density and viscosity [35-38], refractive
index [39] and speed of sound [40] of a DES and how these can be tailored by changing the
nature of HBA, HBD or their composition. The possibility to engineer such systems makes
of high priority the understanding of the supramolecular interactions which govern the
formation of the DES.

In order to explain how the molecular structure and interactions are related to the ex-
perimentally observed melting point depression and to the specific physical characteristics
commonly described, Abbot proposed the extension of the hole theory of Fiirth to such
systems [41]. In general, hole models are based on the statement that the vacancies present
at molecular level are randomly distributed [42]. When an ionic mixture melts, the varia-
tion in temperature during the melting process produces fluctuations of the local density,
which are responsible for the formation of empty spaces [43]. The consequent molecular
framework is dynamic and allows, at some specific conditions, the constant movement of
the ions with opportune size to fit in the holes, which move by this mechanism all-over the
network. By exploiting the equations described by Abbot and co-workers, it is possible to
determine the average size of the holes and to relate it with density and viscosity [9]. In
particular, the relationship between the volume of the vacancies and the superficial tension,
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can be exploited to predict which HBAs and HBDs are more appropriated for customizing
DESs with specific properties [44].

Recently, some attempts to compare the molecular structure of different DESs by
meaning of their UV-VIS profile have been reported. Through the UV-VIS based Tauc
plot method, the Band Gap (BG) energy of several hydrophilic choline-based [45] or
hydrophobic phosphonium-based DESs [46] were determined and compared, revealing a
relationship between the BG and the eutectic composition, which is analogue to the one
observed when the melting point is expressed in terms of molar ratio between HBA and
HBD (Table 2 and Figure 2).

Table 2. Band gap energies of some binary DESs.

HBA'! HBD' Band Gap Energy (eV) Reference
Choline chloride (1) Glycolic acid (1) 4.67 [44]
Choline chloride (1) Levulinic acid (1) 5.22 [44]
Choline chloride (1) Ethylene glycol (2) 5.92 [44]
Choline acetate (1) Glycolic acid (1) 473 [44]
Choline acetate (1) Levulinic acid (1) 4.70 [44]
Choline acetate (1) Ethylene glycol (2) 5.30 [44]
Choline chloride (1) Zinc chloride (2) 5.78 [44]
Choline chloride (1) Copper chloride (2) 5.20 [44]
Choline chloride (1) Urea (2) 5.16 [44]
Choline chloride (1) Nickel sulphate (1) 5.18 [45]
Choline chloride (3) Imidazole (7) 4.74 [45]
Choline chloride (2) D-(+)-Glucose (1) 5.85 [45]
Choline chloride (1) Glycerol (5) 5.56 [45]
T"Phe“ylg;iﬁ’é}e’}g)sph"mum Ethylene glycol (5) 534 [45]
Tr‘Phe“ylggﬂ’é};}gfph"mum Glycerol (5) 523 [45]

1 The molar equivalents of HBA and HBD are indicated in parenthesis.
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Figure 2. Variation of the band gap energy as function of the molar ratio between choline acetate and
levulinic acid. Figure made from the data reported in reference [45].

The plot reported in Figure 2 represents the variation of the band gap energy as
function of the molar fraction of choline acetate for the system choline acetate/levulinic
acid. When the system contains equal moles of both the constituents, a drop of the bang
gap energy is experimentally observed. It has been reported for several systems that the
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composition at which the band gap energy deeply decreases corresponds to the eutectic
ratio between the formers HBAs and HBDs.

This UV-VIS-based procedure represents a fast methodology, alternative to the deter-
mination of the melting point, in order to find the correct eutectic composition of HBAs
and HBDs mixtures. In addition, a relevant effect of the water on the BG energy was
observed: the addition of 10% of water to choline based DESs resulted in a reduction of the
BG energy. It is known that water addition on DESs reduces the lattice energy and this in
part explains the trend observed. The possibility to tune some features of eutectic mixtures
by adding specific amounts of water has been an object of intensive research activity, and
many experimental and theoretical studies have been focused on the structural effect of
water addition on eutectics [47]. It has been demonstrated that even low amounts of water
affect sensibly the properties of a DES, but in order to produce a relevant structural varia-
tion, highly amount of water should be added. Hammond and co-workers [48] studied
the water tolerance of the eutectic system composed by choline chloride and urea (1:2),
revealing that only after a water addition superior to 42 wt% the system shows a transition
from an ionic mixture to an aqueous solution, ceasing to exist in form of hydrated DES.
At molecular level, it has been observed that the water tolerance is related to the DES
nanostructure, which can host water molecules up to certain amounts without producing
relevant structural changes [49].

Working below the limit of tolerance, it is possible to take advantage by the addition
of water to a DES. One example of this can be represented by the choline chloride/urea
(1:2) DES, which revealed to change its capacity to solubilize the CO, by adding even small
amounts of water [50].

Even though the know-how about the specific effect of water content on the interaction
between HBAs and HBDs is important for designing DESs with improved performances,
the intrinsic hygroscopicity of eutectics is even more important. In fact, when DESs are used
in industrial processes, the uptake of water from air cannot be avoided and, in this context,
water is usually considered as an impurity [51]. Chen and co-workers determined the
amount of water adsorbed (after 8 h) by a series of choline chloride based DESs containing
as HBD glutaric acid, glycerol, ethylene glycol, xylitol, urea, glucose, methyl urea and
oxalic acid. Most hygroscopic DESs (containing glycerol or ethylene glycol) showed not
negligible adsorption values, in the range of 5-7 wt% [52]. As discussed before, these
values are not high enough to disrupt the deep eutectic nature of the DES, nevertheless
they must be taken into account in terms of influence on the DES physical properties.
An exhaustive review paper concerning the effect of the water on specific DESs has been
published in 2019 by El Achkar and co-workers [53].

As a matter of fact, the addition of water to a binary DES can be considered as the
conversion of the original binary system in a new ternary one, where the water acts as a
second HBD/HBA. This aspect is of general interest as the understanding of the combined
effect of one HBAs and two HBDs on the properties of the resulting ionic mixture is pivotal
for achieving a customization capacity. Recently, the effects of the preparation procedure,
temperature and addition of a second HBD (water, methanol, 2-propanol, glycerol) were
assessed for ternary mixtures containing choline chloride and ethylene glycol [54]. The
Authors described an important effect of the time in the assessment of the DES structure
after its preparation, indicating a fast ageing of these mixtures which should be considered
for their application.

A further aspect of interest is related to the solvation of the anion in choline chloride
based DESs. In fact, by 33Cl NMR spectroscopy it is possible to describe the behavior of the
anion in the presence of different amounts of water. Gabriele and coworkers correlated the
35Cl linewidth with the increasing of weakness of DES-DES H-bond on samples of choline
chloride/glycol (glycol = diethylene glycol, triethylene glycol, polyethylene glycol 200)
upon addition of increasing amounts of water [55]. The same technology was employed by
Di Pietro et al., who conducted 3°Cl NMR measurements on choline chloride based DESs
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(choline chloride/urea or glycolic acid) combined with theoretical studies and described
the variation of the chloride solvation with the hydration of the system [56].

Each aspect related to the molecular structure of DESs and its consequences on their
physical properties and thus on their possible applications should be contextualized in
terms of operational window. In fact, DESs are not free from degradation, due to the simple
fact that their components may decompose and/or react with each other. This possible
issue, being reliable the purity of the single components, may basically occur in two
moments: during and after the preparation of the eutectic mixture, depending, respectively,
on the mixing and storage conditions employed. It has been reported that DESs usually
display a thermal stability which is intermediate between their pure components [57-59],
and HBD:s are in general less thermally stable than the HBA. To the best of our knowledge,
the possibility of a thermal degradation of DESs has been considered only for the systems
ChCl/polyols and ChCl/carboxylic acids [60-62], whereas there are no reports on the
thermal behavior of metal-based DESs.

The ChCl/carboxylic acid (e.g., oxalic, malic, malonic, levulinic acid) DESs appear
to be the most sensitive systems compared with ChCl/polyols. As a matter of fact, all
the evidence present in the literature has shown decomposition of the HBDs within the
eutectic mixture even at relatively low temperatures (50-60 °C) [60,61]. The decomposition
pathway observed consisted in the esterification between the HBD and Ch(Cl, as inferred
from '"H NMR measurements, likely promoted by the acidic environment of the DES.
Heating the mixtures at different temperatures (60-100 °C) for 2 h (Table 3) involves an
increase of both the amount of ester product and water in the mixture (Scheme 1a), as
measured by Karl-Fischer titration [61]. Apparently, the degradation process takes place
regardless the preparation procedure employed, only at room temperature it occurs at
much lower rate [60,61].

Table 3. Fraction of esterified ChCl in mol% after heating for 2 h at different temperatures estimated
through 'H NMR spectroscopy [61].

ChCl Esterification (mol%)

DES
60 °C 80°C 100 °C
ChCl/lactic acid (1:2) 2 4 7
ChCl/levulinic acid (1:2) 2 10 17
ChCl/malic acid (1:2) 2 3 6
ChCl/oxalic acid (1:1) 0 6 17
ChCl/glutaric acid (1:1) 10 29 34
ChCl/malonic acid (1:1) 3 8 17
X ' R
4 H,0
@ ron * HO DS RTO™EN T
C] S}
Cl Cl
S}
Cl |
o o o o ~NT o |
-C02 @ -
® Lo Aoy Aok )LO/\/g\

>50 °C o
Cl

Scheme 1. Esterification reaction between the ChCl and the acid component in the DES (a) and
parallel degradation pathway of MA in ChCl/MA (b).
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In addition, DESs with a bicarboxylic acid component such as ChCl/malonic acid
(MA) easily undergoes decarboxylation of MA to acetic acid, even occurring during its
preparation if the operating temperature is above 50 °C, as demonstrated independently
by Gontrani et al. [60] and Rodriguez Rodriguez et al. [61] This additional degradation
pathway may increase the deterioration of the DES through a further esterification reaction
between ChCl and acetic acid (Scheme 1b).

TGA studies demonstrated that degradation of ChCl/Gly (1:2) required elevated
temperatures to occur [62]. FTIR data of the evolved gases suggest that over 200 °C CO,,
formaldehyde, acetaldehyde and water are formed as degradation products of Gly, possibly
due to an intramolecular redox reaction under the harsh conditions (Scheme 2a). On the
other hand, the ChCl constituent decomposed at higher temperatures (>300 °C), in line with
the usual greater resistance of the HBA. ChCl likely degrades to chloromethane obtained
by nucleophilic attack of the chloride anion on the methyl group of the ammonium moiety,
liberating N,N-dimethylaminoethanol (Scheme 2b).

HO >0 O,
O-H. O _H-0 200-265 °C _0
(@) O—H---:Cl:---H—0
O—H~ "H—0 =0
H,0
| N
@ _ Ho/\/ ~
N 310°C
(b) HO O cH, — s

o CHs—Cl

Cl

Scheme 2. Degradation of ChCl/Gly (1:2) under TGA conditions: decomposition products of Gly
(a) and ChCl (b) (assessed by FTIR measurements).

3. DES for Ionothermal Synthesis

The know-how about the molecular structure of DESs can be exploited even for appli-
cations of industrial interest, as the synthesis of porous materials. Concerning this aspect,
two subsequent key aspects should be considered: (I) the possibility to take advantage
from the peculiar molecular structure of DES, (II) the chance to customize the DES structure
by varying the nature of the HBA and HBD, and by modulating the preparation protocol.

In 2004 Cooper and co-workers reported an alternative protocol to the known hy-
drothermal synthesis for fabricating new zeotypes frameworks which was based on the
unique properties on the DES formed by choline chloride and urea [63]. The Authors
reported an innovative protocol for generate novel porous materials by exploiting the
increased solvent ability of a DES combined with its well-established molecular structure,
which resulted in being able to direct the synthesis toward specific spatial parameters.
The possibility of using a DES not only as a solvent but also as Structure-Directing Agent
(SDA) opened the way to several applied research lines. To date, many porous materials
have been obtained in laboratory scale by exploiting specific combinations of HBA and
HBD, and many review papers have well discussed the topic [64]. The process, named as
ionothermal synthesis, can be performed with ionic liquids (ILs) or DESs and extended to
the production of several porous materials (Table 4).

54



Materials 2021, 14, 2494

Table 4. Materials produced by ionothermal synthesis during the period 2016-2021.

Material DES as Structure-Directing Agent
Imide-Linked Covalent Organic Frameworks NaCl/KCl/ZnCl, [65]
Layered double hydroxides Choline chloride/urea [66]

Succinic acid/choline

Fe-LEV aluminophosphate molecular sieves chloride/tetraethylammonium bromide [67]

TizCy MXene @ Choline chloride and oxalic acid [68]
Triazine and heptazine polymeric carbon
nitrides (PgNZ) NaCl/KCL[69]
MCM-41-supported metal catalysts Choline chloride/glucose [70]
Fe304 magnetic nanoparticles Choline chloride/urea [71]
Nanostructured ceria Choline chloride/urea [72]
NEU20 Choline chloride/oxalic acid [73]
Cu-doped Fe304 nanoparticles Choline chloride/urea [74]
gallium phosphate

Gay(POL)s(CaNaHg)-(HyCoNoHi)y -Cl Choline chloride/imidazolinone [75]

NiCo0,0,4 Nanorods Decorated MoS, Choline chloride /urea [76]
Nanosheets

Tetramethylammonium

chloride/1,6-hexanediol

High-silica zeolites Tetrapropylammonium
bromide/ pentaerythritol [77]
Choline chloride/urea [78]

2 Two-dimensional (2D) transition metal car- bides /nitrides from the 60+ group of MAX phases. b Photochromic
inorganic-organic complex [C19oNoHio]2[C1oNoHg][Gaz(C204)s].

4. Deep Eutectic Solvents for Gas Solubilization

The exclusive structure of DESs, which can be enriched with many functional groups
by choosing opportune combinations of HBAs and HBDs, can be exploited to increase
their gas sorption ability. This topic is of particular interest as Volatile Organic Compounds
(VOCs) are common by-products in many industrial processes [79] and they are considered
as hazard chemicals often associated with many diseases [80]. VOCs are produced in
large amounts in the transport sector, and they are common ingredients of many cleaning
products, representing one of the major sources of air pollutants [81,82]. Reduction of
VOCs emission represents a priority, and it has been considered mandatory by several
national and international normative [83].

From a technological point of view, trapping VOCs from gas streams with liquid
sorbents represents a very efficient way for decreasing their presence in the environment.

The effectiveness of such an approach is related to two main aspects: (I) the availability
of high performant sorbents, (II) the sustainability of the developed sorbents. Since a few
years ago, the approaches employed to solve the above-mentioned problems have been
revealed to be not efficient. The employment of organic solvents for VOCs removal cannot
be pursued due to the toxicity and pollution associated with the sorbent devices [84,85].
On the other hand, the development of water and water-based sorbent devices would
represent the best green alternative. Unfortunately, this possibility is precluded by the
low solubility of the hydrophobic moieties contained in VOCs in the presence of water.
More recently, the possibility to exploit ionic liquids for trapping VOCs has been explored
with good results [86]. Nevertheless, high prices associated with the complex synthetic
conditions of ionic liquids drastically reduce the overall sustainability of the process [87].
In this context, a possible advancement of the current available technology for VOCs
treatment can be represented by the use of DESs. As discussed above, DESs are generally
cheap, low pollutant, liquid at room temperature and they strongly interact with organic
molecules. Theoretically, the design of highly efficient DESs- based VOCs sorbents consti-
tutes the best technological solution to air pollution. Early studies about the employment
of ammonium-based eutectics as solvent for the CO, were reported since 2015 (Li [88],
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Mirza [89], Leron [90], Lu [91]) and the technology was extended to other VOCs two years
later by Moura and co-workers [92].

In particular, Moura reported the possibility to use both hydrophilic choline chloride-
based and hydrophobic tetrabutylphosphonium bromide-based DESs as adsorbents for
toluene, acetaldehyde and dichloromethane (Table 5). Good results were reported, espe-
cially in the case of acetaldehyde which was adsorbed in percentages reaching the 99%
with respect to the initial amount. Since these pioneering works, few extensions of the
topic have been reported so far, especially in terms of VOC adsorbed.

Applications in SO, adsorption have been reported with quaternary ammonium salts-
based DESs (HBD = glycerol [93], levulinic acid [94], guaiacol or cardanol [95]), with some
thiocyanate-based DESs [96], and by employing eutectics formed by betaine or L-carnitine
and ethylene glycol [97].

Regarding the application of DESs to the sorption of ammonia, a consistent family of
DESs has been developed in the last years. Akhmetshina et al. reported a study on the
gas sorbent properties of the DES 1-butyl-3-methyl imidazolium methanesulfonate/urea
toward ammonia, hydrogen sulfide and carbon anhydride, with good results relative to
the sorption capacity of the ammonia [98]. This study follows the results presented by
Zhong [99,100] about phenol-based ternary DESs, by Yang using the hybrid DES choline
chloride/resorcinol/ glycerol (1:3:5) [101], Deng with protic NH4SCN-based DESs [102]
and Vorotyntsev who employed methanesulfonate-based DESs.

A different approach to the development of suitable DESs-based systems for trapping
VOCs was reported by Di Pietro and co-workers [103]. The Authors demonstrated the
possibility to change the ability of cyclodextrin to encapsulate toluene and aniline by
performing the process in DES (choline chloride/urea 1:2). The reporting of this hybrid
DES-cyclodextrin system opens to new possibilities of engineering by designing opportune
eutectics and combining them with specific macromolecules.

Table 5 reports a resume of the main DESs employed as VOCs solvents and the
corresponding adsorption capacity.

Table 5. Selected DESs employed as VOCs absorbents. The best adsorbing system in terms of
temperature and pressure is herein reported.

vocC DES ? Adsorption Capacity Reference
ChCl/U (1:2) 2.8 wt% P (303 K) [92]
ChCI/EG (1:2) 2.5 wt% P (333 K) [92]
ChCl/GLY (1:2) 2.1 wt% P (303 K) [92]
ChCI/LA (1:2) 2.9 wt% P (303 K) [92]
TBPB/GLY (1:1) 2.9 wt% ° (303 K) [92]
TBPB/LA (1:6) 3.0 wt% ° (303 K) [92]
TBPB/DA (1:2) 3.0 wt% © (303 K) [92]
ChCl/U (1:2) 2.9 wt% P (303 K) [92]
ChCI/EG (1:2) 2.9 wt% P (303 K) [92]
(o} ChCl/GLY (1:2) 2.9 wt% P (303 K) [92]
)J\ ChCI/LA (1:2) 2.9 wt% b (303 K) [92]
H TBPB/GLY (1:1) 2.9 wt% © (303 K) [92]
TBPB/LA (1:6) 3.0 wt% P (303 K) [92]
TBPB/DA (1:2) 3.0 wt% P (303 K) [92]
ChCl /U (1:2) 2.0 wt% P (303 K) [92]
ChCI/EG (1:2) 2.6 wt% ? (333 K) [92]
ChCl/GLY (1:2) 2.1 wt% ? (303 K) [92]
CH,Cl, ChCl /LA (1:2) 2.8 wt% P (303 K) [92]
TBPB/GLY (1:1) 2.8 wt% P (333 K) [92]
TBPB/LA (1:6) 2.8 wt% P (303 K) [92]
TBPB/DA (1:2) 3.0 wt% P (303 K) [92]

56



Materials 2021, 14, 2494

Table 5. Cont.

vocC DES ? Adsorption Capacity Reference
TBAB/TEA (1:5) 2.5 wt% P (303 K) [88]
TEAB/TEA (1:5) 2.9 wt% ® (303 K) [88]
ChCl/MDEA (1:4) 3.0 wt% P (303 K) [88]
Ch/Cl/TEA (1:5) 3.0 wt% P (303 K) [88]
ChCl/MDEA (1:5) 4.0 wt% ® (303 K) [88]
ChCl/TEA (1:4) 6.0 wt% ® (303 K) [88]
ChCl/DEA (1:4) 15 wt% b (303 K) [88]
TBAB/MEA (1:5) 16 wt% P (303 K) [88]
TBAC/MEA (1:5) 17.5 wt% © (303 K) [88]
TEAB/MEA (1:5) 18 wt% b (303 K) [88]
TEAC/MEA (1:5) 22.5 wt% P (303 K) [88]
ChCl/MEA (1:4) 23 wt% ? (303 K) [88]
TMAC/MEA (1:5) 23 wt% P (303 K) [88]
co, ChCI/MEA (1:5) 25 wt% P (303 K) [88]
TEAC/MEA/TEA 23 wt% P (303 K) [88]
ChCl/MEA/TEA 23 wt% P (303 K) [88]
TEAC/MEA/MDEA 23 wt% P (303 K) [88]
ChCl/MEA/MDEA 23 wt% P (303 K) [88]
TMAC/MEA /TEA 23 wt% P (303 K) [88]
TMAC/MEA/MDEA 30 wt% P (303 K) [88]
TMAC/MEA /FeCls (1:5:0.1) 25 wt% P (303 K) [88]
TMAC/MEA /CuCl, (1:5:0.1) 26 wt% P (303 K) [88]
TMAC/MEA /NiCl, (1:5:0.1) 26 wt% P (303 K) [88]
TMAC/MEA /CoCl; (1:5:0.1) 26 wt% P (303 K) [88]
TMAC/MEA /NH,CI (1:5:0.1) 28 wt% P (303 K) [88]
TMAC/MEA /ZnCl, (1:5:0.1) 30 wt% b (303 K) [88]
TMAC/MEA /LiCl (1:5:0.1) 30 wt% P (303 K) [88]
3.559 mol / k DE
ChCl/U (12) (303K, 5 654 bgr) ’ 901
1-butyl-3-methyl imidazolium 0.422 molyoc /kgpes 98]
methanesulfonate /U (1:1) (303 K, 6.984 bar)

= 9.619 molvoc /k: DES
ChCl/PhOH/EG (1:5:4) (298K, 101 kP%) [99]

. 7.652 mOlVOC /k: DES
ChCl/PhOH/EG (1:7:4) (13K, 101 kP%) [99]

. 2.213 molyoc/kgpes
NEG ChCl/U (1:2) (298 K 95 kpag) [100]
ChCl/resorcinol /GLY (1:3:5) 9'9829?12}‘{3‘13 Qfgl)m [101]
ChCl/D-fructose/GLY (1:3:5) 64(?1;“121‘1353 Qf,i’))‘is [101]
NH,SCN/GLY (2:3) 10‘?5';’8111211’001C$§)DES [102]
ChCl/guaiacol (13; 1:4; 1:5) 0028 O'iil;g%é? gvVoc [95]
ChCl/cardanol (1:3; 1:4; 15) 0199 o.gozoé%ézg gvoC [95]
SO, ChCl/LA (1:3) 0.557 gVOC for gDES [94]
TBAC/LA (1:3) 0.622 gVOC for gDES [94]
ChCI/EG (1:2) 225 mol SO, /mol DES [104]
ChCI/MA (1:1) 1.40 mol of SO, mol DES [104]
ChCl/U (1:2) 1.57 mol of SO, mol DES [104]
ChCl/ thiourea (1:1) 2.37 mol of SO, mol DES [104]
NH; 1-butyl-3-methyl imidazolium 4.150 molyoc /kgpes [98]

methanesulfonate /U (1:1) (313 K, 5.258 bar)
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Table 5. Cont.

vocC DES ? Adsorption Capacity Reference
H.S 1-butyl-3-methyl imidazolium 1.034 molyoc/kgps (303 98]
2 methanesulfonate /U (1:1) K, 6.450 bar)

2 ChCl: choline chloride, U: urea, GLY: glycerol, EG: ethylene glycol, LA: lactic acid, DA: decanoic acid, TBPB:
tetrabutylphosphonium bromide, TBAB: tetrabutylammonium bromide, TEA: triethylamine, TEAB: tetraethy-
lammonium bromide, MDEA: methyldiethanolamine, MEA: methylethanolamine, TEAC: tetraethylammonium
chloride, TMAC: tetramethylammonium chloride. b Data extrapolated from the plots reported by the Authors.
The numbers reported in the table are approximated.

5. Deep Eutectic Solvents in Medicine

One of the major challenges of the pharmaceutical industry is the improvement of
existing active pharmaceutical ingredients (APIs) in terms of efficiency and pharmacologi-
cal action, which are strongly correlated with a multitude of physico-chemical parameters
such as solubility, permeation and bioavailability [105,106]. This approach is crucial in
view of the development of new therapeutic agents, since it suppresses the clinical trial
costs required in the drug development process.

In this context, the use of eutectic mixtures in the pharmaceutical field has a long-
standing history and has found several applications both in drug delivery, whereas eutec-
ticity improves drug solubility and permeability, and as reaction media in biocatalyzed
reactions [107,108]. Recently, DESs and their derivatives have shown a great promising
potential as drug delivery systems owing to their outstanding physico-chemical properties
in terms of tunability, stability and low toxicology profiles [109,110]. In addition, some
classes of DESs have been investigated as potential intrinsic therapeutic agents, showing
a promising preliminary bioactivity in vitro against certain microorganisms and cancer
cell lines. The applications of DESs as pharmaceutical tools have been a matter of a huge
amount of research efforts over the last five years, and their improvement is currently
under continuous development. The remarkable results achieved in this field have been
recently extensively reviewed in the literature [111] and are summarized in Figure 3.

DESs as solvents forAPIs form ulation Polym eric eutectic delivery system
In proved drug solubility acrylhtes
(poly(acrylic acid) (PA), eudragit® EPO polymer)
Choline chloride-based DESs biopolym ers
binary or tertiary eutectics (cellulose, starch, gelatine)

(up to 22,000-fold over water solution)

polym erized drug-delivery DESs

HBD ratio and/or water amount poly(octanediol-co-citrate) elastomers (POS)

affect drug solubilty DES methacrylic acid (MAA) or acrylic acid (AC)
and
Therapeutic DESs CTHEDES) APIs Deep Eutectic M ixtures as APIs
APTis one com ponentofthe DES NoAPs included

APIs: ibuprofen, lidocaine, aspirin, phenylacetic . . An_tln icrobinl - -
acid, Ranitidine, ltraconazole, Propranclol (antibacterial, antifungal and antiviral) activity

Prilocaine, aminoacids Anticanceractivity

Figure 3. Pharmaceutical applications of Deep Eutectic Solvents: state-of-the-art.

DESs represent a safer and biocompatible alternative to organic solvents for the solu-
bilization of poorly water-soluble APIs, in particular for topical formulations. Promising
results on the solubilization of different classes of drug (nonsteroidal anti-inflammatory
drugs, antifungal, anesthetics and analgesics) have been reported using mostly ChCl-based
eutectic mixtures. While the HBA portion of these DESs (ChCl) is a safe and non-expensive
compound which fulfils most of the sustainability principles, the choice of the HBDs has to
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be carefully addressed since many HBD components might possess a significant toxicity.
Several drugs have shown a dramatically increase of their solubility in DESs compared
to water, raised up to 5400-fold for ibuprofen [112], 6400-fold for posaconazole in binary
eutectic systems [113] and up to 53,600-fold for the antifungal drug itraconazole in a ternary
ChCl:Glycolic acid:oxalic acid (1:1.6:0.4) deep eutectic mixture [111]. Furthermore, DESs
could improve the chemical stability of APIs, as observed for aspirin [110] and -lactams
antibiotics [114]. Several factors affect the solubility of APIs in DESs, among them the HBD
ratios which can increase or decrease the solubility depending on the nature of both the
drug and the eutectic, as a consequence of the different substrate-environment interac-
tions [112]. Even the addition of an appropriate proportion of water to DESs or NADESs
may significantly change their physicochemical properties and APIs solubility. As an
example, the solubility of the benzylisoquinoline alkaloid berberine in a series of NADESs
is enhanced up to 12-fold compared to water when switching from binary eutectics, where
berberine solubility is lower than in water, to quaternary NADESs including water as a
component [115].

Another powerful approach which has been extensively investigated to enhance APIs’
solubility entails the incorporation of the active pharmaceutical species as a constituent
of the deep eutectic mixture itself (API-DES or THEDES, Therapeutic Deep Eutectic Sol-
vents) [116]. These eutectics can be designed using a variety of APIs (acting as HBAs or
HBDs) and counterparts (e.g., metabolites) to fulfil specific therapeutic purposes [117].
API-DES formulations have shown remarkable results in the permeation enhancement of
transdermal drug delivery systems. Several drugs such as ibuprofen [118], lidocaine [119]
and itraconazole [120] incorporated with several permeation enhancers (terpenes or other
drugs) in API-DES mixtures have shown both a remarkable solubility enhancement and an
increased transdermal delivery in isotonic solution. API-DESs have been also exploited to
improve some drug’s oral bioavailability (e.g., CoQ10) [121], the intestinal absorption of
daidzein [122] and the solubility and permeability of several drugs such as paeonol [123],
ibuprofen and aspirin [112,124]. Moreover, the development of dual-drug eutectic systems
incorporating two different APIs in the same eutectic formulation has opened the way to
new fascinating strategies for synergic multimodal therapies using drugs with enhanced
solubilization and permeation properties [125-127].

API-DES have been also exploited to control drug delivery as monomers for polymer
production. These eutectic systems represent a significant advance in the development
of controlled drug delivery systems, since they are able to (a) provide the API and (b)
act both as monomer and reaction media for the polymerization reaction as a single for-
mulation [128]. As an example, lidocaine has been incorporated in acrylic or methacrylic
acid containing DESs which, after polymerization, allowed the controlled release of the
anesthetic drug triggered by several parameters such as pH and ionic strength [129]. In
addition, polymeric eutectic systems provide a simpler and greener alternative method for
the incorporation of drugs and polymers. Several drug delivery systems have been investi-
gated in (bio)polymer-based API-DES mixtures, among them anticancer (doxorubicin [130],
Paclitaxel [131]), anti-inflammatory (ibuprofen [132], dexamethasone [133]) and anesthetic
(prilocaine [134], lidocaine [135]) drugs, using poly(vinyl alcohol) (PV) and poly(acrylic
acid) (PA) polymers, ammonium salts, SPCL (starch and poly-e-caprolactone polymeric
blend), cellulose [136], poly(octanediol-co-citrate) elastomers and gelatine [137] to tune the
APIs release profiles.

In addition to drug delivery applications, DESs have recently shown promising
pharmaceutical activities as antimicrobial (antiviral, antibacterial and antifungal) [138] and
anticancer [139] agents. Preliminary studies in this field suggest that eutectic mixtures
themselves have the potential to be further deeply investigated for the development of
novel bio-inspired therapeutic agents.
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6. Recent Advances in the Employment of DESs Both as Non-Innocent Solvents and as
Active Co-Catalysts

The pursuit for the setup of sustainable processes in organic synthesis is a topic of
paramount importance both from the academic and the industrial points of view. In this
context, DESs have emerged as excellent solvents for environmentally benign reactions [4],
especially in comparison with ILs, which have shown significant toxicity and extremely
difficult preparation and purification procedures in several cases. Over the last fifteen
years, DESs have extensively been used as reaction media for a large number of organic
transformations, namely alkylation, condensation and multicomponent [18], organometal-
lic reactions [140], together with sporadic bio- and transition metal-catalyzed processes [74].
DESs have also proven their feasibility as media in different types of processes, being em-
ployed for polymerization reactions [141], delignification of biomass feedstocks [142] and
for the extraction [143] and purification of organic compounds from complex matrixes [144].

Among the impressive number of reports on the application of DESs in organic
synthesis [18], those in which at least one component of the DES strongly participates to
the transformation appear as the most appealing. The active role of the DES is achieved
by reacting with other molecules present in the environment or by actively promoting
the process, demonstrating a non-innocent effect of the eutectic mixture on the chemistry
involved. After a careful examination of the literature, the examples that have shown a
peculiar or a highly different impact of DESs with respect to VOCs on the same reaction
can reasonably be grouped in three main classes: (i) polar organometallic chemistry; (ii)
acid-mediated and (iii) transition-metal-catalyzed processes (Figure 4). The purpose of this
section is to give an overview of the most interesting and recent advances in this scenario,
which is continuously evolving, highlighting the employment and the great potential of
these unconventional media as true protagonists and not only as mere spectators within
the aforementioned areas.

‘ Polar organometallic chemistry ‘

highly fast and selective

I

[vaces]
= X

Acid-mediated processes ‘

Transition-metal-catalyzed reactions

enhanced reactivity non-innocent effect in the process

Figure 4. Fields of the most recent applications of DESs as solvents or co-catalysts in organic
transformations.

6.1. Polar Organometallic Chemistry

The unravelling of the employment of highly reactive organometallic species, i.e., Grig-
nard and organolithium (RLi) reagents in hydrophilic protic DESs is due to the seminal
work of Garcia-Alvarez’s and Hevia’s groups. They introduced the use of organomagne-
sium and RLi species in DESs for the reaction with ketones [145], non-activated imines [146]
and for polymerization reaction to achieve synthetically relevant polyolefins [147], reach-
ing high yields in several cases. All the reactions proceeded with high rate at 25-40 °C
under air, giving in several cases improved yields and selectivity than standard protocols
performed under inert atmosphere (Scheme 3).
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R3MgX or Rali Ry RgLi _Rs RoLi

)OL 1ChCI/2H;,0 OH )N‘\ 1ChCI2Gly HN PN 1chcizcly M
—_— —_— / —_— 2
v R " -
Ri R, RT, under air R1/*\R3 Ry R, RT, under air R1/*\R“ 1 40 °C, under air x n
Ry Ra -
Up to 90% yield Up to 99% yield Up to 90% yield
Ry, R, = alkyl, aryl R, = H, alkyl, aryl; Ry, Ry, Ry= alkyl, aryl Ry = Me, n-Bu, s-Bu, +-Bu MesSiCH,

R; = butyl, phenyl, ethynyl

Scheme 3. First successful organic transformations featuring organometallic reagents in DESs under air.

Hence, it was demonstrated that the rate of addition of the organometallic species
could successfully compete with their protonation by the DES medium, unlocking a new
reactivity for the construction of several and diverse molecular frameworks.

Shortly afterwards, Mallardo et al. developed a methodology for the directed ortho-
metalation (DoM) of 2,2-diphenyltetrahydrofuran (THF) using t-BuLi in the “greener”
solvent CPME and sequential quenching with several electrophiles in ChCl/Gly (1:2) at
0 °C, gaining the o-substitution products chemoselectively at one phenyl ring with yields
up to 90% within 10 min (Scheme 4) [148].

DoM Quenching
o i E 0
t-BuLi E*
CPME or Et,0 DES
—_—
Ph 0°C, 10 min. RT, under air Ph

Up to 90% vyield
E = CHO, Ph,P, acetone, benzophenone plo ovie

DES = 1ChCI/2Gly, 1ChCl/2Urea

Scheme 4. Sequential DoM and quenching with electrophile for selective functionalization of 2,2-
diphenylTHE.

Sassone et al. demonstrated that o-tolylTHF derivatives could undergo unprece-
dented alkylative ring-opening induced by directed lateral lithiation (DLL) in CPME/DES
(ChCl/Gly (1:2)) mixture [149]. After quenching with several electrophiles, a functional-
ized primary alcohol is obtained (Scheme 5). It is worth pointing out that in the former
paper the generation of the lithiated species was described in CPME, whereas in the latter
the reactions occurred in a one-pot fashion. It appears that the addition of CPME to the
DES mixture is required in order to stabilize the reactive RLi species over the competitive
protonolysis process under these reaction conditions (Scheme 5).

Ring-opening/
DLL C-C bond formation
Ry R, Rs
0 RaL 1) RoLi E
1ChCl/2Gly, CPME 2)E* OH
- —c- >
0°C, under air 3) NH,CI R,

Up to 98% yield
R; = Me, Ph; R, = H, Me
R3 = iPr, s-Bu, t-Bu
E =D, Me, Et, CHO

Scheme 5. One-pot DLL /ring-opening /C—C bond formation on o-tolylTHFs for the synthesis of functionalized primary alcohols.

The beneficial effect of CPME in this type of processes has also been observed by
Ghinato et al. [150]. The authors described the reaction between the sterically hindered
(hetero)arene N,N-diisopropylamides with RLi in CPME/DES (ChCl/Gly 1:2), easily mod-
ulating the chemoselectivity by changing the nature of the organolithium reagent. When
R = t-Bu, ultrafast DoM process occurred and, after addition of the proper electrophile,
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functionalized amides were obtained (up to 95% yield), whereas using the less hindered
Meli, n-BuLi and n-HexLi, the nucleophilic character of the lithiated species prevailed,
providing the corresponding ketones (up to 70% yield) via SyAc (Scheme 6). Impressively,
all the reactions occurred after 2 sec for the DoM process and within 1 min for the SyAc
reaction (0-25 °C). Interestingly, the use of pure VOCs or ChCl/Gly (1:2) led to a signif-
icant decrease in conversion and chemoselectivity, suggesting that the employment of a
CPME/DES mixture is mandatory to achieve high yields of the desired products.

SNAc DoM
o RoLi o] 1) t-BuLi; 2
1ChCI/2Gly, CPME J\ 1ChCI/2Gly, CPME
-
Rz RT, under air N RT under air
20-60s )\
R R
Up to 70% yield Up to 99% yield
Rz =Me, n-Bu, n-Hex R4 = Me, Cl, OMe E =D, CHO, COOH, PhCO, PhCHOH,
SMe, TMS, Br, |

Scheme 6. Organolithium-directed chemoselectivity in ethereal ChCl/Gly (1:2): fast DoM and Sy Ac on sterically hindered

benzamides in CPME/DES.
The authors extended their methodology and investigated the lateral lithiation (LL)
in DES on several o-tolyl-tertiary amides, sulfonamides and oxazolines, providing the
DLL products functionalized with several electrophiles, over very short reaction times
(Scheme 7) [151].
DLL
DG LBl DG e DG
1ChCI/2Gly, CPME 1ChCl/2Gly, CPME
—_— > \ —_—
@i RT, under air @i/l' RT, under air @i/E
Ry 2s Rq Ry
Up to 90% yield
R =H, Me

DG = (iPr),NCO, Et;NSO,, (Me,)oxazoline
E =D, CHO, COOH, PhCO, PhCHOH, (PhO),PO, (BnNH)CS, (PhNH)CHPh

Scheme 7. Regioselective synthesis of toluene derivatives via ultrafast DLL in ethereal ChCl/Gly (1:2).

6.2. Acid-Mediated Reactions

Acid-based DESs have significantly been employed as media and reagents in dif-
ferent transformations, such as esterification [152], polymerization reactions [153] and
for biomass valorization through the cleavage of chalcogenide moieties present in lignin
feedstocks [154]. An interesting overview on the chemical and technological applications
of Brensted and Lewis acid based DESs, together with a discussion of their structural and
acidity characteristics is offered by the recent survey of Qin et al. [155].

Among the acid-mediated processes, the Nazarov cyclization has arisen as a facile and
highly atom economic route for the obtainment of cyclopentenone derivatives from divinyl
ketone precursors. The process consists in a 47t conrotatory electrocyclization promoted
by Brensted or Lewis acids. Extensive studies employing (supported) organocatalysts
and transition metal complexes have been performed [156], but only one example in DESs
has been reported by Nejrotti et al. [157]. From their screening of several Brensted-acid-
based DESs, the authors found out ChCl/MA (malonic acid), ChCl/OA (oxalic acid) and
ChCl/TsOH (p-toluenesulfonic acid) to be suitable system for promoting the reaction under
mild conditions and in reasonable time (60 °C, 16 h). The scope was extended to complex
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molecular frameworks, accessing fused (hetero)polycyclic systems present in naturally
occurring compounds containing the cyclopentenone motif (Scheme 8). Interestingly, the
reported data indicated that carboxylic acids such as MA are not able to mediate the
Nazarov cyclization in VOCs, hinting an increasing effect on the acidity of MA when it is
a part of the DES mixture. This fact could be ascribed to its peculiar structure made of a
thick network of hydrogen bonds created during the formation of the eutectic system.

0] o]

Me j)K[Me DES Me\é,me
[
60°C, 16 h -,
Ry R, R, R,
Ry, Ry = (hetero)arene Up to 95% vyield

Up to 97/13 EIZ
o
-

DES = ChCI/MA, ChCI/OA, 1ChCl/2TsOH

o o
Heterocyclyc R,
frameworls: ‘ ‘ DES Ry
-indoles; 60°C, 16 h P
R, A 2
-tetrahydropyranes. R,
R, =Me, Et; Up to 95% yield
Ry =H, Me, alkenyl, Ar; Up to 94/6 E/Z
R1 -Ry =-(CHy),-

Scheme 8. Scope of the Nazarov cyclization in acidic DESs.

In addition, the reaction has proved to be performed on a gram-scale (E-factor = 19.5)
and ChCl/MA has shown a good level of recyclability, mediating the process up to 4 runs
with an overall acceptable yield (42%). The catalytic activity dramatically dropped at
the 5th cycle, suggesting that the DES system could undergo decomposition processes
throughout the reaction and the recycle conditions employed, likely decarboxylation of the
acid component and trans-esterification between MA and the alcohol moiety of ChCl (cf.
Section 1).

Very recently, the same authors reported the unprecedent Nazarov cyclization of a
model divinyl ketone in two phosphonium-based DESs, (TPMPBr/EG (1:3) TPMPBr/AA
(1:3)) using a two-level full factorial Design of Experiment approach for the optimization of
the reaction conditions, in terms of reaction time, temperature and substrate concentration.
In this case, the data indicate a strong cooperation between the two components of the DESs
in promoting the Nazarov cyclization. Surface Responding Analysis (SRA) confirmed the
synergic effect between the former components of the DES, which increases the expected
performances of the system. Thus, conversions >90% with high chemoselectivity were
reached under mild conditions (43 °C) [158].

6.3. Transition-Metal-Catalyzed Reactions

Lately, special attention has been devoted to the pursuit of sustainable catalytic
reactions [159-162], and especially to transition-metal-mediated processes in DESs, with
applications in Pd-catalyzed cross-coupling [163], Cu-catalyzed Ullmann type [164], Ru-
catalyzed redox isomerization [165,166] and metathesis reactions [167]. Notwithstanding
the increased sustainability in several cases, a distinct impact of the DES with respect to
conventional systems (e.g., enhanced catalytic activity), is difficult to be addressed in the
aforementioned examples. Particularly, two cases showing a strong participation of the
DESs employed are worth mentioning and describing.
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Cavallo et al. reported for the first time the Ru-catalyzed transfer hydrogenation of
carbonyl compounds and imines using the DES both as reaction medium and Hj-source
for the reduction process in the presence of TEA as the base under air [168]. After a
thorough screening of different Ru-complexes and DESs, the most suitable system resulted
TBABr/HCOOH, formic acid being the Hj-source in the presence of the diphosphane
complex [RuCl,(p-cymene)],-1-dppf as the pre-catalyst (Scheme 9). Notwithstanding the
highly reactive Ru-species involved in the transfer hydrogenation processes, no significant
changes in the conversion were observed when the reaction was carried out under inert
atmosphere. The recovery of the hydrogenated products was achieved after 4-16 h under
mild conditions (40-60 °C) and the chemoselectivity generally ranged from moderate to
excellent, showing clean crude mixtures in most cases.

[Ru] o
/H c, ¢ -
X HCOOH/TBABr X"y o CmRy
N PPh,
R{” "Rz CPME, TEA R1)<R2 [Ru] = e @
40-60 °C e
X =0, NPh 4-16 h Up to 99% yield

R4 = alkyl, aryl, styryl
R, = H, alkyl, aryl, styryl

Scheme 9. Ru-catalyzed transfer hydrogenation of carbonyl and imine compounds in
TBABr/HCOOH under mild conditions.

Interestingly, when the reduction of acetophenone was performed in VOCs (i.e., CPME,
toluene, 2-MeTHF) with an equimolar mixture of HCOOH/NEt3, the Ru-complex was
not able to catalyze the process, as well as when a solution of TBABr and HCOOH was
employed, even after several hours, indicating that the presence of the peculiar DES
network was crucial for attaining the catalytic reduction (Scheme 9). However, the novel
system does not appear to provide an easy recycling or regeneration procedure of the DES.

A bright example of a green transition-metal-catalyzed transformations has recently
been reported by Gonzélez-Sabin’s and Garcia-Alvarez’s groups on the Meyer-Schuster
rearrangement of propargylic alcohols [169]. In this work, the cheap eutectic mixture
FeCl3-6H,0/Gly (3:1) successfully mediated the reaction of non-functionalized terminal
and internal alkynols to their corresponding a,B-unsaturated carbonyl compounds with
full conversions and yields up to 92%. The reactions proceeded very fast (5-30 min.) in the
case of 1,1-diarylalkynols at room temperature, while the rearrangement required longer
reaction times to occur (1-8 h) with 1,1-dialkylalkynols at a slightly higher temperature
(40 °C). FeCl3-6H,O/Gly (3:1) could be easily recycled up to ten runs without appreciable
loss of catalytic activity, showing a great stability of the system employed. It is noteworthy
that the incorporation of FeCl;-6H,O within the reaction medium allows the recycling of
both the catalyst and the solvent (Scheme 10).

&

OH 3FeCl36H,0/1Gly R; O
_ N
Rs R, — Ry RT-40°C, underair RJ Ry
5min.-8h
_ _ Up to 92%
R1=H, n-Bu, Ph (E selectivity)

R, =H, alkyl, aryl
Rj; = alkyl, aryl
Ro-R3 = «(CH3)s-, -(CH2)s-

Scheme 10. Ligand-free iron salt incorporated within the DES: Meyer-Schuster rearrangement
mediated by FeCl3-6H,O/Gly (3:1).
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In addition, the successful although preliminary use of FeCl3-6H,O/Gly (3:1) in hy-
drolysis, cyclization and hydration reactions was also explored. It is worth pointing out that
iron salts have scarcely been employed as catalysts for the Meyer-Schuster rearrangement
in VOCs, but they required initiators or additives, higher temperatures (110-120 °C) and
much longer reaction times (16 h). All the data demonstrate a reactivity enhancement of
FeCl3-6H,0 when part of the DES network with respect to its employment in conventional
solvents. Notably, the mild reaction conditions, the facile recycle of the system and the
use of a low-cost transition metal salt with no additional ligands in the place of expensive
complexes confer to the process green credentials for sustainability.

7. Conclusions

During the last 20 years DESs have characterized a huge part of the overall research
activity. The possibilities offered by the almost infinite number of eutectic combinations
between HBAs and HBDs opened to the development of engineerable and modular systems.
This fact, combined with the superior physical properties with respect to ILs, produced
an intensive exploration of such systems in many research and applied fields, including
many industrial applications. Some strategic fields of industrial interest have been herein
discussed. The high levels of performance reached in ionothermal synthesis by using DESs
both as solvents and as shape-directing agents are remarkable and open to the synthesis
of new materials. In addition, the environmental impact of such systems when employed
in VOCs treating devices is outstanding. In addition, the wide utilization of DESs in the
pharmaceutical industry revealed their great promising potential as drug delivery systems
to improve the pharmacokinetic properties of APIs and, in some cases, to act as APIs
themselves. As a matter of fact, the exploitation of DESs is just in its early stages. In fact, as
the understanding of their behavior at molecular level increases, new possibilities arise.
The dual role of eutectic mixtures, as solvent and co-catalyst, together with their easy
recyclability, observed in transition metal- and acid-mediated transformations could allow
to upgrade many industrial processes in terms of efficiency and sustainability. Finally,
the possibility to tune the structural disorder of mixtures of hydrogen bond acceptors
and donors could give a relevant contribution to the development of new liquid organic
semiconductors, with a cascade of industrial application currently incalculable. Regarding
future outlooks, we can expect that DESs exploitation will take two main roads in the next
years. From one side the relevant know-how available will be exploited for developing
high effective systems in the fields of biomass conversion and in medicinal chemistry. From
the other side, the extending of the eutectic concept not only to melting point but also to
other physical features (as the band gap or Urbach energies) will open new application in
the fields of optoelectronic, for the developing of organic liquid semiconductors of for the
doping of existing systems. In addition, additional structure-activity studies are needed in
order to understand how tailoring a specific hydrogen-bond network with the aim to direct
the behavior of a chemical system, as an organic transformation or a catalytic process.
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Abstract: Ionic liquids (ILs) have a wide range of potential uses in renewable energy, including
CO; capture and electrochemical conversion. With the goal of providing a critical overview of the
progression, new challenges, and prospects of ILs for evolving green renewable energy processes,
this review emphasizes the significance of ILs as electrolytes and reaction media in two primary
areas of interest: CO; electroreduction and organic molecule electrosynthesis via CO, transformation.
Herein, we briefly summarize the most recent advances in the field, as well as approaches based
on the electrochemical conversion of CO, to industrially important compounds employing ILs as
an electrolyte and/or reaction media. In addition, the review also discusses the advances made
possible by deep eutectic solvents (DESs) in CO, electroreduction to CO. Finally, the critical techno-
commercial issues connected with employing ILs and DESs as an electrolyte or ILs as reaction media
are reviewed, along with a future perspective on the path to rapid industrialization.

Keywords: renewable energy; electrochemical conversion; carbon dioxide reduction; functionalized
ionic liquids (ILs); carbon dioxide transformation

1. Introduction

Controlling greenhouse gases (e.g., CO;), which are often associated with energy
generation and consumption, is the most challenging environmental issue and a source of
great concern around the world [1,2]. Sustainable energy derived from renewable sources
is an appealing option for mitigating global climate change. Significant efforts have been
made to minimise reliance on fossil fuels by developing renewable energy sources but the
contribution from these sources are in the range 25-28%, a 3% increase since 2019 [34]. As
a renewable carbon source, converting or transforming CO, into an energy carrier as a
fuel, fuel additive, or value-added chemical using renewable electricity could contribute to
mitigating climate change and attaining a carbon-neutral economy [5,6]. Ionic liquids (ILs)
are a new class of compounds that, due to their tunable physicochemical properties, have
the potential to be used as novel materials in renewable energy applications such as CO,
conversion [7-10].

During conversion, CO, is utilized as a feedstock to produce a wide range of fuels, fuel
additives, acids, alcohols through formation of different chemical bonds (C-C, C-H, C-N,
C-0). Direct reduction utilising homogeneous or heterogeneous catalysts converts CO, to
CO and small organic molecules. Further, CO, is also converted to organic compounds
such as carbonates, carboxylates, and carbamates by participating in an electrosynthesis
process with an organic substrate (such as ethylene oxide, propylene oxide, olefins, and
amines). Such synthesis is usually carried out in the presence of an alkylating agent, termed
as CO; electro-organic transformation (referred as “transformation” in the review). Besides,
storage of thermal energy in solar is one field where ILs due to their high temperature
thermal stability are able to store a considerable amount of heat. Numerous ILs can
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theoretically be synthesised by combining different cations and anions, providing a good
platform for design [11].

The performance of ILs can be credited to their ability to improve solubility, activation,
and electrochemical conversion of CO, under moderate reaction conditions to fuels. This
makes ILs appealing as an alternative media. Furthermore, typical electrolytes used for
CO; conversion have drawbacks such as high volatility, separation behaviour, corrosivity to
metals, and instability in electroreduction or transformation, which motivated the scientific
community to focus on ILs [7,10-14]. There have recently been numerous studies on the
utilisation of CO,-saturated ILs as electrolytes to enhance the electroreduction of CO,
and electrosynthesis of organic chemicals (such as carbonates, carbamates, etc). Recently,
ILs have been explored as thermal energy storage fluids, and are becoming a promising
research topic [11]. Because of their high ionic conductivities and wide electrochemical
windows, as well as their increased solubility relative to traditional solvents, ILs can play
a critical role in CO; conversion. Figure 1 depicts the use of ILs in renewable energy
applications.
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Figure 1. Applications of ionic liquids in renewable energy.

This article focuses on improvements in the role of ILs, DESs in renewable resources,
such as CO; reduction and transformation to value added chemicals. The primary goal
is to provide a critical review of the new challenges and prospects of ILs for adopting
sustainable processes of renewable energy. CO, utilization via electrochemical route has
been, and is a hot topic, with ILs, gaining increased attention. There are a lot of reviews
published in the electrochemical reduction of CO, using ILs [10,15] and the electrosynthesis
of organic compounds using CO, [8,9]. However, reviews on the combination of CO,
reduction and transformation employing ILs and deep eutectic solvents (DESs) are very
scarce. The current review presents a synopsis of the considerable progress achieved by
ILs in renewable energy applications, with a focus on CO, conversion and transformation.
In addition, the new developments associated with deep eutectic solvents (DESs) are also
covered in this review. Unlike the other reviews in the field, we have taken a different
approach in consolidating the results from the fields proposed. Additional information on
the technical challenges, cost considerations that are expected to be solved, which were not
sufficiently covered in previous reviews and works, will be presented. The ionic liquids
considered in this review are listed in Table 1.
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Table 1. List of ionic liquids (ILs) discussed in this review.

Ionic Liquid Chemical Formula Cation Anion Abbreviation Ref.
1-butyl-3-methyl
imidaLzlo}iiumr}I;reonz,ide [(CsHisNBr)] [(C4Ho)(CH3)(CsH3N2)]* [Br]~ [BMIm][Br] [16]
1-butyl-3-methyl
imidai(‘}:liumr?ﬁloﬂde [(CsHisN>C)] [(C4Ho)(CH3)(CsH3N)]* [c- [BMIm][C1] [17]
1-ethyl-3-methyl imidazoli
bis(iifluoro mothyl sulfonyl imide  LCsFIFsNsOsS2)]  [(CoHs)CHR)(CaNoHHI* - [CsSO,CRsSO:NT™  [EMImI[TEN]  [18]
1 I-1-methyl imidazoli
bis(hifiuoro mothyl sulfonyl imide  LCoF13FsNsOsS2)]  [(C3H)(CHR)(CaNoHH]* - [CEsSO,CRsSO:NT™  [PMImI[TEN]  [18]
1-butyl-3-methyl imidazoli
bis(trifluoro mothyl sulfony] imide  LC10F1sFsNsOsS2)]  [(C4Ho)CHR)(CaNoHH)I* [CEsSO,CRsSO:NT™  [BMIMI[TEN] — [19]
1-butyl-3-methyl imidazolium " -
hexa fluorophosphate [(CsHi5FsN2P)] [(C4Ho)(CH3)(C3No HyH)) [PFe] [BMIm][PFs]  [19]
1-butyl-3-methyl imidazoli
Y traflucsoborate ((CsHisFaNB) [(C4Ho)(CHa)(CNo Hy ) [BE4]~ (BMImJ(BE,]  [19]
1-butyl-3-methyl imidazoli
tiflaoro mothane sultonate | [(CoFsFaN203S)]  [(CaHo)(CHa)(CoNa HyH)T* [CF3505]~ [BMIm][TFO]  [19]
1-butyl-3-methylimidazolium " _
tris(perfluoroethybirifluorophosphate  C14FISFN2P [(C4Ho)(CHR)(CaNoHyH)] [(C2Fs)3PFs] (BMIm][FAP]  [19]
1-butyl-3-methylimidazoli
P eyanamide [(C1oH15Ns)] [(C4Ho)(CH3)(C3Nz HyH)J* [C2Ns] - [BMIm][DCA]  [19]
1-butyl-1-methyl pyrrolidine " _
bis(trifluoro mothyl sulfonyl imide  LC1IH20FsN20s82)] [(C4Ha)(CHRICHONF)T™  [CEsSO,CRsSO:NT™  [BMPYIIITEN]  [20]
1-ethyl-3-methyl imidazolium " -
hexa fluorophosphate [(CeHi11FeN2P)] [(C2Hs)(CH3)(C3N2HyH)J [PFq] [EMIm][PF] [21]
1-ethyl-3-methyl imidazoli
o o [(CoHIFsN2B)]  [(C2Hs)(CH3)(CoN2HL )] [BFs]~ [EMIm][BE,]  [21]
1-ethyl-3-methyl imidazoli
Hifinoro methane sulfonate [(C7HUFsN2O3S)] [(CaHs)(CHa)(CoNa HyH)T* [CF550s] [EMIm][TfO]  [21]
1rbuykSmmettyl midazolium - (CgHisNaO2)] (M) (CH)CaNaHHD]* [CH;COO}- [BMImliA]l  [22]

acetate

2. Carbon Dioxide Conversion in ILs
2.1. Conversion by Electroreduction

Although the use of CO; as a raw material appears to be particularly promising,
COy’s inert nature, along with its high thermodynamic stability, poses a challenge to
CO; conversion, transformation, and utilisation as an effective renewable energy source.
Numerous CO; reduction strategies, such as thermal, biochemical, photochemical, and
electrochemical approaches, have been studied extensively, with various degrees of success
and practicality [23]. Among them, electrochemical CO, conversion, either by electrore-
duction or electro-transformation, to value-added chemicals and fuels has sparked great
interest for sustainable energy conversion and storage [24]. The key advantages with
the electrochemical conversion of CO; is the tunability of the reactions by adjusting the
electrolytes, operating conditions and electrode materials.

As an important component in the electroreduction process, the electrolyte interacts
with the electrode surface, reactants, and intermediates, which plays a critical role in charge
transport [25]. Depending on the electrochemical reduction routes involved in the process,
changes in CO, solubility, conductivity, and viscosity are thought to have a substantial
impact on the catalytic activity for electroreduction and electro-transformation into alcohols,
alkanes, alkenes, acetates, formates, and organic carbonates (cyclic, dialkyl). Figure 2
depicts the possible formation of CO, electroreduction products and their accompanying
redox potentials (vs. SHE at pH = 7) along with the applications of the relevant products.
While the primary role of an electrolyte is to conduct the ionic charge between the electrodes,
it needs to satisfy certain criteria such as (i) solubility for CO,, (ii) compatibility with
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electrode materials (especially cathodes), (iii) stability (without decomposition), (iv) safety
in handling and storage. Achieving these criteria will not only make them function as a
good electrolyte but also improve the overall efficiency of the process. Because of their
high ionic conductance, aqueous electrolytes containing inorganic salts are the most often
employed electrolytes. However, they have poor CO, solubility (0.03 mol L~ CO, in water
under 298 K, 0.1 MPa), low conversion rates (30 percent at 1 A cm~2) with substantial
hydrogen evolution as a side reaction, and an unsatisfactory applicable potential range [26].

Carbon
dioxide
reduction

CO, + 2H " 42e - CO+ H,0;E oy = —0.53 V Fuel production, metal refining,
2H +2¢ > H. E - 041V electronic, semiconductor industry
2 Bredox = —U-
CO,+2H F2e > HCOOHE, 4o,= —0.61 V leather tanning, fuel cells, dyeing,

textiles, preservatives, intermediate

CO, +4H " +4e "> HCHO + H,0; E

—0.48V industrial resins, adhesives (plywood,
carpetting), particle board, coatings,
textiles, precursor, fuel cells

redox ™

€O, + 6H " +6e - CH,OH + H,0; E

-0.38V Fuel cells, energy carrier, polymers,
olefins, amines, gasoline, fuel

redox ™

O, + 8H *418e o CH, + 2H,0; E, o= —0.24 V rocket fuel, electricity generation, steam
reforming
€O, + 12H " +12e " C,H;OH + 30H; E, 4, = —0.33 V engine fuel, antiseptic, antidote, fuel

cells, household heating

2C0, + 12H " +12e " C,H, + 4H,0; E

—-0.34V Food, chemicals, glass, metal
fabrication, refining, rubber plastics

redox ™

Figure 2. Summary of the possible CO, reductions with their redox potentials and applications.

2.1.1. CO; Electroreduction in Ionic Liquids

To overcome the limitations of aqueous electrolytes, such as poor CO, solubility,
hydrogen evolution at the cathode, and low conversion efficiency, organic solvents such
as acetonitrile, dimethyl sulfoxide, polycarbonates, and dimethylformide were utilised as
non-aqueous systems to improve CO, conversion. These have been shown to offer better
CO; solubility than aqueous electrolytes while also having good recyclability. However,
significant shortcomings of organic solvent electrolytes, such as their high volatility, and
poor safety characteristics (flammability, toxicity), have limited their commercialization
and applicability. Furthermore, the recycling costs of organic solvents employed in elec-
trolyzers remain high due to their potential miscibility with the target products [27]. This
motivated the scientific community to pursue research in ionic liquids as alternate poten-
tial electrolytes to organic solvents, aqueous media (containing inorganic salts). The key
benefits are their tunable features, such as polarity, hydrophobicity, and solvent miscibility,
which can be achieved by modifying the arrangement of the cations and anions [7]. Ionic
liquids have recently attracted a lot of interest as electrolytes because of their high CO,
adsorption capacity, solubility, selectivity to CO, over other gases (such as Ny, Oy, CHy),
and low energy consumption. They are a very diverse and efficient family of promoters in
the electrochemical reduction of CO,, with the ability to improve reaction characteristics by
changing their interaction and exhibiting high electrochemically stable windows (4-5 V),
high ionic conductivities, and low vapour pressures [10,15]. Also, it has been observed that
ILs can lower the energy barrier of reactions by building complexes with the intermediates
generated during the reaction [28].
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Zhao et al. [29] employed a [BMIm][PF¢] electrolyte to make syngas (CO + Hy), a
value-added fuel, and demonstrated the promise of an ionic liquid for CO, conversion
applications. This was claimed to be one of the earliest works that employed ionic liquid
as an electrolyte. Besides, the study confirmed the synthesis of small organic compounds
such as formic acid in lower concentrations. Rosen et al. used an IL-mediated selective
conversion strategy to reduce the high overpotential that is commonly observed with CO,
reduction to CO in aqueous systems, where the IL was demonstrated to lower the energy
required to generate the (CO,e ™) intermediate [28]. When [EMIm][BF,] was introduced as
an electrolyte to the reaction system, electrochemical characterization results showed that
the overpotential could be reduced by up to 0.2 volts with silver serving as the cathode.
The authors attributed the reduction in overpotential associated with the electroreduction
of CO; to CO to the complexation between CO, and [BF,]~. This complex was shown to
play a critical role in lowering the energy that is required to break the chemical bonds in
CO; to form the (COye ™) intermediate, and achieved a continuous production of CO up
to 7 hours with a Faradaic efficiency of ~96% [30]. Since then attempts were made with
imidazolium cations with different anions [BF4]~, [CH3COO] -, [Tf,N]~, [PF¢]~, [TfO]~
using different catalyst systems such as 2D dichalcogenide structures (MoS; [31], WS, [32]),
doped carbons [33], metals, metal-alloys. One of the significant works was reported by Sun
et al. [19] which focused on imidazolium based ILs with different anions: [BF4]~, [PF¢]~,
[TfO], [Tf,N]~ ,and [DCA]™ with [BMIm]* as the common cation. N-doped carbon on
carbon paper which can exhibit the feature of a graphene was used the catalyst. The results
demonstrated a conversion of CO, into CHy with fluorine-based ones displaying higher
total current densities than the non-fluorine ones. The authors explained this to the strong
interactions between CO, and fluorine, which weakens the C=O bond by forming a Lewis
acid-base adduct and the fact was also supported by other reference works. In addition to
the typical ILs with “common” anions, Snuffin et al. developed and synthesized a novel
imidazolium based IL with dual halide anion combination: 1-ethyl-3-methyl-imidazolium
trifluorochloroborate [EMIm][BF;Cl], demonstrated a strong CO, solubility and also a
positive reduction potential of —1.8 V while promoting electroreduction of CO; [34].

Although there are many advantages in using ILs as electrolytes in electroreduction of
CO; besides excellent physico-chemical properties such as high reactant solubility, lowering
the energy barrier, the relatively high cost and their associated viscosity of ILs hinder their
practical application. Table 2 provides a summary of some ILs reported as electrolytes
for electroreduction of CO, with different catalyst combinations. As can be seen from the
Table 2, it is clear that imidazolium-based ILs have been the most investigated type of
IL. Especially, [EMIm][BE,], followed by [BMIm][BF4] and [BMIm][PF¢], have been, by
far, the most widely used ILs in the electroreduction of CO,. [BF4]~, [PF¢]~, [TfO]~, and
[Tf,N]~ are the most commonly used anions as can be seen from the table and reported
by many works. This can be related to the Lewis acid-base interaction effect between
the selected anion X~ (X: [BF4]~, [PFe]~, [TfO]~, [Tf,N] ™) and CO, molecule forming
[X7CO;]~ complex. Such a complex displays strong alkalinity and tends to displace the
bonds that exist between the inert anions (B—F, P—F, C—F, and S=0). Also, these anions
possess weak ionization characteristics and weak coordination capacity and as a result
promote the electrochemical reduction of CO, by favouring the interactions between CO,
and metal electrode without affecting the reaction characteristics. Amongst the anions,
imidazolium cations with [BF4]~ anions were reported high Faradaic efficiencies of >98%
owing to their strongest Lewis acid-base interactions.
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Table 2. Summary of IL -based electrolytes used in the electroreduction of CO,.

. Faradaic
Electrolyte Catalyst Reactor Type Major Products Efficiency (FE, %) ! Reference
N-doped carbon
(graphene-like) g
[BMIm]BF, materials,/carbon paper H-Cell CH,4 93.50 [19]
electrodes
[BMIm][Ac] Platinum Two electrode cell Oé:f;i’ageo’ - [22]
o :
18 mol % [II:]IMCI)m][BH] mn Silver nanoparticles Flow cell CO, H, 96 [28]
2
. High pressure CO, Hy, HCOOH
[BMim][PF] Copper plank undivided cell (traces) 90.20 [29]
Custom made 2
o,
4 mol % [EMIm][BE,] + Molybdenum disulphide compartment three CcO 98 [31]

96 mol % H,O

electrode cell

[EMIm][BF,]/H,O

2 compartment 3-
WSe; nanoflakes electrode C/0 24 [32]

o o,
(50'vol %/50 vol %) electrochemical cell

25 mol % [EMIm][BF,] + Metal free carbon 3-electrode o 98 [33]

H,0 (75 mol %) nanofibers electrochemical cell -

. Nanostructured and .
[EMIE]{BUF/"Z]) H0 nanosized H-cell I:t)}‘:/ 1(1 irés(li}]’:)%%gl 14 [35]
: Titania Y
o
105 g‘goé I/;E?Ilflglgh] * Silver nanoparticles Flow cell CcO 100 [36]
[EMIm][BFE,] Silver nanoparticles Flow cell CcO - [37]
. . 2-compartment NHC 2-CO,
[BMIm][BE4] Flat platinum spirals homemade glass cell adduct - [38]
80wt % iv[?gfh“;]([f” +20 Silver H-Cell co 599 [39]
. . . Undivided glass

[BMIm][BF,] Indium tin oxide clectrochemical cell CcO 64.90 [40]
[EMIm][Tf,N} Pre-anodized Pt electrode Two electrode cell HCOOH - [41]
[BMPyr][Tf,N} Pre-anodized Pt electrode Two electrode cell HCOOH - [41]
[EMIm][BF,]/F,0 Silver nanoflowers Flow cell CcO 75 [42]

92/8v/v %)

! The values are indicated based on the optimized conditions reported by the referenced works. 2 NHC: N-heterocyclic carbene.

The Tanner group [18] investigated the effect of several cations: [EMIm]*, [BMIm]*,
[PMIm]*, [BMPyl]* on the performance of electrochemical CO, reduction using silver
electrodes as the catalyst. Since comparison, analysis of the data in terms of potentials
could not demonstrate the influence of imidazolium cations towards the performance,
studies were extended with different anions: [BF4]~, [Tf,N]~, [FAP]~ with [BMIm]* as the
cation. [BMIm][FAP] based IL displayed the best reactant solubility amongst the others
but with a lower current density. Bruzon et al. [43] investigated CO; electroreduction in
nitrogen-based imidazolium-based ILs with [FAP]™ as the anion, observed a significant
reduction in the electric potential which is subsequently utilized to reduce CO;. It has been
demonstrated that the functional groups: -OCH3, -CN minimised the free energy to form
the first intermediate of CO, reduction, (CO,e7) to a greater extent. Since the mechanism
is not clearly understood, it is widely assumed that the structure of the IL might have more
influence on the CO, reaction than the reactant solubility.

2.1.2. COy Electroreduction in Deep Eutectic Solvents (DESs)

Deep eutectic solvents (DESs) are obtained by combining a hydrogen bond acceptor
and donor in specific mole ratios. These mixtures exhibit low melting points, similar
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properties and characteristics to ILs that are required for the electrochemical reduction of
CO, [44]. Also, these are less expensive and considered to be potential alternatives to ILs.
Verma et al. [45] conducted experiments employing [EMIm]-based ILs and choline chlo-
ride:urea (ChCl:Urea—1:2) DESs as the electrolyte media for the electrochemical reduction
of CO,. The results showed low conductivity and performance which increased on adding
potassium chloride (KCI) to the non-aqueous electrolyte. Vasilyev et al. [17] studied the
electrochemical reduction of CO, employing different ChCl-based DESs, imidazolium chlo-
ride based DESs. Imidazolium chloride-based DESs were prepared by mixing IL chloride
with ethylene glycol, polyethylene glycol-200 (PEG-200) as hydrogen bond donors. The
results demonstrated that choline-based DESs, IL-chlorides with EG facilitated the electro-
chemical reduction of CO,, when silver is used as the catalyst. However, certain mixtures
were shown to be non-room temperature liquids, which on addition of organic solvents
could facilitate the electrochemical reduction of carbon dioxide with improved reactant
(CO») solubilities. Hydrogen evolution reaction was observed by Vasilyev et al. [17], Verma
et al. [45] when water up to 15 vol % was added to ChCl-based DESs while displaying high
FE with CO as the major product. The presence of the hydroxy group in the structure of
the imidazolium cations, choline based DESs, was shown to be the key factor in enhancing
the electrochemical reduction of CO,.

In recent times, the modification or preparation of catalytic electrode materials using
ILs/DESs have gained primary attention as they are expected to reduce the background
current of the electrode, optimize the performance of the electrode materials and favour
the catalytic reduction of CO;,. Besides, ILs/DESs can also be used as a medium to prepare
catalysts. Bohlen et al. [46] performed the electrodeposition of indium from 1:2 M choline
based DES (ChCI:EG—1:2), employed them as an electrocatalyst for the electrochemical
reduction of CO, to formate. As per the Cui et al. [15] review, this was the first publication
which reported on the preparation of CO, reduction catalysts by electrodeposition in DESs.
Extending this method by tailoring the DES electrolyte properties and the electrodeposition
conditions, it is possible to develop other metals with different sizes, shapes and structures
and faces.

This provides a new research idea to produce selective products such as ethylene for
future exploration in this field considering the combined advantages with ILs/DESs and
electrodeposition. Table 3 lists few of the works studied using choline-based DESs and
imidazolium chloride-based ones with different hydrogen bond donors. One common
feature amongst all the studied DESs is the reactor type and the major product associated
with the CO; electroreduction. Figure 3 highlights the developments of the ILs, DESs that
are employed for the electroreduction of CO, using different classes of catalysts.

Table 3. Summary of DESs used in the electroreduction of CO5.

Faradaic

Electrolyte Catalyst Reactor Type Major Products Efficiency (FE, %) Reference
[ChCI] '[Urea] (1:2) Silver U-type divided cell CcO 15.80 [17]
[ChC”[Urei]oflu}z)) +H0 (15 Silver U-type divided cell co 59 [17]
[ChCI]-EG ! (1:2) Silver U-type divided cell CcO 78 [17]
[BMIm][CI]:[EG] (1:2) Silver U-type divided cell CcO 95.80 [17]
1M [ChCl] in EG Silver U-type divided cell CO 71.10 [17]
1M [ChCl] in PEG-200 Silver U-type divided cell CO 83.20 [17]
1M [BMIm][CI] in PEG-200 Silver U-type divided cell co 85.90 [17]

Electrochemical flow

2M [ChCl]{Urea] (1:2) Silver onetor co 94.10 [45]

[ChC][Urea] (1:2) + H;0 (50 Silver H-cell co 9 [47]
vol %)

[MEAHCI][MDEA] 2 Silver Three electrode cell CO 71 [48]

1 ChCl: choline chloride; EG: ethylene glycol. 2 IMEAHCI][MDEA]: [monoethanolamine hydrochloride] [methyl diethanolamine].
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2000

Fluoroborates
[BMIm][BE,]
[EMIm][BF,]
Fluorophosphates
[BMIm][PF]
[BMIm][C]]
[EMim]BF,Cl]

Q 2020

IL chlorides with
QAcetates glycols
[BMIm][Ac] [Imidazolium
() mites DI mdasoun
[EMIm][Tf,N] {gﬁg} {gée]a] chloride] + [PEG-200]
[PMIm][Tf,N]
[BMIm][[T£,N]
[BMPyr][T£,N]
[BMIm][DCA]
Sulfonates
[BMIm][TfO]

Figure 3. Developments of the ILs, DESs in CO; electroreduction covering the period 2000-2020.

2.2. Conversion by Electrotransformation

An another effective method of utilising CO, is to electrosynthesize the C; feedstock
into valuable fuel additives without the use of a hydrogen source [9,49]. In general, this
non-hydrogenation process with mild working conditions converts CO; into a diverse
array of organic compounds such as carbonates (cyclic, dialkyl), carboxylic acids, and
carbamates. Carbonates, specifically cyclic and dialkyl ones were identified to be the most
effective fuel additives. It is possible to electrosynthesise numerous kinds of products via
the transformation pathway through electrochemical processes involving CO,. A wide
variety of substrates such as epoxides, alcohols, amines, aryl halides, and olefins have
been used to transform the CO; into their respective organic compounds [9,50-52]. This
approach is thought to be the most efficient for some reactions that are thermodynamically
unfavourable in the absence of external energy and when thermal catalysis options are
severely constrained. The use of an electrochemical approach to synthesise organic com-
pounds has several merits, including moderate conditions, high functional group tolerance,
and inherent scalability and sustainability [8]. The general pathway of electrosynthesis
of products (such as carbonates, carbamates, and carboxylates) via CO, transformation
involves the generation of electro-induced radical/anion from CO,-saturated with ILs
and/or substrates. Subsequently, the generated radical/anion reacts with other substrates,
yielding either of the transformed products mentioned above. Several investigations on the
studies performed in this field have further shown that ILs have a stabilization effect on the
electro-induced CO, molecule or substrates (epoxides, ketones, alkenes, etc) radical /anion.
When combined with the high reactant CO, solubility and favourable electrochemical
properties required for CO, transformation, ILs are viewed as an alternative eco-friendly
and prospective reaction medium to the currently utilized hazardous volatile organic sol-
vents [51]. Previous review papers [8,9,50,52,53] address the significant research published
in this domain, with a focus on the electrosynthesis of carbonates via the transformation
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route. As a result, this section presents a succinct overview of the most recent develop-
ments in the value-added chemical compounds generated by electrosynthesis via the CO,
transformation route in ILs other than carbonates. Figure 4 depicts the product classes
that are generally produced from electrosynthesis via the transformation pathway utilising
CO,-saturated with ILs.

Carbonates Carbamates Carboxylates
(Dialkyl . .
. Electrolysis of CO,- Incorporation of CO, into
Electrolysis of CO,-saturated T organic reagents (olefins,
1 ILs +Alkylation agent aliphatic/aromatic amines alkynes, organic halides) by

. . N electrochemical route
Eg: 6-amino nicotonic acid

Eg: Dimethyl carbonates

(Cyclic

Electrolysis of CO,-saturated
ILs + epoxides

Eg: Ethylene carbonate,
propylene carbonate

Eg: phenyl acetic acid

Figure 4. Summary of the organic products that were obtained from electrosynthesis via the CO, transformation route [50].

Carbonates produced from electrosysnthesis reactions are obtained by the transforma-
tion of CO, with organic substrates (epoxides, olefins). These provide a green synthesis
pathway via the C~O bond formation which avoid the use of phosgene or CO, that are
generally toxic in nature. These can be cyclic or dialkyl and have gained widespread
interest in applications such as battery electrolytes, intermediates, polar aprotic solvents,
and so on. Typical examples of cyclic carbonates include propylene carbonate, methylene
carbonate while dimethyl carbonate stands out to be a classic example of a diakyl carbonate.
Yuan group performed the electrosynthesis of cyclic carbonates utilising ILs saturated with
CO; and epoxide [54]. Under mild operating conditions, the reaction was studied using
an undivided cell with a Cu working electrode and an Al or Mg rod sacrificial anode.
The performance of CO, cycloaddition to various epoxide substrates (propylene oxide,
epichlorohydrin, and styrene oxide) was evaluated.

The best results were shown to be obtained by using propylene oxide as the substrate
and [BMIm][BF,] as the reaction media, which resulted in 92% conversion and 100%
selectivity to the desired product (cyclopropylene carbonate). CO, underwent a one-
electron reduction to generate the (CO,e ™) radical anion, which subsequently interacted
with the activated substrate to produce the matching cyclic carbonate. Wang et al. reported
the electrosynthesis of butylene carbonate (cyclic carbonate) from diols (1,2-butanediol)
in CO,-saturated imidazolium based IL ([BMIm][BF,]) in an undivided cell under mild
operating conditions (1 atm, 50 °C). However, the highest yield that could be achieved
employing the proposed IL system was 12%, with magnesium anode and copper as
the cathode [55]. Under mild conditions, at atmospheric pressure and temperatures of
55 °C, Zhang et al. [56] developed a novel electrochemical technique to synthesise dialkyl
carbonates from a CO,-saturated imidazolium based IL:[BMIm][BF,] in the presence of
an alkylating agent. The corresponding process eliminates the use of organic solvents and
supporting electrolytes. Most of the literature demonstrated that the CO, transformation
in IL was shown to be relatively easier than that in organic solvents. This was attributed to
the formation of a ( [BMIm]*-[CO,~]) ion-pair [56], which could facilitate the better yield
of the carbonates from electrosynthesis.
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Dimethyl carbonates are considered to be an important class of dialkyl carbonates
which serve as methylation agent and replace toxic substances such as phosgene, tertiary
butyl methyl ether, methyl halides. The Wu group [55] demonstrated the utilization of
N-heterocyclic carbenes (NHC), electrogenerated from CO,-saturated [BMIm][X]—ILs
([X] = [BF4]~, [PFs] ™), and alcohols for the synthesis of dialkyl carbonates under mild
conditions. During the process, the IL served as both a green solvent with low toxicity and
also generated NHC. This eliminated the use of toxic organic solvents, and the addition of
supporting electrolytes while favoring good conversion, selectivity. Since then there were
numerous works published in this area which focused on the transformation of CO; via
the electrosynthesis route to the cyclic carbonates such as propylene carbonate using Lewis
acid ILs, ILs with hydrogen bond donors. The high viscosities of ILs, combined with their
low CO; conversion, limit their direct application. This has motivated researchers to extend
the studies to binary IL systems using either water or an organic solvent as a co-solvent.
Functionalizing the ILs or changing the IL network with -OH or -COOH via hydrogen
bonding was demonstrated to have a greater influence on the electrosynthesis process
than unmodified ILs. Carbamates, carboxylates and anilines have significant attention as a
value-added chemical for applications ranging from pharmaceuticals, agro chemicals, dyes,
perfumes, intermediates for detergents and so on. Producing them via the electrosynthesis
can be a beneficial way in terms of environment friendliness, moderate reaction conditions,
eliminating the use of a toxic compound phosgene. To produce these compounds, it is
necessary to transform the CO, and its corresponding substrate, create either a C-N bond
using amines (for carbamates) or C—C (for carboxylates). Table 4 lists an overview of the
various organic compounds produced by electrosynthesis in CO,-saturated ILs along with
the substrates, reactor types, catalysts employed in the process.

Carbonates (cyclic/dialkyl) are produced when CO; is coupled to an alcohol dur-
ing electrosynthesis, while coupling to an amine (aliphatic/aromatic) yields carbamates.
Electrocarboxylation involves the coupling of CO, to a radical/anion produced during
the electrochemical reduction of organic halides (alkyl/aryl), thereby yielding carboxylate
derivative. Feng’s group [66] performed the electrolysis at 50 °C in an undivided cell
with Pt cathode and Mg anode at certain concentrations of acetophenone-an aromatic
ketone, in [BMIm][BF,] saturated with CO,. This was carried out in the presence of the
alkylating agent, methyl iodide (CH3l) to afford the corresponding x-hydroxycarboxylic
acid methyl ester with yields of ~56-62%. The corresponding alcohols were obtained
as the main by-products. Zhao et al. [20] investigated the effect of proton availability in
ILs on the product distribution of acetophenone during electrocarboxylation with CO,.
They observed that dry pyrolidinum-based IL [BMPyl][Tf,N] with limited proton avail-
ability was an appropriate medium for their electrocarboxylation system, yielding 98%
2-hydroxy—2-phenylpropionic acid. The competing reactions are not beneficial to the
electrocarboxylation and some studies suggested that the product distribution is strongly
dependant on the medium. Lu et al [58] studied the formation of phenylacetic acid in
CO;,-saturated [BMIm][BF4] via electrocarboxylation of benzyl chloride with silver cathode
as the catalyst. Initially, benzyl chloride was electroreduced to its corresponding radical
and subsequently coupled to CO; to yield the carboxylate derivatives. Hiejima et al. [59]
reported the synthesis of a-chloroethylbenzene via electrocarboxylation in [DEME][Tf,N]-
based ionic liquid compressed with CO;. The experiments were carried out using a Pt
cathode and a Mg anode at various temperatures and pressures; but obtained poor car-
boxylic acid product yields (~20%). Atobe et al [67] improved the yield further for the same
process to 50% by using supercritical CO, in [DEME][Tf,N]-based IL. However, obtaining
the products via the transformation approach is a greener and easier option because it:

e  avoids the use of hazardous reagents such as phosgene and cyanide
e simplifies the purification of the resultant products utilising single step chromato-
graphic separations.
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Table 4. Summary of IL-based electrolytes used in the electrochemical conversion of CO, via the transformation route.

Product Family Product Electrolyte Substrates Cathode Anode Reactor Type Reference
Dialkyl Dimethyl Methanol and . . One
carbonate carbonate [BMIm][Br] propylene oxide Platinum Platinum compartment cell el
2-hydroxy-2- , Glassy carbon
phenyl [BI\[/][;\S ;m] Acetophenone (cylindrical Magnesium Undivided cell
L 4
Carboxylate propionic acid tube) 120]
2-hydroxy-2- [BMPy] Glassy carbon
phenyl [TE I\%,] Acetophenone (cylindrical Magnesium Undivided cell
propionic acid 2 tube)
Styrene, glycol, Two
methyl iodide compartment cell
Cyclic Styrene (alkylating N Platinum divided by a
carbonate carbonate [BMIm][BFy] agent), Titanium spiral cation 5]
potassium exchange
carbonate membrane
Dialkyl Dimethyl , . . Undivided cell
carbonate carbonate [B"MIm][Cl] Methanol Graphite Platinum (four neck bottle) 1571
Carboxylate Pher’;};liscetlc [BMIm][BF,] Benzyl chloride Silver cylinder Magnesium Undivided cell [58]
2-phenyl [DEME] a—chloroethyl . . High pressure
Carboxylate propionic acid [TE,N] benzene Platinum plate Magnesium vessel [59]
. . Methanol; Silver-coated
Dialkyl Dimethyl [BMIm][BF4] methyl iodide nanoporous Platinum foil Undivided cell [60]
carbonate carbonate g
(alkylating agent) copper
Carbamate . 6—a‘n'1mo' [BMIm][BF4] 2—ammq—§— Silver Magnesium Undivided cell [61]
nicotinic acid bromopyridine rod
Organic Amines, O, Platinum Two
Carbamate carbgmates [BMIm][BF,] ethyl iodide Copper spiral compartment [62]
(alkylating agent) P 3-electrode cell
Dialkyl Dimethyl . . Undivided cell
carbonate carbonate [AMIm][Br] Methanol Graphite Platinum (four neck bottle) [65]
. . . . Divided
Dialkyl Dimethyl Potassium Platinum/ .
carbonate carbonate [BMIm][Br] ethoxide niobium plates ) eledro:;‘f mical [64]
. . . Divided
Dialkyl Dimethyl Potassium . B .
carbonate carbonate [BMIm][Br] ethoxide Graphite electrocce}lnlemlcal [65]

3. Techno-Commercial Challenges and Future Road Map

A large array of ILs in the range of ~10'® were discovered through different arrange-
ments of cations and anions, which can possibly be synthetized and present a good platform
for design [68-70], but, it is interesting to note that only ~102-103 ILs were commercialised.
This could be ascribed to the complexities in the methods of preparation, expensive equip-
ment, controlled operating conditions, availability of raw materials, costs, storage and safe
handling after the synthesis, and limited availability of the physical, chemical property data
base [71-76]. Most of the properties available so far are derived using the machine learning
methods [77]. In addition, studies and data concerning the environmental considerations,
recycling, biodegradability, recovery and reuse, thermal stability is very limited and lacks
significant consideration [78]. Also, the high viscosities of traditional ILs limit their direct
application for the electrosynthesis of organic molecules from CO;, electroreduction of
CO; to CO and other chemicals, which is the main reason why binary IL systems have
received a lot of significant interest recently. The higher viscosity of ILs pose the difficulties
in transportation of the reactant species (CO;) despite their high solubility. As a result,
from the standpoint of functioning in a real-world application, a simple and efficient sys-
tem is still required. In the recent times, DESs prepared by mixing imidazolium chloride
ILs with hydrogen bond donors such as [ChCl:Urea], [ChCL:EG], 1M [ChC]] in EG, and
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[BMIm][C1]:EG and, were shown to exhibit substantially lower viscosities than expected
when compared to unmodified ILs [17,45]. Figure 5 compares the viscosities of the ILs
and DES systems employed for either electroreduction or electro-organic transformation
utilising CO,.

The selected anion will have a known influence on the viscosity of the ionic liquid as
well as the transport of the species to the electrode surface. To demonstrate the influence of
anion, selected data on viscosity of the systems that have been commercialized, developed,
are gathered and plotted as shown in Figure 5. In a specific case where the anion is paired
with the same cation: [BMIm]*, the effect of the anion on viscosity follows the trend:
[DCA]™ < [Br]” < [Tf,N]™ < [TfO]~ < [BF4]™ <[PF¢]™ < [Ac] . Certain trends from this
data may be extrapolated, that hold true regardless of cation’s identity. For instance, results
from Fomin et al. [21], Crosthwaite et al. [79] demonstrated that increasing the cationic chain
length with common anion [Tf,N] ™ increases the viscosity up to 9000 mPa s. Amongst the
literature reported so far, indicated that imidazolium-based ILs are the most studied ILs
for electroreduction of CO, electrosynthesis of organic molecules using CO, as reaction
media due to their high CO, capture ability, Lewis acid-base interaction [10,14,19,22,36],
but the hygroscopic nature of imidazolium cations combined with their high viscosities
not only decreases the mass transportation of the reactant species but affect the reduction,
electrosynthesis. The majority of studies involving the direct electrochemical conversion
of CO; to dialkyl carbonates (such as DMCs) are conducted in imidazolium-based ionic
liquids (ILs): [BMIm][BF,] and [EMIm][BF,] [44]. These solvents are demonstrated to be
promising because of the high CO, solubility compared to conventional solvents [0.14, 0.10
vs 0.09 (acetonitrile), 0.07 (ethanol)] at 300 K and 10 bar [51].
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Figure 5. Plot comparing the viscosity of the ILs, DESs that are used in electrochemical conversion of CO, at 298 K.

Despite these promising yields for both the processes, these systems utilise carcino-
genic substances such as [BF4]~, [PF¢]~ for electroreduction whereas alkylating agents
such as methyl iodide and other harmful compounds such as propylene oxide are used
for the electrosynthesis of organic carbonates. Subsequently significant efforts were made
to eliminate the use of such harmful compounds and reduce the number of production
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steps. Compton et al. [22] explored the electroreduction of CO, in [BMIm][Ac] which ex-
hibited a high CO, solubility of 1520 mM. The CO, in [BMIm][Ac] underwent a chemically
irreversible, one-electron transfer to the radical anion (COe ™), and probably favor the
formation of oxalate, CO, and carbonate. Yuan et al. [16,57,80] made a series of attempts
to substitute the harmful methyl iodide with a variety of basic compounds: CH3ONa,
NaOH, CH30K, K,CO3, KOH, to electrosynthesise DMC via CO, transformation on Pt
electrodes in dialkyl imidazolium ILs. The results demonstrated that dialkyl imidazolium
ILs — (CH30K)—(CH3OH) system displayed the highest yield. The authors observed that
the higher K* ion interaction with adsorbed CO, resulted in better stabilisation of the
CO, ™ anion which favoured the electrosynthesis pathway for the formation of dimethyl
carbonates. While carcinogenic chemicals can be avoided, the use of less hazardous ILs
has certain limitation such as high cost and viscosity besides low cost. For instance, the
viscosity of [BMIm][Ac] is very high (413 mPa) in the case of CO, electroreduction, while
the DMC yield achieved with CH3OK as alkylating agent was ~4%. Hence, a more cost-
efficient and feasible system for the electrochemical reduction of CO, and electrochemical
conversions involving CO, to respective carbonates, carbamates, carboxylates and organic
compounds needs to be developed.

Evaluating the electrochemical conversion of CO, at higher temperatures in the range
of 100 °C employing newly designed ILs, DES systems can result in industrially relevant
rates of CO, conversions to ethanol and ethylene besides CO, HCOOH. Such a temperature
is expected to decrease the viscosity of the ILs while enhancing the mobility of the reactant
species with increased solubility. As a result, high Faradaic efficiencies and current densities
can be reproducibly achieved. With key advances in catalysts (2D structures, heteroatom
doped structures, single faceted crystal structures) that lead to impressive performance
at the lab scale, additional work on these catalysts in newly developed less hazardous
non-aqueous systems is required to provide benchmarks against which industries can
compare their results. Because ILs are widely acknowledged as one of the most expensive
compounds, their cycle stability in the electrochemical reduction process should be taken
into account. In addition, the best experimental findings should be obtained at the lowest
feasible cost. [EMIm][BE,] performed better in electroreduction of CO, to CO and other
value-added compounds in several imidazolium-based ILs. However, potential issues
arise when [EMIm][BF,] is hydrolyzed, which releases HF and certain anions): [BFsOH] ~,
[BF2(OH),]~, [BF(OH)3]~,and [B(OH)4]~. This was shown to occur upon addition of water
(which is introduced to compensate for viscosity) [36]. The formation of HF makes the CO,
saturated solution more acidic and aggressive, corroding the equipment and electrodes,
whilst the other complexes increase the reaction rate. Also, hydrolysis of [BMIm][BF,]
makes the recycling difficult owing to its reduced stability and as a consequence, increases
the experimental cost.

To solve this problem, [BF4] ™~ anions are replaced with [TfO]~ and [BMIm]* as the
cation as an alternative [81]. While the imidazolium cations in ILs play a key role in the
electrochemical conversion of CO; (reduction, transformation), the anions have an impact
on the pricing of imidazolium-based ILs. Currently, there are numerous imidazolium based
ILs that exist commercially with different properties and variable costs. Also, there were
new developments in DESs as an electrolyte or reaction media for the electrochemical
conversion of CO,. The high cost associated with ILs is one of the bottlenecks that hinder
their industrial use. Hence, it is critical to evaluate and understand the price and economic
feasibility of ILs. Besides, with the growing significant interest in DESs it is worth to
compare their prices to understand the economic impacts better.

Figure 6 depicts the plots based on commercially accessible pricing, and Figure 7
is plotted based on the cost of the raw materials utilized in the synthesis of these ILs,
DESs and the methodology adopted by Cui et al. [15] in their review. The cost for DESs is
evaluated based on their mole ratios of the individual components and the commercially
available pricing. Since the price variations per kg of the product are quite significant, the
associated costs with ILs, DESs synthesized from raw materials are presented individually.
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Data from Figures 6 and 7 signify that the cost of ILs paired with [TfO]~ or [Tf,N]~ anion is
higher than that of other ILs. These cost comparison data derived from the Figures 6 and 7
validates the fact that the cost of imidazolium-based ILs is mostly determined by the anions,
in line with the above analysis. It is worth noting that the price of DESs from Figures 6 and 7
are significantly lower than ILs, which further validates the scientific claims. Also, it might
be the primary reason to motivate the industries to focus on their development.

By comparing and evaluating the market pricing of ILs, DESs, it is clear that there
exists a significant gap between the price of commercially marketed ILs, DESs plotted in
Figure 6 and the price of ILs, DESs produced from raw materials represented in Figure 7.
This suggests that increasing the production of ILs, DESs through large scale preparation
for the electrochemical conversion of CO, will offer a competitive cost benefit compared
with the commercial market pricing, making the possibility to achieve the price of around
$1 per kilogram of IL (or) DES [71].

While there are significant efforts in reducing the costs for the conversion processes
either by employing co-solvents such as acetonitrile, alcohols or using mixed electrolytes
(ILs + cosolvent), the price is still competitive. Therefore, prior attention needs to be paid
for their applications in large scale industries. Also, the current commercially available ILs
that are employed for the electrochemical conversion of CO, contain carcinogenic, harmful
or toxic substances. These substances might need to be replaced with less hazardous
ones such as acetate in order for them to comply with the EU regulations and such as
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH).

1600

0 200 400 600 800 1000 1200 1400 1600 1800
Price per kg (USD)

Figure 6. Plot comparing the cost of ILs, DESs in USD per kg based on commercial pricing.
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Figure 7. Plot comparing the cost of the ILs, DESs in USD per kg that are computed based on the raw materials cost by
adopting the methodology reported by [15].

Besides the predominantly expensive ILs, another commercial challenge is the costs
associated with electricity which influences the profitability of the electrochemical processes
that utilise CO; either in the electroreduction or electrosynthesis (of organic molecules).
Techno-economic model results based on the generalised electrochemical reduction plant
developed by Jouny et al. [82] demonstrates that electricity costs influence the net present
value significantly. Besides, it also demanded for a continuous supply of cheap electricity
to reduce the overall commercial electrochemical CO, reduction plant production costs.
One strategy for lowering the production cost would be the use of electricity generation
via renewable energy source such as solar. The utilisation of renewable energy source
to produce electricity can be considered as an attractive approach to produce carbon
feedstocks such as hydrocarbons (formic acid, ethylene) in a carbon-neutral way via the
electrochemical routes (reduction, synthesis). Utilising the renewable energy resources
such as wind, solar, geothermal energies for the CO, conversion via the electrochemical
route can reduce the global weighted-average levelized cost of electricity (LCOE). As
per the IRENA reports, solar energy was shown to be the low-cost option that can be
used to provide both electrical and thermal energy [83]. Using the solar energy as a
source of renewable electricity for the conversion of CO, to produce renewable sources
is expected to further reduce the LCOE, production costs and contribute to the carbon
neutral economy. Finally, the materials of construction of the suitable equipment used for
the electrochemical conversion of CO, needs to be chosen wisely when choosing certain
corrosive ILs such as imidazolium-based chlorides. Identifying the alternatives to the
commercial hazardous anions and the replacement of imidazolium cations with other
family of ILs will be a beneficial approach for rapid commercialization of non-aqueous
systems for electrochemical conversion of CO,. Similarly, performing the real-time study
with the already developed DESs for CO, conversion technologies will provide a detailed
insight into the complexities that might be encountered during their commercialization.

While the development of electrochemical conversion of CO, processes seeks signifi-
cant capital investments, performing the scale-up of electrochemical reactions at a scale
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spanning between 100-1000 L with the ILs, IL-based mixed electrolytes makes it expensive.
Also, the hygroscopic, corrosive nature of the imidazolium chloride-based ILs demands
sophisticated equipment to operate and produce them in bulk. There is an urgent need to
increase the CO, utilisation to produce products for renewable energy technologies via the
electrochemical conversions such as reduction, synthesis (through transformation) while
optimising the costs to meet the carbon neutral economy. Furthermore, their compatibility
with co-solvents such as water with better recycling characteristics and optimisation of the
process intensification technologies will not only reduce the operational cost but also the
equipment, overheads.

4. Future Perspective

Most of the works covered in this review focused on the combinations of imidazolium,
pyrrolidinium cations with different anions: [BF4]~, [PFs] ™, [TfO] ™, [Tf2N]~, [FAP]~ with
concentrations from pure ILs to millimolar, molar ranges but the optimum compositions
were not determined. As these systems pose certain safety hazards such as carcinogenicity,
toxicity, bio-degradability, they might have to be replaced with less hazardous category of
ILs in order to comply with the safety regulations such as REACH, Restriction of Hazardous
Substances (RoHS). Development of halide-free ILs, DESs alternative to imidazolium
chlorides (such as acetates), less hazardous alkylating agents (eg.CH30OK) can be considered
as a way forward.

Few works on the application of halide free IL systems such as acetate-based, and
DESs such as [ChCl:Urea/EG], imidazolium chloride-based ones have been investigated
as potential alternative electrolytes for the electroreduction of CO, [17] but studies on
the electrosynthesis of organic compounds through the transformation route are still
scarce. Also, most of the works focused on the electrosynthesis of carbonates with little on
carboxylates, carbamates employing CO,-saturated ILs.

Hence, a more cost-effective system to convert CO, to the respective organic com-
pounds such as CO, HCOOH, ethylene (C,Hy), and carbonates, carboxylates, carbamates
through electrochemical approach needs to be developed. Identification of the reaction
intermediates through mechanistic understanding during the electrochemical conversion
of CO; in either ways will be the key challenge [9,15,50]. However: (i) enhancing the real
time performance of low-cost halide free ILs (such as acetate), and imidazolium chloride-
based DESs, (ii) accelerating the research on ILs’ recovery and reuse will be a significant
future challenge.

Preliminary screening of the alternatives based on their properties (physical, chemical,
electrochemical), safety, cost from a variety of ILs, DESs could reduce the time and efforts
in identifying the best ones. Utilising such electrolytes for either of the electrochemical
conversions: CO, reduction, transformation via synthesis will help to increase the perfor-
mance of CO; utilization technologies besides promoting the scope of ILs/DESs in the
renewable energy sector.

5. Conclusions

The present review summarised the developments in electrochemical conversion of
CO;, value added chemicals through the electroreduction and electroorganic transforma-
tion using ILs, DESs as the electrolyte. Imidazolium and pyrrolidinium cations have been
proved to be very effective for enhancing the performance of the catalysts towards the
electroreduction of CO,, with imidazolium-based ILs being predominant. While the cations
of ILs play a multifunctional role in the electroreduction system, interacting with reaction
intermediates and possibly acting as a co-catalyst, the anions contribute to electrolyte sta-
bility but increase the overall cost. The studies referenced reflect the scientific community’s
significant attempts to produce efficient electrochemical CO, conversions, either through
reduction or transformation.

Having understood the progress in the electrochemical conversion of CO, employing
ILs, DESs, the techno-commercial challenges, the non-aqueous electrolyte based approach
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could be considered as a promising way forward for obtaining the resultant products
(HCOOH, HCHO, C;Hy etc.). These products serve as a renewable source to produce value
added chemicals at industrial scale. Clearly, significant improvements are desired in terms
of identifying the less hazardous ILs, scope of DESs for electrochemical conversion of CO; to
make a step towards establishing such technology on a larger scale and demonstrating it as a
sustainable process. While substantial improvements have been recorded in understanding
the mechanistic aspects of CO; electrochemical transformations in ILs, investigations using
DESs as the electrolyte deserve considerable research.

The primary challenges to focus at this stage have been outlined in this review which
is expected to potentially support the research community working in this field and aid
with rapid commercialisation of ILs/DESs.
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