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Preface

Conventional solvents are still used in laboratory practice but are increasingly being replaced
by environmentally friendly solvents. Remarkable progress has been made in the field of
unconventional, i.e., green, solvents. This Special Issue aims to provide a comprehensive overview
of the “state of the art” in recent advances in the field of the two classes of green solvents, ionic
liquids (Ils) and deep eutectic solvents (DES), through various sustainable chemical approaches.
Both ILs and DES have the potential to be environmentally friendly alternatives to conventional
solvents as designer solvents due to their highly tunable physical, chemical, and physicochemical
properties. In line with the principles of green chemistry, the emergence of deep eutectic solvents, in
particular natural deep eutectic solvents (NADES) and ionic liquids (ILs), has opened new avenues
with applications in various fields. This Reprint is divided into three parts, although overlaps are
inevitable due to the multidisciplinary approach to this undoubtedly attractive and challenging topic.
In the first part, the authors focus on the sample preparation of various complex matrices (natural and
food products, biomass, pharmaceuticals, etc.) in general and on the extraction of targeted bioactive
compounds, essential molecules, and pollutants. The next sections summarize research results
related to biomass and nanocomposite-based adsorption technologies for reuse, water treatment,
pollutant removal, IL- and DES-based green synthesis, catalysis, and improvement of chemical and
technological processes. The latest findings on the recycling/recovery of more environmentally
friendly solvents, the use of advanced analytical techniques and methods, and adherence to green

chemistry principles are fully recognized.

Slavica Razi¢, Aleksandra Cvetanovi¢ Kljakié¢, and Enrico Bodo
Editors
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Abstract: The use of deep eutectic solvents (DES) is on the rise worldwide because of the astounding
properties they offer, such as simplicity of synthesis and utilization, low-cost, and environmental
friendliness, which can, without a doubt, replace conventional solvents used in heaps. In this review,
the focus will be on the usage of DES in extracting a substantial variety of organic compounds
from different sample matrices, which not only exhibit great results but surpass the analytical
performance of conventional solvents. Moreover, the properties of the most commonly used DES will
be summarized.

Keywords: deep eutectic solvents; extraction; organic compounds; green sample preparation; analytical
chemistry

1. Introduction

Over the last decades, conventional solvents and extraction techniques—for example,
methanol as a solvent or liquid-liquid extraction as a technique—tend to be replaced by
new, simpler, inexpensive, and environmentally friendly approaches. The movement of
“Green Analytical Chemistry” (GAC) and its 12 principles, presented by P. Anastas in
1998, has especially inspired scientists to switch to greener and alternative solutions for
extracting compounds from different matrices [1]. Thus, developing new and sustainable
solvents to match the above criteria is of high interest to many researchers globally [2-8]. A
new group of organic salts that possess melting points below 100 °C, called ionic liquids
(ILs), have emerged and demonstrate properties that could replace volatile organic solvents.
However, ionic liquids pose some problems, such as toxicity, stability, biodegradability, and
expense regarding their synthesis.

That is where deep eutectic solvents (DES) emerged in 2001 as the perfect candidate
for replacing ILs, demonstrating cheaper and easier synthesis, while their environmentally
friendliness is much more evident [9-12]. Deep eutectic solvents have low melting points
due to low lattice energy formed by their large and asymmetrical ions. Habitually, they are
formed by the combination of metal salt, called the hydrogen bond donor (HBD), with a
quaternary ammonium salt, the hydrogen bond acceptor (HBA). Thus, hydrogen bonds
are formed by charge delocalization, and the mixture’s melting point is lower than the
separate components of the DES [13,14]. Hydrophilic and hydrophobic DES and natural
deep eutectic solvents (NADES) can, without a doubt, be applied to analytical chemistry in
different fields to extract molecules from a variety of samples [4,8,15-29].

Older reviews on deep eutectic solvents focus, mainly, on the extraction or microextrac-
tion techniques [2,4], highlighting their low cost, simplicity, and environmental safeness,
on their synthesis and properties [17,20,27,28], or on the variety of samples that they can be
applied to [8], such as gas, biodiesel, or metals. The aim of this review is the introduction of
deep eutectic solvents and natural deep eutectic solvents and understanding how can they
be applied in the extraction of a plethora of compounds, focusing mainly on the different

Molecules 2022, 27, 7699. https:/ /doi.org/10.3390/molecules27227699 1

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



Molecules 2022, 27,7699

group of organic compounds that can be extracted. Additionally, the synthesis and the
properties of these solvents will be discussed briefly. In Figure 1, the main scheme of how
DES are used in extraction is presented.

9 — 0

1. Choosing the optimal 4. Choosing the appropriate
DES extraction technique depending
2. Trying different molar on the sample and on the

ratios compounds to be extracted

3. Testing its properties

JM%

5. Choosing the appropriate
determination technique

6. Finding the best conditions

7. Calculating the analytical performance

Figure 1. Representative scheme of the typical development of an extraction method by using deep
eutectic solvents.

2. Synthesis and Properties of Deep Eutectic Solvents
2.1. Synthesis of Deep Eutectic Solvents

The most common way to synthesize DES is by mixing two or three cheap and safe
salts and heating them up in order to obtain a homogenous solution. Molten salts at
the ambient temperature can also be prepared through the mixture of metal salts with
quaternary ammonium salts [30-32]. There are four main types of deep eutectic solvents:
type I, where a metal chloride is combined with a quaternary salt, type II, where a hydrated
metal chloride is merged with a quaternary salt, type III, where an HBD is put together
with an HBA quaternary salt, and type IV, where an organic HBD compound reacts with a
metal chloride [2,33]. Table 1 summarizes the four types of the DES, while in Figure 2, the
most frequently used HBA and HBD are presented.

Table 1. The four types of Deep Eutectic Solvents and their formulas.

Type Formula Terms
I Cat*X™ + zMCly M =Zn, Sn, Ga, In, Al, Fe
I Cat*X™ + zMCly - yH,O M = Cr, Cu, Fe, Ni, Co
III Cat*X™ +zRZ Z = COOH, CONH,, OH
v MCly + RZ M = Al, Zn and Z = CONH,, OH

Cat* = any phosphonium, ammonium or sulfonium cation, X~ = a Lewis base, often a halide anion, MCl, = metal
chloride, RZ = organic compound.
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Hydroquinone

Figure 2. Structures of some common HBAs and hydrogen bond donors HBDs used in the synthesis
of deep eutectic solvents.

Choline chloride (ChCl) is the most widely used HBA due to its low cost, low toxi-
city and biodegradability than has the advantage of reacting with safe and inexpensive
HBDs, such as carboxylic acids, urea, or glycerol [32,34]. Additionally, type III acidic
deep eutectic solvents are synthesized from quaternary organic salts with Brensted acids
(for example, citric acid) and type IV acidic DES from Lewis acids (for instance, zinc
chloride or bromide) [35].

2.2. Properties of Deep Eutectic Solvents

Physicochemical properties of deep eutectic solvents derive from the various interac-
tions between an HBA and HBD, which depend on the molar ratios, the organic compounds
themselves, and the nature of the interactions (-7t and /or hydrogen bonding, anion ex-
change, weak non-covalent interactions) [36]. The properties that need to be considered
when using DES and/or NADES are density, acidity, conductivity, viscosity, volatility, the
melting and freezing point, and surface tension. Additionally, the toxicity, cost, thermal
stability, and biodegradability should not be passed over [2,37]. The value of pH that results
from the combination of HBA and HBD can drastically affect the extraction efficiency of the
target compounds, so this parameter ought to not be overlooked as well [38]. As described
by El Achkar et al. [39] in a thorough review about the properties of DES, viscosity is an
important parameter to be studied, among others, since it severely impacts the extraction
efficiency of a developed method. Water content is an ambiguous parameter since, for some,
it might seem as an impurity, while others rely on it and add water on purpose to expose
the reliability of the DES. Molar ratio and temperature of extraction can impact the isolation
of organic compounds as well, and they are studied in almost all developed methods of
extraction. Consequently, by knowing the parameters that can affect the extraction with the
usage of DES, one can exploit their high tunability [40].

3. Extraction of Organic Compounds
3.1. Pesticides, Fungicides and Herbicides

Choline chloride (ChCl) with phenol, ethylene glycol, or 4-chlorophenol were used as
deep eutectic solvents, in different molar ratios, from Abolghasemi et al. [41] so as to extract
triazole fungicides from vegetable samples and fruit juice. The team used headspace single-
drop microextraction (HS-SDME) as an extraction technique and gas chromatography
coupled with a flame ionization detector (GC-FID) to determine the compounds. By
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examining a lot of parameters and choosing the optimal ones, they were able to achieve a
limit of detections (LODs) of 0.82-1.0 pg/mL and relative standard deviations (RSD) of
3.9-6.2% when ChCl and 4-chlorophenol (1:2, respectively) were used as the DES media.

Farajzadeh et al. [42] synthesized a new DES of high density—consisting of menthol
and dichloroacetic acid (1:2 molar ratio)—that was utilized as the extraction solvent of dif-
ferent pesticides originating from honey samples. Dispersive liquid-liquid microextraction
(DLLME) was chosen as the technique, while the determination was done by GC-FID. By
using these techniques and the aforementioned DES under the best conditions, they were
able to detect and quantify the pesticides in the range of 0.32-1.2 ng/g and 1.1-4.0 ng/g, re-
spectively, with enrichment factors (EF) 279-428 and absolute recoveries obtained from the
extraction being between 56 and 86%. In another paper, Farajzadeh et al. [43] successfully
extracted pesticides from vegetable and fruit juice samples by liquid phase microextraction
(LPME) with the help of ChCl and p-chlorophenol as the DES. Interestingly, they used differ-
ent temperatures to disperse the DES into the aqueous phase, thus improving the extraction.
EFs were once again very high, in the range of 280-465, with absolute recoveries of 56-93%,
and very low LODs and LOQs were achieved (0.13-0.31 and 0.45-1.1 ng/mL respectively).

Pesticides can also be found in wastewater, which poses health risks to the public.
According to Florindo et al. [44], a variety of hydrophobic DES were picked to evaluate
their removal efficiency of four neonicotinoid pesticides from aqueous environments. The
highest extraction efficiency (up to 80%) was accomplished with DL-menthol and organic
acids as DES. Another possible source of exposure to pesticides is milk, so the team of
Jouyban et al. [45] developed a method to determine some of them by forming the DES in
matrix and using them in the liquid phase extraction coupled with the DLLME of solidified
organic droplets. ChCl and decanoic acid (molar ratio 1:2) were the best candidates for this
extraction, providing LODs of 0.9-3.9 ng/mL, LOQs of 4.8-6.9 ng/mL, EFs of 320-445, and
recoveries of 64-89%.

Musarurwa and Tavengwa [46] highlighted the importance of using DES in the
liquid-liquid micro-extraction (LLME) so as to successfully extract pesticides from dif-
ferent food samples. One work of Nemati et al. [47] focused on the usage of solidified
droplets in DLLME, coupled with stir bar sorptive extraction (SBSE) with the help of
water-miscible DES, to extract acidic pesticides from tomato samples. Very high enrich-
ment factors were introduced by this method (2530-2999) and pretty low LODs and
LOQs were achieved (7-14 ng/L and 23-47 ng/L, respectively). In another work, Ne-
mati et al. [48] effectively extracted pesticides from milk samples by using tetrabutylam-
monium chloride (TBAC) and dichloroacetic acid (1:1) as the elution solvents in their
DLLME method that they developed based on organic polymers. Once more, low LODs
(0.09-0.27 ng/mL) and LOQs (0.31-0.93 ng/mL) were obtained, with EFs of 162-188 and
extraction efficiencies of 81-94%.

L-menthol with decanoic acid were used as hydrophobic DES by Lin et al. [49] so
as to extract five fungicides in tea and fruit juices by freezing and, therefore, solidifying
the DES to use them in ultrasound-assisted DLLME (UA-DLLME). After a thorough
examination of the parameters involved in the efficiency of the extraction and, then, using
the optimum ones, the relative recoveries were 72-109%, RSDs were 13.5-14.8%, and LODs
were 0.75-8.45 pug/mL. Tea samples caught the eye of Torbati et al. [50], who decided to
use water-miscible DES to extract and preconcentrate herbicides by LLE that were coupled
with in-syringe DLLME in a narrow tube. This method allowed them to accomplish LODs
of 2.6-8.4 ng/kg, with EF in the range of 350445 and absolute recoveries of 70-89%.

3.2. Flavonoids, Phenolic and Other Bioactive Compounds

Skarpalezos and Detsi [51] emphasized the significance of DES when selected as
the extraction means for flavonoids from different natural sources, including isoflavones,
flavones, anthocyanins, flavonois, flavonones, and flavan-3-ols. Choi et al. [52] showed
how important it is to use greener approaches to the usage of solvents for the extraction
of bioactive compounds from a plethora of natural products, suggesting ILs and DES as
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the perfect candidates for this task. Plants house a range of bioactive compounds that
can be isolated with innovative extraction techniques that involve both DES and natural
deep eutectic solvents (NADES), according to Ivanovié et al. [53]. DES and NADES can
also be used to extract bioactive compounds from agricultural by-products as well, as
Socas- Rodriguez et al. [54] highlighted in a recent review. Moreover, a comparison of
conventional organic solvents with DES was thoroughly documented by Nakhle et al. [55]
regarding, once again, the microextraction of bioactive compounds.

Bi et al. [56] were able to extract two flavonoids, amentoflavone and myricetin, by using
ChCl with 1,4-butanediol (1:5 molar ratio) in water and heating at 70 °C for 40 min to get
the optimal results. The LODs that were achieved were 0.07 and 0.09 ng/mL, respectively,
for the two compounds, and RSDs were 2.72 and 3.06. Nam et al. [57] chose Flos sophorae, a
common and traditional Chinese medicine, in order to extract flavonoids that are present in
this flower, such as kaempferol, quercetin, and isorhamnertin glycosides. By synthesizing a
DES of glycerol and L-proline (2:5), by freeze-drying and by applying ultrasound-assisted
extraction (UAE), they were able to extract these organic compounds. Other experiments
with common solvents, such as methanol, and other extraction techniques—for example,
SPE with a C18 cartridge—were evaluated and compared to the usage of DES. It was
found that the ultrasound-assisted extraction with DES gave lower absolute recoveries
than the SPE method. Nevertheless, the advantages of safety, low-cost, and environmental
friendliness that DES provide surpassed the lower extraction efficiency.

Genistein, daidzin, daidzein and genistin, four isoflavones, were successfully extracted
with the application of NADES, according to Bajkacz et al. [58]. It was the first time that
a solution consisting of 30% ChCl and citric acid with 1:1 molar ratio was used in the
ultrasound-assisted extraction of isoflavones from soy products. The determination of the
efficiency of the extraction was done by ultra-high performance liquid chromatography
coupled with an ultraviolet detector (UHPLC-UV). Enrichment factors reached up to 598,
with recoveries between 64.7 and 99.2%. LODs ranged from 0.06 to 0.14 pg/g and RSDs
ranged from 1.0 to 5.9%. Meng et al. [59] used the same extraction technique—UAE, with
NADES consisting of ChCl:1,2-propanediol (1:4 molar ratio)—so as to extract flavonoids
from Pollen Typhae. Compared to methanol and 75% aqueous ethanol, NADES exhibited
higher recoveries of 86.87-98.89% for kaempferol, quercetin, isohamnetin, and naringenin,
rendering NADES a useful tool for this type of extractions.

Ternary DES, denoting deep-eutectic solvents consisting of the combination of three
solvents, were used by Tang et al. [60] to extract two flavonoids from Ginkgo biloba. ChCl
with oxalic acid and ethylene glycol, at 1:1:3 molar ratio, gave the best extraction efficiencies
for myricetin and quercetin under the optimal conditions, which consisted of heating to
60 °C for 30 min. The extracted amount from this plant was 1.11 and 1.40 mg/g of sample
for each compound respectively. Flowers of Abelmoschus Manihot (Linn.) Medicus were
picked from Wan et al. [61] as the source of bioactive flavonoids that could be extracted
with the aid of ChCl and acetic acid (1:2 molar ratio). The target compounds of interest
were myricetin, isoquercitrin, and hyperoside, and they were successfully extracted in mild
conditions (30 °C, 30 min, 35:1 mg/mL solid-to-solvent ratio), providing 1.11, 5.64, and
11.57 mg of each compound, respectively, per gram of the flower. Quercetin, isohamnetin,
and kaempferol were extracted from vegetables with the benefit of betaine-D-mannitol as
the ideal DES by Dai and Row [62].

Five Chinese herbal medicinal plants, Notoginseng Radix et Rhizoma, Salviae Miltior-
rhizae Radix et Rhizoma, Epimedii Folium, Rhei Rhizoma et Radix, and Berberidis Radix were
selected from the team of Duan et al. [63] to extract flavonoids, anthraquinones, alkaloids,
saponins, and phenolic acids as bioactive compounds by applying UAE with DES. A va-
riety of combinations between ChCl, L-proline, and betaine as HBA were examined and
tailored for the needs of each extraction. NADES based on ChCl and malic acid caught
the eye of RadoSevi¢ et al. [64], who extracted a variety of bioactive organic compounds
from plants, such as anthocyanins and phenolic compounds. Their cytotoxicity was also
evaluated in vitro toward two human tumor cell lines, MCF-7 and HeLa. Bioactive com-
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pounds, mainly scoparone, quercetin, and rutin, were successfully extracted from Herba
Artemisiae Scopariae with ILs and DES from Ma et al. [65]. Amounts of 554.32, 899.73, and
10,275.92 pg/g of each compound were able to be extracted under the ideal conditions.

Anthocyanins contained in blueberries were extracted with ternary NADES by da
Silva et al. [66]. ChCl:glycerol:citric acid, in molar ratios of 0.5:2:0.5, was used as the NADES
that provided similar or higher extraction efficiencies from other conventional organic
solvents. Wine lees are another known source of anthocyanins, which Bosiljkov et al. [67]
were able to extract by UAE in almost 30 min with the help of the environmentally friendly
ChCl-malic acid deep-eutectic solvent. Lactic acid-glucose and ChCl-1,2-propanediol are
perfect candidates for the green extraction of anthocyanins from Catharanthus roseus, as
indicated by Dai et al. [68].

Phenolic compounds are of high importance and interest from scientists all around the
world, as they are great antioxidants. Ruesgas-Ramon et al. [69] pinpointed the utilization of
DES in the extraction of that group of organic compounds. Redha [70] motivates researchers
and suggests to use DES when extracting phenolic compounds from natural sources, as
these solvents take into account the principles of Green Analytical Chemistry (GAC). In
another study, Dai et al. [71] were able to isolate phenolic metabolites of different polarities
from Carthamus tinctorius by applying natural deep-eutectic solvents, highly suggesting
their usage in the extraction of bioactive compounds from natural sources. Bubalo et al. [72]
applied both microwave-assisted and ultrasound-assisted extraction (MAE, UAE) with
ChCl-oxalic acid as the DES that was able to extract phenolics from samples of grape skin.
Petunidin-3-O-glucoside, delphinidin-3-O-glucoside, cyanidin-3-O-glucoside, malvidin-3-
O-glucoside, peonidin-3-O-glucoside, quercetin-3-O-glucoside, and (+)-catechin were the
target compounds that were able to be extracted, with LODs ranging from 0.05-0.37 mg/L
and impressively low RSD of 0.30-0.96%. Garcia et al. [73] were drawn by the DES as well,
especially ChCl-xylitol and ChCl-1,2-propanediol, which they used to extract apigenin,
oleacin, oleocanthal, tyrosol, hydroxytyrosol, luteolin, and 1-acetoxypinoresinol from
virgin olive oil, increasing the yield to 20-33% and 67.3-68.3%, respectively, for each DES
mentioned when compared to conventional organic solvents. Chanioti et al. [74] used
NADES for the isolation of phenolic compounds from olive pomace with the usage of
non-ordinary extraction techniques, such as microwave-assisted extraction (MAE), UAE,
homogenate extraction (HAE), or high hydrostatic pressure-assisted extraction (HHPAE).
The NADES that were used for this work were combinations of ChCl with maltose, glycerol,
lactic acid, and citric acid. ChClI with lactic acid and citric acid exhibited the best results.
Shishov et al. [75] developed a method that involved rotating disk sorptive extraction
(RDSE) to extract phenolic compounds from vegetable oil by coating the surface of the
disk with ChCl. The DES were formed by the reaction of the coating and the target organic
compounds, and then, the phenolic compounds, vanillic acid, tyrosol, gallic acid, thymol, p-
coumarinic acid, syringaldehyde, and protocatechuic acid, were eluted in an aqueous phase
by the decomposition of the DES. The proposed method exhibited LODs of 10-60 ng/L
and absolute recoveries between 66 and 87%.

Alam et al. [76] presented the studies of many scientists around the usage of ChCl-
based DES as a possible, greener, and cheaper means of extraction of phenolic compounds
from biomass. Orange peel waste was a source of polyphenols that caught the eye of
Ozturk et al. [77], who tried and succeeded in extracting them with ChCl-ethylene glycol
(1:4 molar ratio). Surprising enough, the peels are high in content of ferulic acid, gallic acid,
and p-coumaric acid, which were extracted via solid-liquid extraction (SLE). By-products
from agro-foods also contain phenolic compounds that can be isolated by UAE and lactic
acid-glucose-water as the DES, according to Fernandez et al. [78]. The extraction efficiency
was validated by HPLC-DAD, where 14 phenols were evaluated from pear, tomato, and
olive by-products. LODs varied from 0.0006 to 0.0891 pg/g, with the time of each analysis
taking up to 18 min. El Kantar et al. [79] extracted polyphenols, with lactic acid-glucose as
DES, from grapefruit peels by a solid-liquid extraction (SLE) with a 10:1 ratio of liquid to
solid. Fu et al. [80] applied pulse-ultrasonication-assisted extraction (P-UAE) with NADES
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(ChCl-malic acid) as a greener and more efficient approach in order to extract significant
phenolic compounds from peels of Carya cathayensis Sarg. Wheat waste biomass was chosen
by Cherif et al. [81] as the main source of phenolic compounds to be extracted by UAE and,
further, thermal treatment of glycerol-citric acid-glycine as the deep-eutectic solvent. With
this combination, they managed to isolate 94.62 mg of ferulic acid equivalents per gram
of dry mass. Rutin, a flavonoid, could be solubilized more in NADES, based on ChCl or
glycerol, than in water—almost 660-1577 times more—and thus, it could be extracted by
tartary buckwheat hull with UAE, as instructed by Huang et al. [82]. Additionally, 9.5 mg of
rutin per g of sample were able to be isolated, with the extraction efficiency reaching 95%.

In a review, Bubalo et al. [83] introduced the usage of greener solvents for the extraction
of biologically active compounds from plants, of which NADES played an important role.
Native Greek medicinal plants, mainly sage, mint, dittany, marjoram, and fennel, were
selected as the resource of polyphenols to be extracted by Bakirtzi et al. [84] by novel
NADES, synthesized from lactic acid with ChCl, ammonium acetate, sodium acetate, or
glycine-water in 3:1, 3:1, 3:1 and 3:1:3 molar ratios, respectively. Lonicerae japonicae flos, a
common Chinese medicinal plant, was the main sample from which five phenolic acids
were extracted (caffeic acid, chlorogenic acid, 4,5-dicaffeoylquinic acid, 3,5-dicaffeoylquinic
acid, and 3,4-dicaffeoylquinic acid) by Peng et al. [85]. MAE was the main technique
used for this feat, while, as DES, ChCl with 1,3-butanediol was used in 1:6 molar ratio.
Recoveries for this work ranged from 79.25 to 86.01% for the five organic compounds of
interest. Caffeine, rutin, ferulic acid, naringin, rosmarinic acid, and 7-methylrosmanol
were extracted from Rosmarinus officinalis L. by ChCl-1,2-propanediol in water, providing a
total amount of phenolics of 20,588 ng/g. MAE with ChCl-glycerol (1:2) and 20% water
constituted the main extraction means for Gao et al. [86] when they developed the method
of isolation of phenolic compounds from the leaves of mulberry (Morus Alba L.). A total
amount of 8.352 mg of phenolics per gram of leaves was able to be extracted, under 18 min
at 66 °C, by using 20 mL of DES per gram of sample. Lastly, they utilized a macroporous
resin, which was put in a chromatography column to separate the organic compounds
of interest from the DES. Park et al. [87] were able to extract two phenolic compounds,
caffeic acid and chlorogenic acid, from Herba Artemisiae Scopariae by UAE of tetramethyl
ammonium chloride-urea (1:4 molar ratio) as DES, which was further mixed with methanol-
water (60:40 v/v). As a liquid-to-solid ratio 10:1 was chosen as the optimal one, which
exhibited recoveries of 97.3-100.4%, with RSDs lower than 5%. Furthermore, they were
able to extract 0.31 mg and 9.35 mg of each compound, respectively, per gram of sample.
Last but not least, Liu et al. [88] used betaine-ethanediol (1:4 molar ration) in 30% water, at
60 °C for 30 min, to extract hesperidin, neohesperidin, naringin, and nariturin from Aurantii
Fructus. Compared to the methanol extracts, the DES extracts contained higher amounts of
isolated organic compounds, namely 3.03, 35.94, 83.98, and 8.39 mg/g. respectively. Some
of the organic compounds found in the Ixora javanica flower have skin-lightening cosmetic
and antioxidant properties, and Oktaviyanti et al. [89] developed a method to extract them.
ChCl-propylene glycol, with a 1:1 molar ratio, was the ideal candidate for the application
in the UAE of these compounds. The extraction time was only 5 min at 57 °C, and 33 mg of
quercetin equivalent per gram of dried sample were able to be obtained.

Pontes et al. [90] used ChCl-acetic acid (1:2 molar ratio) as their ideal DES in the ex-
traction of phenolics from olive leaves, and it was able to extract more phenolic compounds
than ethanol under the same conditions. Mogaddam et al. [91] were able to develop a
method of extracting three phenolic compounds with organic-free solvents based on DES
(tetrabutylammonium chloride-hydroquinone) and by exploiting the LLE/DLLME with
heating. LODs reported were 0.13-0.42 ng/mL, EFs were 370445, and extraction recoveries
were from 74 to 89%, with RSDs being equal to or lower than 7.4%. Li et al. [92] tried to
tackle the problem of phenols being contained in wastewater, which later result in aqueous
environments, by developing a method of isolating them with L-proline-decanoic acid
during a 60 min period at 50 °C. The reusage of the NADES that was used was studied,
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and it was found that it could be reused up to six times, with extraction efficiencies being
62% for the first cycle and 57% up to the sixth cycle.

In Table 2, the methods developed for the extraction of the organic compounds from
the first two subgroups are summarized and presented.

Table 2. Summary and analytical performance of the methods discussed in Sections 3.1 and 3.2.

Molar Extraction Recovery

Group of Compounds DES Ratio Technique (%) LOD! Reference
Triazole fungicides ChCl: 4-chlorophenol 1:2 HS-SDME 94-97 0.82-1.0 mg/L [41]
Pesticides Menthol: dichloroacetic acid 1:2 DLLME 56-86 0.32-12ng/g [42]
Pesticides ChCl: p-chlorophenol 1:2 LPME 56-93 0.13-0.31 ng/mL [43]
Neonicotinoid pesticides Menthol: dodecanoic acid 2:1 LLE 80 N/R?2 [44]
Pesticides ChCl: decanoic acid 1:2 DLLME 64-89 0.9-3.9 ng/mL [45]
Acidic pesticides ChCl: ethylene glycol 1:2 DLLME-SBSE 76-90 7-14ng/L [47]
Pesticides TBAC: dichloroacetic acid 1:1 DLLME 81-94 0.09-0.27 ng/mL [48]
Fungicides Menthol: decanoic acid 1:1 UA-DLLME 72-109 0.75-8.45 ug/mL [49]
Herbicides ChCl: butyric acid 1:2 LLE-DLLME 70-89 2.6-8.4ng/kg [50]
Flavonoids ChCl: 1,4-butanediol 1:5 UAE N/R 0.07,0.09 ug/mL [56]
Flavonoids Glycerol: L-proline 2:5 UAE, SPE 81-87 N/R [57]
Isoflavones ChCl: citric acid 1:1 UAE 64.7-99.2 0.06-0.14 ug/mL [58]
Flavonoids ChCl: 1,2-propanediol 1:4 UAE 86.7-98.9 0.05-0.14 ug/mL [59]
Flavonoids ChCl: OXaI;;CCé?: ethylene 1:1:3 LLE N/R 1.11-1.40 mg/g [60]
Flavonoids ChCl: acetic acid 1:2 UAE N/R 1.11-11.57 mg/g [61]
Flavonoids Betaine: D-mannitol N/R UAE 91.7-95.8 0.14-0.17 ug/mL [62]
Flavonoids Different types Diff. 3 UAE 93.8-107.7 0.14-0.22 ug/mL [63]
Bioactive compounds ChCl: malic acid 1:1 UAE N/R N/R [64]
Bioactive compounds ILs, ChCl based DES Diff. Reflux N/R N/R [65]
Anthocyanins ChCl: glycerol:citric acid 0.5:2:0.5 UAE N/R 0.02mg/L [66]
Anthocyanins ChCl: malic acid Diff. UAE N/R 0.15-0.28 mg/L [67]
Anthocyanins Lactic acid: glucose 1:2 Stirring N/R N/R [68]
Phenolic metabolites Different types Diff. N/R 75-97 N/R [71]
Phenolics ChCl: oxalic acid 1:1 MAE, UAE N/R 0.05-0.37 mg/L [72]
Phenolics ChCl: 1,2-propanediol 1:1 Vortex N/R N/R [73]
Phenolics ChCl: lactic acid 12 AL HTUE, N/R N/R (74]
Phenolics ChCl + phenolics N/R RDSE 66-87 10-60 ug/L [75]
Polyphenols ChCl: ethylene glycol 1:4 SLE N/R N/R [77]
Phenolics Lactic acid: glucose 5:1 UAE 86.0-109.6 0.6-89.1ng/g [78]
Polyphenols Lactic acid: glucose 5:1 SLE N/R N/R [79]
Phenolics ChCl: malic acid 1.5:1 P-UAE N/R N/R [80]
Phenolics Glycerol: citric acid: glycine Diff. UAE N/R N/R [81]
Flavonoids ChCl: glycerol 1:1 UAE 95 N/R [82]
Polyphenols Lactic acid: glycine:water 3:1:3 UAE N/R N/R [84]
Phenolic acids ChCl: 1,3-butanediol 1:6 MAE 79.2-86.0 N/R [85]
Phenolics ChCl: glycerol 1:2 MAE 77.8-83.8 0.15-0.78 ug/mL [86]
Phenolics Tetramethyl ammonuium 14 UAE 97.3-100.4 N/R (871

chloride:urea
Flavanones Betaine: ethanediol 1:4 Heated LLE 97.0-101.6 N/R [88]
Bioactive compounds ChCl: propylene glycol 1:1 UAE N/R N/R [89]
Phenolics ChCl: acetic acid 1:2 Thermo- N/R N/R [90]
shaking

Phenolics TBAC: hydroquinone 1:2 LLE/DLLME 74-89 0.13-0.42 ng/mL [91]
Phenols L-proline: decanoic acid 1:4.2 Stirring 57-62 N/R [92]

! Limit of Detection, > Not reported, 3 Different molar ratios tested.

3.3. Pharmaceutical Compounds and Preservatives

An antibacterial sulfonamide named sulfamerazine was the compound of interest
to be extracted by Liu et al. [93], who applied pipette-tip solid-phase extraction (PT-SPE)
with graphene modified by DES (ChCl-ethylene glycol) as the adsorbent. The limit of
detections that was calculated from this method were 0.01 pug/mL, with relative recoveries
of 91.01-96.82% and RSDs below 3.84%. Paracetamol, a common analgetic and antipyretic
drug, was able to be isolated from synthetic urea with an inexpensive, new, and simple
method by Dogan et al. [94]. A shaker-assisted deep eutectic solvent microextraction (SA-
DES-ME) was used as the extraction technique, with betaine-oxalic acid (1:2 molar ratio)
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playing the role of the DES. The analytical performance of the proposed method was great,
with recoveries varying from 94.2-107.1%, LOD of 14.9 ug/L, and very low RSDs (below
3.3%). Lietal. [95] wanted to isolate thiamphenicol and chloromycetin, two antibiotics, from
milk in order to purify it. This was achieved by using molecular imprinted polymers (MIPs)
in the solid phase extraction (SPE) of the two organic compounds, along with deep eutectic
solvents, with 87.02% and 91.23% being the recoveries of the two antibiotics, respectively.

Antiviral organic compounds that are used as drugs to combat viral-related diseases
can also be extracted with the use of DES. Jouyban et al. [96] managed to isolate sofosbuvir
and daclatasvir from urine with homogenous LLE by applying the DES, p-aminophenol-
tetrabutyl ammonium chloride, as a more environmentally friendly alternative that is as
effective as conventional solvents. RSDs were lower than 9.3%, low LODs were achieved
with sofosbuvir at 1.3 and daclatasvir at 1.0 pg/L, as well as EFs of 90 and 96, respectively,
and lastly, extraction recoveries of 90 and 96%. Quinine was successfully able to be extracted
via its hydrogen bonding with hydrophilic alcohol-based NADES by Fan et al. [97]. The
same NADES could be reused by performing a back-extraction with 1% v/v aqueous acetic
acid. Acetic acid with menthol served as the deep eutectic solvent to isolate diclofenac
from aqueous media. The method developed by Kurtulbas et al. [98] could reach up to 80%
removal of the pharmaceutical compound. Antibiotic residues from honey were extracted
with a method developed by Shahi et al. [99] that involved the synthesis of nanocomposites
of multiwall carbon nanotubes with urea-formaldehyde and their application in SPE. DES
with DLLME were also combined with the above method, aiding in the extraction and the
obtaining of improved results, such as LODs of 0.32-0.86 ng/g and LOQs of 1.1-2.9 ng/g,
respectively, with the RSD calculated as equal to or lower than 9.1%.

Hadi et al. [100] developed a method to extract tocotrienols and tocopherols from
palm oil with the usage of ChCl, with carboxylic acids as the means of extraction. A total
of 18,525 mg of tocopherols per kg of sample were able to be isolated with this method.
Choline chloride with sucrose, ethylene glycol, and ethanolamine were used in the LLE
of x-tocopherols by the team of Mohammadi et al. [101]. «-, y-, and 6-tocopherols were
able to be extracted from soybean oil deodorizer distillate by Liu et al. [102] with phe-
nolic DES, ChCl with p-cresol. The total extraction efficiency of all tocopherols reached
77.6%. Ge et al. [103] managed to synthesize, in situ, the hydrophobic deep eutectic sol-
vent comprised of decanoic acid and DL-menthol, and they used it in the liquid-liquid
microextraction (LLME) of four parabens in water samples. With this method, LODs of
0.6-0.8 ng/mL and RSDs less than 7.2% were able to be achieved.

3.4. Polycyclic Aromatic Hydrocarbons, Volatile Organic Compounds and Pollutants

Hashemie et al. [104] wrote an extensive review on the usage of ionic liquids and DES
in sorptive-based extraction techniques in order to extract environmental pollutants, urging
scientists to switch to more greener alternatives for this type of sample preparation. Among
these pollutants, PAHs play an important role.

In one interesting work, Shakirova et al. [105] used fatty acids that came from the
in situ alkaline hydrolysis of triglycerides in milk so as to synthesize NADES between
them, with menthol or thymol being the second component. With this method, they were
able to extract thirteen polycyclic aromatic compounds (PAHs) from milk: pyrene, an-
thracene, phenanthrene, chrysene, fluoranthene, fluorene, naphthalene, benz[a]anthracene,
benzo[«]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[ghi]perylene, and
dibenz[a, h]anthracene. LODs varied from 0.002-0.09 pg/kg, with 70-91% being the extrac-
tion efficiencies and RSDs being lower than 5.2%. Nie et al. [106] chose volatile organic
compounds (VOCs) as their compounds of interest to be extracted from tobacco, uti-
lizing MAE with a DES that was coupled with headspace solid phase microextraction
(HS-SPME), followed by gas chromatography with a mass spectrometer (GC-MS) for
their determination.
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3.5. Polysaccharides, Pigments and Terpenes

A famous Chinese plant that has many invigorating health benefits when consumed,
Dioscorea opposita Thunb, caught the eye of Zhang and Wang [107] who developed a method
of extraction of polysaccharides by using UAE with ChCl and 1,4-butanediol, constituting
the deep eutectic solvent. Under the best conditions, with the temperature reaching 94 °C,
the water content of the extraction with the DES being 32.89% ©v/v, and the extraction
time being less than 45 min, they were able to get the best results. Shang et al. [108] used
MAE with the same DES, ChCl-1,4-butanediol with 1:5 molar ratio, in order to be able to
extract polysaccharides from Fucus vesiculosus, attaining 116.33 mg of the target compounds
per gram of sample. Optimal conditions for this isolation were 35 min of extraction at
168 °C, with 32% content of water. Furthermore, the in vitro evaluation assay of their
biological activity was done in HeLa cells, highlighting their antioxidant activity. Edible
brown seaweed, called Sargassum horneri, is another source of polysaccharides that attracted
Nie et al. [109]. With their method that consisted of the usage of ChCl-1,2-propanediol
with 1:2 molar ratio in 30% of water (v/v), of the heating to 70 °C, and of the solid-to-liquid
ratio reaching 1:30 g/mL, they managed to extract them with high efficiencies. Once
again, the in vitro biological activity was assessed. Das et al. [110] developed a method of
isolating k-carrageenan from Kappaphycus alvarezii that involved hydrated DES, with 10%
hydrated ChCl-glycerol (1:2 molar ratio) being the best candidate for the extraction, giving
a yield of 60.25%.

Citric acid with glucose, with 1:1 molar ratio, served as the natural deep eutectic
solvent for Liu et al. [111] who wanted to extract natural pigments, such as curcumin,
demethoxycurcumin, and bis-demethoxycurcumin, from Curcuma longa L. Subsequently,
they performed SPE to recover the NADES and reuse it. This method exhibited impressively
low RSDs, 0.46-0.91%, and LODs ranging from 0.25 to 0.37 mg/L. Patil et al. [112] proposed
a green approach of extracting curcuminoids from Curcuma longa by UAE with DES, namely
ChCl-lactic acid, with a 1:1 molar ratio. The maximum amount of curcuminoids that were
able to be extracted was 77.13 mg/g. Curcumin was extracted and preconcentrated from
herbal tea and food samples by a LLME emulsification of DES, and its performance was
determined by UV-vis, as reported by Aydin et al. [113]. The pH that was selected for
this method was the value 4, while other parameters were also studied. Under the best
conditions, LODs were 2.86 ng/L, RSDs were lower than 6%, and recoveries varied from 96
to 102%. Zhang et al. [114] extracted astaxanthin from shrimp by-products by applying a
UAE with DES and compared this method with the extraction using ethanol. It was found
that the proposed method was able to obtain more of the organic compound than with
the conventional solvent (146 ug/g with DES and 102 pg/g with ethanol). Rhodamine B,
a colorant that is no longer used, by law, due to its carcinogenic properties, was isolated
from chili oil by Wang et al. [115] by doing an extraction with ChCl-ethylene glycol and
determining the efficiency by ultra-high performance liquid chromatography coupled with
a fluorescence detector (UHPLC-FD).

Su et al. [116] applied UAE with two different DES, ChCl-urea and betaine-ethylene
glycol, to extract terpene trilactones from the leaves of Ginkgo biloba. The latter DES worked
best and gave the highest extraction efficiencies that reached 99.37% and 1.94 mg/g.

3.6. Other Organic Compounds

Benzophenone-type UV filters can be extracted and preconcentrated with the benefit of
hydrophobic DES by an air-assisted dispersive liquid-liquid mixroextraction (AA-DLLME)
from aqueous samples, as reported by Ge et al. [117]. DL-menthol with decanoic acid was
used as the deep eutectic solvent and the proposed method was applied successfully, provid-
ing 88.8-105.9% relative recoveries. There were two common organic solvents, acetonitrile
and butanol, extracted from aqueous solutions, with LLE and DES by Rabhi et al. [118], by
forming ternary systems.

An environmentally friendly extraction method that involved ChCl-1,3-butanediol
in the ball mill-assisted extraction of tanshinones (tanshinone I, tanshinone II A, and
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cryptotanshinone) from plants was developed by Wang et al. [119]. Extracted amounts
reached 0.181, 0.421, and 0.176 mg/g respectively for each compound, with RSDs lower
than 1.9%, recoveries of 96.1-103.9%, and LODs of 5-8 ng/mL being reported. Catechin
compounds, such as (+)-epicatechin gallate, (—)-epigallocatechin gallate, and catechin were
extracted from Chinese green tea by the usage of deep eutectic solvents. Zhang et al. [120],
with this method, demonstrated an eco-friendly pathway that could achieve 35.25,114.2,
and 3.629 mg of an extracted compound, respectively, per gram of sample, with extraction
efficiencies ranging from 82.7 to 97.0%.

Zhao et al. [121] extracted the essential oil out of cumin seeds (Cuminum cyminum L.)
by a MAE that involved NADES and was done in three steps. ChCl-L-lactic acid (1:3 molar
ratio) was the ideal candidate for this work, which helped this team to extract 58 certified
essential oil components, with the major components consisting of cuminol, moslene,
terpineol, and cuminal. The highest yield reported was 2.22% of essential oil from the seeds.
MAE, with NADES consisting of ChCl and oxalic acid (1:1 molar ratio), were involved in
the extraction of essential oil from turmeric (Curcuma longa L.). The yield that was obtained
was 0.85%, while 49 organic compounds were determined by GC-MS [122].

Milani et al. [123] chose tetraethylammonium chloride with ethylene glycol, at 1:2
molar ratio, as their deep eutectic solvent in the UAE of rebaudioside A and stevioside,
two steviol glycosides found in Stevia rebaudiana. Tests with conventional extraction meth-
ods showed that the proposed method was three times more efficient.

In Table 3, all the discussed methods from Sections 3.3-3.6 are summarized, and their
analytical performances are demonstrated.

Table 3. Summary and analytical performance of the methods discussed from Sections 3.3-3.6.

Group of Compounds DES I\I;I:tlizr ,E::;:lt;?; Rei((’z;ery LOD! Reference
Sulfonamide ChCl: ethylene glycol 1:2 PT-SPE 91.0-96.8 0.01 ug/mL [93]
Analgetic Betaine: oxalic acid 1:2 SA-DES-ME 94.2-107.1 14.9 ug/L [94]
Antibiotics ChCl: glycerol 1:2 MIPs-SPE 87.0-91.2 N/R? [95]
Antivirals TBAC: p-aminophenol 1:2 LLE 90-96 1.0-1.3 ug/L [96]
Antimalarial Menthol: fenchyl alcohol 1:1 Stirring 101 N/R [97]
NSAID 3 Menthol: acetic acid Diff. 4 LLE 80 N/R [98]
Antibiotics TBAC: butanol 1:1 SPE, DLLME 84-99 0.32-0.86 ng/g [99]
Tocotrienols, tocopherols ChCl: malonic acid 1:1 LLE 93.0-99.8 N/R [100]
a-tocopherols ChCl: sucrose 1:2 LLE N/R N/R [101]
-, Y-, 5-tocopherols ChCl: p-cresol 1:2 Vortex 77.6 N/R [102]
Parabens Menthol: decanoic acid 2:1 LLME 69.1-78.5 0.6-0.8 mg/mL [103]
PAHS Me“th‘f’i 3; tahcyiéns‘ﬂ with Diff. Stirring 70-91 2-90 ng/kg [105]
VOCs ChCl: urea 13 MAE, N/R N/R [106]
HS-SPME
Polysaccharides ChCl: 1,4-butanediol N/R UAE N/R N/R [107]
Polysaccharides ChCl: 1,4-butanediol 1:5 MAE 91.2 N/R [108]
Polysaccharides ChCl: 1,2-propanediol 1:2 UAE N/R N/R [109]
. Thermal
Polysaccharides ChCl: glycerol 1:2 treatment 60.3 N/R [110]
Natural pigments Citric acid: glucose 1:1 SPE 88.5-94.4 0.25-0.37 mg/L [111]
Curcuminoids ChCl: lactic acid 1:1 UAE N/R N/R [112]
Curcuminoids ChCl: phenol 1:4 VA-LLME 96-102 2.86 ug/L [113]
Pigment Different types Diff. UAE N/R N/R [114]
Pigment ChCl: ethylene glycol Diff. N/R N/R N/R [115]
Terpene trilactones Betaine: ethylene glycol Diff. UAE 99.4 N/R [116]
Benzophenone-type UV filters Menthol: decanoic acid 1:1 AA-DLLME 88.8-105.9 0.05-0.2ng/mL [117]
Organic solvents Menthol: capric acid 2:1 LLE N/R N/R [118]
Tanshinones ChCl: -1,3-butanediol N/R BMAE 96.1-103.9 5-8 ng/mL [119]
Catechins Different types Diff. LLE 82.7-97.0 N/R [120]
Essential oils ChCl: L-lactic acid 1:3 MAE N/R N/R [121]
Essential oils ChCl: oxalic acid 1:1 MAE N/R N/R [122]
Steviol glycosides Tetraethylammonium 1:2 UAE N/R N/R [123]

chloride: ethylene glycol

! Limit of Detection, 2 Not reported, 3 Non-steroidal anti-inflammatory drugs, * Different molar ratios tested.
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4. Conclusions

As discussed herein, deep eutectic solvents and natural deep eutectic solvents can
have a vast variety of applications in the extraction and preconcentration of organic com-
pounds. Some of the groups of organic compounds that were isolated by their usage
involve pesticides, fungicides, herbicides, bioactive compounds, flavonoids, phenolic and
pharmaceutical compounds, pigments, terpenes, polycyclic aromatic compounds, volatile
organic compounds and other pollutants, preservatives, or other organic compounds.

This quite big range of possible extracted compounds renders DES an important tool
to be exploited. Additionally, they offer both high absolute and relative recoveries when
coupled with extraction or microextraction techniques, very low limits of detection and
quantification, as well as quite low relative standard deviations. Additionally, their low
cost, environmental friendliness, and simplicity attract researchers to use them and to find
new combinations that can combat conventional organic solvents that pose risks to the
health of the user or to organisms in general. Their properties are still being studied, and
hopefully, their commercialization will soon be done.
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Abstract: A fast and straightforward reversed-phase dispersive liquid-liquid microextraction (RP-
DLLME) using a deep eutectic solvent (DES) procedure to determine free tryptophan in vegetable
oils was developed. The influence of eight variables affecting the RP-DLLME efficiency has been
studied by a multivariate approach. A Plackett-Burman design for screening the most influential
variables followed by a central composite response surface methodology led to an optimum RP-
DLLME setup for a 1 g oil sample: 9 mL hexane as the diluting solvent, vortex extraction with
0.45 mL of DES (choline chloride—urea) at 40 °C, without addition of salt, and centrifugation at
6000 rpm for 4.0 min. The reconstituted extract was directly injected into a high-performance liquid
chromatography (HPLC) system working in the diode array mode. At the studied concentration
levels, the obtained method detection limits (MDL) was 11 mg/kg, linearity in matrix-matched
standards was R? > 0.997, relative standard deviations (RSD) was 7.8%, and average recovery was
93%. The combined use of the recently developed DES -based RP-DLLME and HPLC provides an
innovative, efficient, cost-effective, and more sustainable method for the extraction and quantification
of free tryptophan in oily food matrices. The method was employed to analyze cold-pressed oils
from nine vegetables (Brazil nut, almond, cashew, hazelnut, peanut, pumpkin, sesame, sunflower,
and walnut) for the first time. The results showed that free tryptophan was present in the range of
11-38 mg/100 g. This article is important for its contributions to the field of food analysis, and for
its development of a new and efficient method for the determination of free tryptophan in complex
matrices, which has the potential to be applied to other analytes and sample types.

Keywords: RP-DLLME; nuts; seeds; ionic liquids; factorial design; chemometric optimization;
Plackett-Burman; HPLC

1. Introduction

Tryptophan (Trp), an essential amino acid, is a precursor of many biologically ac-
tive substances, including serotonin, melatonin, quinolinic acid, kynurenic acid, and
tryptamine, as well as coenzymes important for electron transfer reactions (redox bal-
ance of metabolism), such as nicotinamide adenine dinucleotide (NAD+) [1]. A variety of
pathological processes in humans are caused by the disorders of tryptophan metabolism,
including neurologic disorders, inflammatory bowel disease, malignancies, and cardiovas-
cular disease [2].

The human body cannot synthesize Trp and is dependent on dietary sources of Trp.
It is found in foods that naturally contain protein, in dietetic and fortified food products,
and in specific pharmaceutical formulations [3]. Nuts and seed oils are particularly rich in
Trp [4,5]. Thus, detecting and quantifying this compound in vegetables is needed, but it is
a significant analytical challenge [1].
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Many analytical techniques have been recently investigated for Trp detection and
quantification, including colorimetry [6-9], fluorimetry [10], voltammetry [11-15], capil-
lary electrophoresis [16,17], gas chromatography-mass spectrometry (GC-MS) [18], high-
performance liquid chromatography (HPLC) [19-28], and HPLC single [29] or tandem
mass spectrometry (HPLC-MS/MS) [30-35]. Among these techniques, HPLC has been the
most widely used due to its high selectivity and good sensitivity for quantifying Trp.

Since the complex matrix of food samples, which often contain large quantities of
interfering substances, may influence the Trp content determination [36], a sample pre-
treatment is necessary. Acid hydrolysis is used in the analytical protocols of most amino
acids [36]. However, when determining protein-bound Trp in food samples, it was shown
that good results could only be obtained after the preparation of samples by alkaline
hydrolysis [23] or enzymatic hydrolysis [25]. In any case, an additional extraction step
prior to instrumental measurements is unavoidable. Whereas protein-bound Trp can
be determined if only a sample hydrolysis step is included in the sample preparation
procedure, the hydrolysis may be omitted if the content of free Trp is determined [37].

Time-consuming solid-phase extraction (SPE) and conventional liquid-liquid extrac-
tion (LLE), which need a large quantity of potentially toxic solvents [38,39], are recently
being replaced with greener, miniaturized sample preparation techniques [40—42]. Nu-
merous methods have been developed for this purpose, of which dispersive liquid-liquid
microextraction (DLLME) has proven to be effective, simple, fast, economical, and environ-
mentally friendly [43-46].

Reversed-phase DLLME (RP-DLLME) is a new modification of DLLME in which an
extraction solvent compatible with the HPLC mobile phase is used [47,48]. In RP-DLLME, a
small volume of extraction solvent is rapidly dispersed in the hydrophobic sample solution
using a dispersive solvent to form a fine droplet phase. The analytes partition into the
aqueous extraction phase, which is then collected and analyzed. The aqueous phase can
often be injected directly into an HPLC system. In this way, the time required for solvent
evaporation is saved. RP-DLLME has recently been used for the enrichment and extraction
of a wide range of analytes from various lipophilic sample matrices, including biological
samples [49], cosmetics [50], and vegetable oils [51-53].

The recently introduced DLLME using a deep eutectic solvent (DES) has attracted
tremendous attention [54-58]. DES represents a mixture of a hydrogen bond donor (HBD)
and hydrogen bond acceptor (HBA). Owing to the hydrogen bond interactions, this mixture
is able to self-associate and form a eutectic mixture with a lower melting point than those
of the individual constituents [57]. Unlike traditional ionic liquids with similar extraction
properties, these compounds are more environmentally friendly and cheaper. In addition,
hydrophilic DESs have the advantage of being compatible with the RP-HPLC mobile
phase [59].

This work investigates a new analytical method for separating and determining free
Trp in an oily matrix using DES-RP-DLLME followed by an HPLC—diode array detector
(DAD). The DES-RP-DLLME variables were optimized using the design of experiments
(DoE) [60,61]. The method was validated and applied to determine free Trp in cold-pressed
vegetable oils.

The novelty of this study lies in the development of a method for the determination
of free Trp in cold-pressed oils using a combination of DoE-optimized DES-RP-DLLME
and HPLC. It offers several advantages over conventional extraction techniques, including
improved selectivity and reduced solvent consumption. A small volume of DES, used as the
extraction solvent, provides additional benefits, including its low toxicity, biodegradability,
and cost effectiveness, making it an environmentally friendly and efficient choice for
sample preparation.
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2. Results and Discussion
2.1. Selection of DESs

Seven hydrophilic DESs based on ChCl receptor bonds have been evaluated as can-
didates for the RP-DLLME extractant. Two DESs, ChCl:DA and ChCIl:CA, were not clear
liquids at room temperature.

FTIR spectra of these DESs placed in pressed KBr tablets are illustrated in Figure 1.
A comparison between the spectrums ChCl and its DES mixtures was made in order to
identify the changes in the structure and the new interactions between the constituents in
the synthesized DESs. It can be noted that ChCl has retained its structure, as some of its
peaks were also observed in the DES spectrums. The presence of water had an insignificant
effect on the vibration frequencies in the formed ChCl:water DES [62]. The bands related
to pure ChCl compared to those related to the DESs showed a small frequency deviation
and change in bandwidth [63]. Thus, the positions of some characteristic ChCl peaks,
symmetrical C-H stretch at 2800 cm !, and asymmetric C-CHj stretch at 3000 cm ! were
changed in the DESs
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Figure 1. FTIR spectra of the synthesized deep eutectic solvents. (A) ChCL:W; (B) ChCL:CA;
(C) ChCL:DA; (D) ChCLEG; (E) ChCIL:Ph; (F) ChCL:G; and (G) ChCl:U.

The OH vibration of the ChCI at 3200 cm ™! was shifted to 3400 cm~!. This shift
and the broadening of the O-H vibration bands indicate the presence of hydrogen bonds
between ChCl and donor compounds when the DES is formed. This may be attributed
to the transfer of oxygen atom cloud electrons to hydrogen bonding [64]. The peak at
1000 cm ! is indicative of the C-N vibration. The carboxylic group at 1700 cm ™! can be
observed in ChCLl:CA and ChCI:DA. In the spectra of ChCl:DA, a polyunsaturated fatty acid
chain is represented by the band at 3000 cm ™! [65,66], while the frequencies of 1600 cm ™!
indicate the vibration of N-H and C-N in ChCl:U. At 1100 cm~!, C-N bond vibration
is shown.

These DESs were tested as the candidate solvent for RP-DLLME of Trp from oils. For
this purpose, all experimental variables were set to the middle point in the RP-DLLME
experimental domain (Table 1). Enrichment factor (EF), calculated as the ratio between
the Trp concentration in the final DES solution (C¢) and the Trp concentration in the
initial oil sample (C;), was used to estimate the extraction recovery (ER) applying the
following equation:

ER =100 x EF x (V¢/ V) 1)

where V; and Vy are the initial sample volume and the volume of the final reconstituted
DES extract, respectively.
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Table 1. Variables and their ranges (—1, 0, +1) for the Plackett-Burman screening design.

Level
No. Variable Symbol

-1 0 +1
1. Initial sample dilution ratio (:) dil 1:1 1:5 1:9
2. DES amount (u1L) DES 100 200 300
3. Extraction time (min) tex 1 3 5
4. Extraction temperature (°C) T 25 35 45
5. Salt (NaCl) addition (%) salt 0 5 10
6. Stirring type (vortex or ultrasonic) stir Vor - Us
7. Centrifuge speed (rpm) w 2000 6000 10,000
8. Centrifuge time (min) tefg 2 6 10

Figure 2 shows the comparison of ERs in RP-DLLME of Trp from spiked samples
for seven DESs. It is obvious that ChCl:U is capable of extracting the highest amount
of Trp from an oily matrix (68%). In addition, this DES gives a clear solution and is
straightforward for RP-DLME. In general, the results revealed that ChCl:U was the most
suitable DES compared to other ones.

100
ER, %

80
ChCl.urea

60 ChCI:Ph

ChCI-Gly

40 ChCl:water ChCI'EG

ChCI:DA

ChCI:CA

20 H

Figure 2. Extraction efficiency of different deep eutectic solvents for RP-DLLME of tryptophan from oil.

ChCl:urea was able to extract free Trp from an oily matrix by a combination of several
intermolecular forces [50]. One of the most important forces is the hydrogen bonding
that occurs between the hydrogen atom of the hydroxyl group of choline chloride and
the nitrogen and oxygen atoms of the functional groups of Trp. This interaction facilitates
the transfer of Trp from the sample matrix to the Chl:urea phase. Another important
force is the hydrophobic interaction that occurs between the hydrophobic alkyl chains of
the ChCl:urea DES and the nonpolar side chains of Trp. This interaction promotes the
partitioning of Trp from the sample matrix into the ChCl:urea phase because Trp prefers
to interact with nonpolar molecules rather than polar molecules. Furthermore, some
additional intermolecular forces, such as electrostatic and van der Waals forces, contribute
to the extraction mechanism. Unlike other DESs, both the ChCl and urea components of
the DES have the ability to form hydrogen bonds, which increases the solubilizing power
for Trp. Indeed, Trp is an aromatic amino acid with polar and nonpolar moieties, which
has a relatively high polarity due to the presence of amino and carboxyl groups and can
form hydrogen bonds with the polar functional groups of ChCl and urea.
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2.2. Optimization of DLLME Procedure

Optimal microextraction of Trp was obtained by optimizing eight RP-DLLME variables
in two steps. At first, the data obtained from the PBD experiments were analyzed using
the ANOVA test, and the results are shown in Table 2. This helped in precisely choosing
the variables with the largest influence using a minimal number of experiments. Here,
the temperature and the DES amount appeared to be the two most influential variables,
with the highest F-values (30.8 and 12.1). It was also observed that increasing the diluting
factor, the extraction time, the centrifugation rate, and decreasing the amount of added salt
and the centrifugation time resulted in an increase in ER. At the same time, vortexing was
found to give better results than sonicating.

Table 2. ANOVA results from the Plackett-Burman (PBD) design.

Source DF Adj SS Adj MS F-Value p-Value
Model 8 2222 277.7 8.97 0.049
Linear 8 2222 277.7 8.97 0.049
dil 1 184.0 184.1 5.94 0.093
DES 1 374.0 374.1 12.1 0.040
tex 1 24.08 24.08 0.78 0.443
T 1 954.0 954.0 30.8 0.012
salt 1 270.7 270.7 8.78 0.060
stir 1 310.1 310.1 10.01 0.051
W 1 90.75 90.75 2.93 0.185
tefg 1 14.08 14.08 0.45 0.548
Error 3 92.92 30.97
Total 11 2314

The next step in the optimization used RSM to find the best ER from RP-DLLM of Trp.
In this case, the experimental domain was extended to 700 uL of DES. Figure 3 presents
the response surface plot of ER as a function of the temperature and the DES amount. This
method included quadratic and interaction terms in the model. Therefore, it was possible
to account for the detailed effects of selected variables on each other and also on ER.

ER

DES ulL < 200

I 20.0 - 40.0

600 I 40.0 - 60.0

B 60.0 - 80.0

B 80.0 — 90.0

- > 90.0
500
400
300
200

25 30 35 40 45
T,°C

Figure 3. Response surface plot for optimization of RP-DLLME of tryptophan.

Thus, the experimental data were fitted by a second-order polynomial model (Equation (2)),
which consisted of two main effect terms, two two-factor interaction effect terms and two
curvature effect terms. The regression equation is

ER=A + B-T + C-DES + D-T? + E-DES? + F-T-DES )
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where A (—144.2), B (7.92), C (0.3656), D (0.1087), E (—0.000472), and F (0.00147) terms were
optimized iteratively to fit the model.

Finally, the optimized RP-DLLME variables may be summarized as follows: initial
sample dilution ratio of 1:9, DES amount 450 pL, extraction time 3 min, extraction tem-
perature 40 °C, no salt addition, vortex stirring type, centrifuge speed 6000 rpm, and
centrifugation time 4 min.

Because samples containing a significant amount of tryptophan were analyzed in this
study, an enrichment factor of 2.2 was sufficient for quantitative analysis.

2.3. Validation of RP-DLLME-HPLC Method

Analytical figures of the current method were determined using spiked samples.
A typical chromatogram obtained under the optimum DES-RP-DLLME-HPLC-DAD
conditions for Trp in a cold-pressed almond oil sample is shown in Figure 4.

45003
4000—2
3500
3000
25003
3 20003

Trp

Time (min)

Figure 4. HPLC chromatograms of free tryptophan after RP—DLLME. (A) Matrix-matched standard
(20 mg/kg 100 g oil); (B) blank; and (C) almond oil sample.

The method was validated by referring to US FDA official guidance [67]. The perfor-
mance of the analytical method was evaluated by considering the recovery, precision, limit
of detection (LOD), and matrix effect.

Six different calibration standards in the range of 10400 mg/kg of Trp in methanol
were analyzed by HPLC-DAD to obtain the linearity of the method. In addition, the matrix-
matched standards at the same concentration levels were measured after RP-DLLME. The
matrix effect (ME) was estimated by using the ratio between the slope of the calibration
curve of the standards in methanol (b; = 923,541) and the slope of the matrix-matched cali-
bration curve (b, = 775,774). In both cases, the linear correlation coefficients were 12 > 0.996.
However, the estimated ME was 26%, which indicates a matrix-induced suppression of the
analytical signal.

According to the FDA guideline, limit of detection (LOD) values should be >ten times
lower than quantified concentrations in the 0.1-10,000 mg/kg range. The LOD value of
Trp was selected to be the concentration that gave the signal-to-noise ratio (S/N = 3) for
the Trp peak which was 11 mg/kg. This LOD value allows the determination of Trp in
cold-pressed vegetable oils.

Precision was evaluated by determining the RSD of six replicate spiked samples at
three concentrations (50, 200, and 400 mg/kg), and it was determined to be 9%, 6%, and 5%,
respectively. The predicted relative reproducibility standard deviation acceptable by the
FDA for the concentration levels of 10, 100, and 1000 mg/kg are 11, 8, and 6%, respectively.

The average recovery for the same spikes was found to be 91%, 94%, and 93%, respec-
tively. The FDA required recoveries for a quantitative method at the concentration level of
100 mg/L to be 90-107%.
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2.4. Critical Analysis of the Method Performances

Although hydrophilic ChCl-based DESs have recently been used as an extraction
solvent for RP-DLLME [58,67-69], no published method has been found for DLLME
of Trp from foods The proposed method for the determination of Trp in vegetable oils
using DoE-optimized DES-RP-DLLME and HPLC has a unique combination of features
that make it a highly efficient and environmentally friendly technique. Comparing the
developed RP-DLLME method for free Trp determination in oil samples with other reported
methodologies reveals its pros and cons (Table 3). Electroanalytical techniques such as
voltammetry cannot compete with chromatographic techniques in terms of separation
power. For the analysis of real samples of complex matrices, only HPLC and LC-MS can
be used. The latter has a much higher sensitivity. However, the detector MS is complex
and expensive, requires extensive sample preparation, and is often not available in a small
laboratory. It is likely that the current HPLC method requires a simpler and less expensive
procedure that increases labor while reducing analytical costs.

Table 3. Comparison of the proposed method with other reported methods for the determination

of tryptophan.
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1 Protein 10-100 pg acid hydrolysis HCl/ninhydrin Vis n.a. n.a. 98.3 2.7 [6]
2 Yeast extract * 100-600 uM ﬁ%ﬁgg;‘s hydroxylamine Vis 100 M 06969 8  na.  [7]
3 Solution * 10-100 mg/L oxidation NaOCl ViS 10 mg/L 0999 905  1.19 [8]
4 Millets * 9-36 mg/L biorecognition MP@PDA-E. coli ViS 5.6 uM 0.98 106 7.3 [9]
5 Beer * 0.02-0.12 mg/L dSPE graphene/clay/ Brij L23 FL 00lmg/L. 09991 90 50  [10]
Dietary - 0.30
6 supplements * 1.0-7.0 pmol/L dilution GCE/p-ARG SWV {mol /L. 0.990 97.6 2.1 [11]
7 Plasma * 0.08-20.0 uM S“sle;'tfgg‘eted PdCuCo/RGO DPV 0.03 uM 0997 1037 28  [12]
8 Milk * 5.0-150 pM ele“;gfl};srr“ical graphite electrode DPV 578 uM 09841 993 86  [13]
MIP
9 Pharmaceutics * 1-350 uM electrochemical AuNPs@PVP@SiO2MIP LSV 1 uM 0.995 105 4 [14]
sensor
10 Milk * 0.01-80 pM MIP biosensor MIP-AF EIS 0.008 uM 0.99 98.2 1.8 [15]
11 Plasma * 0.005-0.1 mol/L dilution HBP/SSA CE 5 umol/L 0.998 101.9 5.4 [16]
12 Beer * n.d.—40.7 mg/L acid hydrolysis HCI/HEC//BTP/EACA/AMPD  cITP 4.35mg/L 0.9993 95.9 4.3 [17]
13 Leaf tissue * n.a. SPE acetic anhydride deriv. GC-MS n.a. n.a. 60 2 [18]
14 Soy sauces * 136-262 mg/L precipitation ethanol HPLC 1mg/L 0.995 108 4.9 [19]
15 sup];{:figts . 5.0-500 pg/m HILIC 1-octane sulfonate HPLC 12mg/mL 0979 965 23  [20]
. enzymatic
16 Infant formula 0.018-30 mg/kg hydrolysis pronase enzyme HPLC 18 nug/kg 0.9999 93.8 6.9 [21]
17 Rapeseed 10-400 ng h;g‘racﬁ;‘;s NaOH HPLC 10ng 0998 986 16  [22]
18 Pig feed * n.a. dilution HCl HPLC n.a. n.a. n.a. 5.0 [23]
. alkaline
19 Chicken feed 59-130 g/kg hydrolysis NaOH/ o-phthalaldehyde HPLC-FLD n.a. n.a. 86 4.0 [24]
20 White bread h;g‘racﬁ;‘:is NaOH HPLC na. na. 85 161  [25]
21 Wheat 13-148 g/kg h;graolli;‘;s NaOH/O-phthalaldehyde ~ HPLC-FLD na. na. 916 19  [26]
352-1220 alkaline NaOH/5-methyl-1-
2 Yogurt e/ ke hydrolysis typtophan HPLC-FLD 11 pg/kg 09995 93 11 [27]
23 Beepollen* 0.069 mg/g ultrasonic ACN HPLC-FLD ﬁ{gg"i 09998 938 382  [28]
24 Ryegrass shoot 0.5-40 pM h;grﬂli;:is NaOH LC-MS 0.02 uM 0.99 899 85  [29]
25 Whole blood 0.1-25 ng/mL VAMS ACN/H,O LC-MS/MS 25 ng/mL 0.9987 85 9.6 [30]
26 Plasma 0-160 uM acid hydrolysis MeOH/ZnSO,4/TFA LC-MS/MS 83 nM/L 0.995 88 11 [31]
27 Honey * 0.7-9.94 mg/kg SPE Oasis MCX 30 pm LC-MS/MS 1.0 ug/kg n.a. 60 4.3 [32]
28 Milk * 89.6-117 QuEChERS CAN LC-MS/MS 2ng/mL 0.99 103.7 2.6 [33]
29 Plant material * 1-50 ng/mL SPE Hybrid SPE-phospholipids LC-MS/MS 4ng/mL 0.996 87.8 15 [34]
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Table 3. Cont.
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30 Chicken feed n.a. r}rlucrowa\{e AQC-derivatization LC-MS/MS 1 fmol n.a. 99 4.2 [35]
ydrolysis
. UPLC-
* _
31 Hazelnut 42-127 ug/g water extraction water MS/MS n.a. n.a. 117 30 [37]
Nuts and . This
32 seed ofls * 10-400 mg/kg RP-DLLME DES (ChClL:U) HPLC 11 mg/kg 0.996 91 9.0 stady

*—free Trp was analyzed; ViS—visible spectrophotometry; DPV—differential pulse voltammetry;
LSV—Ilinear sweep voltammetry; SWV—square wave voltammetry; MIP—molecularly imprinted polymer;
EIS—electrochemical impedance spectroscopy; VAMS—volumetric absorptive microsampling; FL—fluorescence;
FLD—fluorescence detector; CE—capillary electrophoresis; cITP—capillary isotachophoresis; dSPE—dispersive
solid phase extraction; SPE—solid-phase extraction; HILIC—hydrophilic interaction liquid chromatography;
n.a.—not available; n.d.—not detected.

Unlike simple extraction or dilution in the analysis of hydrophilic samples, an oily
matrix requires greater removal of interferences. An alternative technique to RP-DLLME,
which can achieve lower LODs, is solid phase extraction (SPE). However, SPE consumes
more organic solvents and requires an SPE manifold. Considering that sample cleanup is
required for nuts and seed oils and the tryptophan concentration in the samples tested is
high, the sensitivity of this method is quite acceptable.

In general, the green analytical chemistry (GAC) aspects of this method are its main
advantages. All 12 GAC principles affecting the quality attributes of the analytical method
were addressed here: green (G1. Toxicity of reagents, G2. Number and amount of reagents
and waste, G3. Energy, G4. Direct impacts on the human), red (R1. Scope of application,
R2. LOD and LOQ, R3. Precision, R4. Accuracy), and blue (Bl. Cost-efficiency, B2.
Time-efficiency, B3. Minimal requirements, B4. Operational simplicity).

Three greenness assessment approaches [70-72] were used to evaluate the environ-
mental impact of this method: Analytical Eco-Scale, Green Analytical Procedure Index
(GAPI), and Analytical Greenness metric (AGREE).

The Analytical Eco-Scale tool is used to assess the greenness level of analytical pro-
cedures in terms of the number of hazards. This method assigns penalty points for the
amount and type of reagents used, hazards, energy consumed, and waste generated. The
penalty points are then subtracted from a value of 100. It is considered an excellent green
method if the method receives a score of >75. The method is considered inadequate if the
Eco-scale value is less than 50. A high Eco-Scale score is primarily attributed to the amount
and type of solvents consumed. The calculated penalty points (14) for our method resulted
in an Eco-scale score of 86 out of 100, indicating that the developed method was excellent
green (Supplementary Table S1).

GAPI evaluates the greenness level of an analytical method through five fields. Each
field represents a different aspect of the developed method (Supplementary Table S2).
Fields are colored green, yellow, or red depending on the ecological impact of each step. In
this work, the GAPI pentagram had five green, seven yellow, and two red fields (Figure 5A).
One of the red fields is because this method is not an in-, at-, or on-line method. Another
pentagram is shaded red because sample preparation is required.

The AGREE method assesses the environmental impact of the method using a pic-
togram divided into twelve sections, which correspond to the twelve GAC principles.
Each section and the middle zone of the AGREE pictogram is colored from green to red.
According to the method greenness, the total score of the method is calculated and appears
in the middle zone of the AGREE pictogram. The AGREE score in this study was 0.69
(Figure 5B), indicating that the method is environmentally friendly and has no negative
impact on the environment.
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(A)

Figure 5. Greenness assessment of the DES-RP-DLLME-HPLC method for tryptophan in oils.
(A) GAPI pentagram; (B) AGREE pictogram.

2.5. Analysis of Real Samples

Five samples of each vegetable were purchased in different stories and analyzed
(Supplementary Table S3). The analytical results of free Trp in different vegetable oils,
using the DES-RP-DLLME-HPLC-DAD method, are presented in Table 4. The results,
expressed in mg of Trp per 100 g of cold-pressed oils, are in the range between 11 and
38 mg /100 g oil.

Table 4. Trp (free) content in vegetable oils.

Variation of Trp Content

No. Oils Made from Trp Content + between Samples

(mg/100 g) (%)
1. Almonds 16 + 16
2. Brazil nuts 14 + 18
3. Cashews 11 + 15
4. Hazelnuts 17 + 14
5. Peanuts 18 + 13
6. Pumpkin seeds 32 + 26
7. Sesame seeds 33 + 27
8. Sunflower seeds 38 + 21
9. Walnuts 12 + 14

Sunflower seed oil shows the highest average Trp concentration (38 mg/100 g), while
cashew oil has the lowest (11 mg/100 g). Trp levels significantly differed among the nut
and seed samples. In general, cold-pressed oils from seeds have higher Trp content than
those from nuts.

3. Materials and Methods
3.1. Reagents and Chemicals

L-Tryptophan, reagent grade standard (>98% purity), was purchased from Sigma-
Aldrich Chemie GmbH (Taufkirchen, Germany). The stock solution (100 mg/kg) of Trp was
prepared in methanol/deionized water (50:50 v/v). The working solutions were prepared
by appropriately diluting the stock solution with methanol/deionized water (50:50 v/v).
Methanol, acetonitrile (HPLC-grade), and sodium chloride (99%) were purchased from
Merck KGaA, (Darmstadt, Germany). All standard solutions were stored at 4 °C and
brought to an ambient temperature just prior to use.

Seven different types of DESs, at a molar ratio of 1:2, were prepared by mixing choline
chloride:urea (ChCl:U), choline chloride:phenol (ChCl:Ph), choline chloride:citric acid
(ChCL:CA), choline chloride:decanoic acid (ChCl:DA), choline chloride:glycerol (ChCIL:G),
choline chloride:ethylene glycol (ChCLI:EG), and choline chloride:water (ChCl:W). The
mixtures were stirred at 80 °C until DESs were formed. These DESs were used for RP-
DLLME of Trp from vegetable oil samples.
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3.2. Sample Preparation

Nine vegetable samples (sunflower seeds, sesame seeds, peanuts, cashews, Brazil
nuts, pumpkin seeds, almonds, walnuts, and hazelnuts) underwent cold pressing using
a press model VitaWAY OP650W (Gorenje d.o.o. Valjevo, Serbia), and the produced oils
were stored at 4 °C until analysis. Trp was extracted from the oils using the following
RP-DLLME procedure (Figure 6).

—
-1
(E) ")

Figure 6. Scheme of the RP-DLLME-HPLC procedure. (A) Diluted oil sample; (B) injection of DES;
(C) vortexing; (D) centrifugation; (E) retrieval of the DES phase; (F) HPLC measurement.

First, a 1.0 g sample measured in a 15 mL amber glass centrifuge tube was diluted to
an appropriate ratio by adding n-hexane. Next, a volume of a DES, as the extractant, was
rapidly added to the sample solution. The resulting mixture was vigorously shaken using
a vortex agitator or ultrasonic bath. After centrifugation, two clear phases were observed,
and the DES phase containing the extracted Trp was settled at the bottom of the tube. Next,
an aliquot of the DES phase (lower phase) was withdrawn through a syringe and diluted
with methanol. Finally, 5 uL of this solution was injected into an HPLC-DAD system for
measurement. Spiked samples were prepared by adding an appropriate amount of Trp into
a linoleic acid/oleic acid (1:1) mixture and processed in the same way.

A vortex (IKA model MS2 Mixer, IKA-Werke GmbH, Staufen, Germany) or ultrasonic
bath (model Eumax 3L 100W, Skymen Cleaning Equipment Co. Ltd., Shenzhen, China) was
used for mixing, whereas the phase separation was performed using a centrifuge (model
Colo Lacel6AS, Colo d.o.o., Rogatska Slatina, Slovenia). The extraction was performed
in a temperature-controlled, shaking water bath (Memmert, model WNB 14, Memmert
GmbH, Schwabach, Germany). Fourier-transform infrared (FTIR) spectra of the DESs
were recorded in the wavelength range from 500 to 4000 cm ™! on a Thermo model Nicolet
iS10 FTIR spectrometer equipped with the Omnic software (Thermo Electron Scientific
Instruments LLC, Madison, WI, USA).

3.3. RP-DLLME Optimization

The RP-DLLME procedure has been optimized using the Plackett-Burman screen-
ing design (PBD) [46] for variable selection, followed by the central composite design
(CCD) [45] used to find the optimal values for the variables. Table 1 shows the eight
investigated RP-DLLME variables and their ranges.

After PBD screening experiments, thew variables that significantly influenced the
RP-DLLME process were optimized following a response surface methodology using CCD.

3.4. HPLC Measurements

The Trp quantification was performed using an HPLC system comprising a pump, au-
tosampler, and diode array detector (model Accela, Thermo Fisher Scientific Inc., Waltham,
MA, USA). Isocratic elution at a 1.0 mL/min flow rate was used on a Thermo Scientific
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Hypersil ODS (C18) Column (5 pm particle size, length 100 mm, 4.6 mm L.D.) at 35 °C.
The mobile phase consisted of methanol:water (with 1% acetic acid) (40:60 v/v). The DAD
spectrum was continuously recorded along with UV detection at a wavelength of 280 nm.
The retention time for Trp was 3.54 min.

3.5. Method Validation

Analytical method validation was conducted using a mixture of linoleic:oleic (1:1) acids
spiked with Trp at different levels. Linearity and the matrix effect were determined using
calibration standards in methanol and matrix-matched standards. Recovery and relative
standard deviation (RSD) values were determined using the spiked replicate samples.

3.6. Software

Statistical analysis for Plackett-Burman (PBD) design and ANOVA test was conducted
using a software package of Minitab (release ver. 13.20).

4. Conclusions

RP-DLLME combined with HPLC-DAD was developed to determine the free Trp
content of cold-pressed nuts and seed oils. A DES solvent comprised of choline chloride
and urea was found as the most suitable. Plackett-Burman screening DoE, followed by the
central composite RSM, was employed to estimate the optimum RP-DLLME conditions
that yield the maximum extraction efficiency. Good analytical recovery and RSD for the
method were obtained by analyzing spiked replicates. Applying this method, free Trp was
determined in cold-pressed oils from cashews, walnuts, Brazil nuts, almonds, hazelnuts,
peanuts, pumpkin seeds, sesame seeds, and sunflower seeds at the levels of 11, 12, 14, 16,
17,18, 32, 33, and 38 mg/100 g, respectively. The findings of this study suggest that the
use of DES-based methods for extraction and analysis of target analytes in complex food
matrices can contribute to sustainable development in the analytical chemistry and food
industry and may serve as a model for the development of greener and more sustainable
food analytical methods in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28052395/s1, Tables S1: Analytical eco-scale of the
DES-RP-DLLME-HPLC method for tryptophan in oils. Table S2: GAPI of the DES-RP-DLLME-HPLC
method for tryptophan in oils. Table S3: The content of tryptophan in nut vegetables from the
following stores: A. JEZGRO (address: Ruzveltova 24, Belgrade); B. BIO SPAJZ (address: Bulevar
Kralja Aleksandra 297, Belgrade); C. ZDRAVAC (address: Cumicevo sokace, Lokal 45, Belgrade); D.
BIO MARKET (address: Svetogorska 18, Belgrade); E. DREN (address: Bulevar Despota Stefana 90,
Belgrade); F. BIO SHOP (address: Brace Jerkovi¢ 116, Belgrade); G. (address: EFEDRA, Prvomajska
8k, Zemun).
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Abstract: Chamaenerion angustifolium (L.) Scop. is one of the promising sources of biologically active
compounds and a valuable industrial crop. Recently, green extraction methods have become more
topical. One of them is the application of deep eutectic solvents (DESs). The aim of this work was the
synthesis and characterization of DES consisting of glycerin or propylene glycol with malonic, malic,
or citric acids, evaluation of their effectiveness for extracting useful substances from C. angustifolium
during ultrasonic extraction, description of kinetics, and optimization of extraction conditions. DESs
were obtained and characterized with FTIR. Their effectiveness in the process of ultrasound-assisted
extraction of biologically active substances from C. angustifolium was estimated. Kinetic parameters
describing the dependence of the total phenolic, flavonoids, and antioxidant content, free radical
scavenging of DPPH, and concentration of flavonoid aglycons (myricetin, quercetin, and kaempferol)
via time in the range of 5-60 min at 45 °C are obtained. Extraction conditions were optimized with
the Box-Behnken design of experiment. The results of this work make it possible to expand the scope
of DES applications and serve the development of C. angustifolium processing methods.

Keywords: Chamaenerion angustifolium (L.) Scop.; deep eutectic solvents; extraction

1. Introduction

In recent years, the attention of scientists has been increasingly focused on the study of
the useful potential of wild plant raw materials characteristic of northern latitudes [1-3]. It
is known that depending on the region of growth, the same plant species can accumulate
different amounts of biologically active substances [4]. This is due to many factors, including
the adaptive ability of plants to adapt to climate change. Thus, plants growing in northern
latitudes can be promising raw materials for the production of biologically active compounds.

One of the most promising and valuable industrial crops growing in the northern lati-
tudes is Chamaenerion angustifolium (L.) Scop., or fireweed. It is a perennial herbaceous plant
of the Onagraceae family, growing in sparse woodlands, in clearings, in dry sandy places,
and highly mineralized soils, with the absence of a fertile layer [5]. It is used in traditional
medicine and herbal medicine [6]. Among the biologically active compounds contained
in the aboveground parts of C. angustifolium are flavonoids, tannins, phenolic carboxylic
acids, as well as a large amount of vitamin C. Extracts of this plant have anti-inflammatory,
antifungal, antiproliferative, antiandrogenic, antioxidant, and anti-cancer properties [7]. In
addition, it is a valuable summer honey plant. There are data on the high antimicrobial
activity of honey from fireweed against Streptococcus pneumoniae, S. pyogenes, Staphylococcus
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aureus, and methicillin-resistant S. aureus [8]. It is known that diluted decoctions in the form
of tea or low doses of dry extracts of fermented leaves can be used in specialized nutrition
to increase the antioxidant status and adaptive potential as well as enhance immunity and
body resistance to stress and other damaging factors for people working in complicated
environmental conditions, for example in the Arctic [9].

In recent years, the development of green methods of biologically active component
extraction has become increasingly relevant—in particular, the use of deep eutectic solvents
(DESs) [10-13]. They are binary or triple mixtures, the components of which are bound by
strong hydrogen bonds and, as a result, have a reduced melting point below or close to room
temperature [14]. A variety of combinations of DES and plant material compositions open
up the widest prospects for research both from a fundamental and applied point of view.
There are many applications of DESs as solvents for reactions [15], energy applications [16],
applications in analytical chemistry [17], electrochemistry [18], and biomass treatment [19,20].
One of the most interesting applications of DES is extraction carried out with the use of
additional exposure to ultrasound, microwave radiation, etc. [21]. This additionally expands
the number of alternative directions of scientific and technological developments.

DESs may consist of “natural” organic components, such as acids and amino acids,
sugars, vitamins, etc. [22], forming natural deep eutectic solvents (NADESs). DESs are
divided into five main types, and NADESs in some cases can be classified as Type V (a
combination of a donor (HBD) and a hydrogen bond acceptor (HBA)) [23]. It is often
difficult to confirm experimentally the formation of a particular eutectic mixture (having a
minimum melting point), and we can talk just about “low melting mixtures”. However,
following the majority of authors, in the future, the term “deep eutectic solutions”, (D)ESs,
will be used in the work. At the same time, the formation of specific hydrogen bonds
should be confirmed using FTIR [24].

Mixtures of dicarboxylic acids with sugars can be attributed to such combinations [25].
The presence of hydroxyl and carboxyl groups allows the formation of sufficiently strong
hydrogen bonds. The same type of interaction can be characteristic of mixtures of polybasic
organic acids with simpler polyols: for example, ethylene glycol, propylene glycol, and
glycerol. Some works reported carboxylic acids and polyols as components of DES of type
V [26,27]. Glycerol and propylene glycol are used as solvents for plant extract production,
and thus, they can be considered promising components of (D)ESs [28-31].

(D)ESs have rarely been used for the extraction of biologically active substances
from C. angustifolium. Previously, it was shown that (D)ESs based on choline chloride and
polybasic organic acids have greater extraction efficiency than traditional solvents such as
water and ethanol [32].

The purpose of this work was the synthesis and characterization of (D)ES consisting
of glycerol or propylene glycol with malonic, malic, or citric acids, evaluation of their effec-
tiveness for extracting useful substances from C. angustifolium during ultrasonic extraction,
description of kinetics and optimization of extraction conditions.

2. Results and Discussion

The (D)ES structure was confirmed using the ATR-FTIR method. IR spectra are shown in
Figure la—f and in Table 1. The most intense vibration bands of the carboxyl group are in italics.

There is no OH-group in MA. Mal and CA contain an OH-group, the vibrations of
which are observed at about 3443 and 3495 cm ™!, respectively. These peaks disappear
when Mal and CA are mixed with alcohols and (D)ES is formed.

Mal and MA are anhydrous, while citric acid contains one water molecule. In the
IR spectrum, the PG vibrational band at 3300 cm ™! refers to the O-H stretching of hy-
droxyl groups. A similar broad peak with a minimum of 3308 cm~! is seen in the GL
spectrum. The shift of these minima to the region of higher wavelengths occurs dur-
ing the formation of the (D)ESs. This indicates the simultaneous interaction of all three
components—carboxylic acid, polyhydric alcohol, and water. Therefore, the formation of
new hydrogen bonds is indicative.
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Table 1. Characteristic bands of the initial components of the (D)ES and the (D)ES used in the work
(the most intense peaks are highlighted in italics).

Component1  Assignment,cm~1  Component2  Assignment,cm~1 (D)ES + 10 H,O

_ Gl v(O-H) 3278 3358, 1711, 1640
MA v(C=0) 1693 e v(O-H) 3300 3357, 1709, 1644
- Gly v(O-H) 3278 3297, 1719, 1644
Mal v(C=0) 1737, 1678 Pé v(O-H) 3300 3357, 1713, 1648
~ Gly v(O-H) 3278 3289, 1720, 1644
cA v(C=0) 1741, 1685 P& v(O-H) 3300 3360, 1711, 1640

No fluctuations are observed in the region of 1600~1800 cm ™! in the spectrum of PG.
A weak peak is present at 1646 cm ™! for GL. In turn, one C=0 stretching vibration at
1693 cm ! is observed for MA. Two vibrations each are present in the spectra of Mal and
CA: 1737 cm~! and 1678 cm ™! for Mal and 1741 cm~! and 1685 cm~? for CA. Moreover,
peaks that have a higher wavelength have a lower intensity. All the studied (D)ESs have
two peaks in this region; the first one is more intense. When comparing the more intense
peaks, it can be seen that there is also a shift to the region of higher wavelengths. The
increased intensity of bands associated with carbonyl stretching may indicate the formation
of hydrogen bonding interactions, given that the formation of (D)ES is characterized
by intermolecular interactions such as hydrogen bonding, Van der Waals forces, and
electrostatic interactions [24].

Figure 1e demonstrates the effect of the amount of additional water on the structure of
the resulting (D)ESs. The general patterns discussed above for three water contents (10, 15,
and 20 molar parts) are preserved. However, the greatest difference in the intensities of the
first and second peaks of the carboxyl group is observed for (D)ESs with 10 molar parts of
water (1600-1750 cm~!). There is also a slight shift in the frequency of these peaks in the
direction of decreasing wavelengths as the water content increases. A similar pattern is
observed for the minimum of a wide peak in the region of 3000-3700 cm ~!—the absorption
region of OH groups. Consequently, there is a weakening of hydrogen bonds.

The results of these experimentally measured properties of density and viscosity of (D)ESs
under study (with 10 molar parts of water) at 30 °C are presented in Supplementary Materials S1.

It can be seen that the highest density and viscosity are observed for CAGL, while
MAPG has the lowest density and MAGL has the lowest viscosity. In the pair of (D)ESs
with the same acid, a higher density was obtained for glycerol. For the viscosity, there is no
dependence on polyol type. The highest viscosities were obtained for (D)ESs based on citric
acid. The viscosities of (D)ESs can affect the extraction rate due to diffusion limitations, so
it is important to compare the kinetics of the processes for each (D)ES.

The kinetics of extraction of polyphenols and flavonoids in a medium of various (D)ES is
well described by second-order reaction equations, and the 1/Yt vs. t dependences for all (D)ES
are described by linear equations with R? > 0.99 (Supplementary Materials S2 and S3). The ob-
tained parameters of the kinetic equations are presented in Supplementary Materials S4. It can
be noted that the fastest polyphenols are extracted using MAGL (k = 17.0 x 1073 g/mgxmin),
while the slowest extraction process occurs in the case of MalGL (k=0.6 x 1072 g/mgxmin).
Flavonoids are extracted faster by MAPG (k = 65.6 x 1073 g/mgxmin) and slower when
using CAGL (k = 4.4 x 1073 g/mgxmin), which may be due to the high density and
viscosity. The lack of correlation between the kinetic parameters for TPC and TFC can be
explained by the difference in the behavior of different groups of substances in different
(D)ES and, accordingly, the different rates of their extraction. In our previous study [32],
the highest rate constant for polyphenols was observed for ethanol, but its value was
just 2.5 x 1072 g/mgxmin. Thus, the extraction of polyphenols is faster for MAGL than
ethanol. The extraction rate for flavonoids in this work is also higher than that for ethanol
in the work [32].

The highest yield of polyphenols is obtained for (D)ES CAGL, and then relatively
close TPC values are obtained for MAGL and CAPG. Flavonoids are extracted better
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when using MAGL, while CAGL and CAPG have a statistically insignificant difference in
efficiency (Figure 2a,b). It should be mentioned that in this work, the TPC and TFC values
(300-350 mg GAE/g and 100-120 mg RE/g, respectively) are greater than the ones reached
in previous work (250-300 mg GAE/g and 60-80 mg RE /g, respectively) [32].
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Figure 2. Comparison of total polyphenols (a) and total flavonoids (b) content, total antioxidant activ-
ity (c), free radical scavenging (d) of extracts, and content of glycosides of myricetin (e), quercetin (f),
and kaempferol (g) in extracts based on various (D)ESs. The same letters denote the values, the
difference between which is not statistically significant at p < 0.05.
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The dependence of these characteristics of the extracts obtained on time, in general,
is satisfactorily described by the kinetic equation, and for most (D)ESs, the linear approx-
imation of 1/Yt vs. t is characterized by R? > 0.99 (Supplementary Materials S5 and S6).
The kinetic parameters of TAC and DPPH are presented in Supplementary Material S6.
However, in the case of CAGL, it was not possible to describe the change in DPPH over
time using the equation used, since there is a decrease in the indicator after 20 min of
extraction. It is also impossible to talk about a satisfactory description of TAC and DPPH
for MalPG. This indicates more complex processes associated with the simultaneous ex-
traction, decomposition, and/or evaporation from the liquid phase of substances with
antiradical and antioxidant activity in these cases. In general, DPPH is characterized by
kinetic dependencies that differ from other parameters of extracts [32,33]. The highest rate
of change in TAC is observed for CAPG, and DPPH is observed for MalGL.

Extracts based on CAGL have the greatest antioxidant activity. However, according to
the DPPH parameter, both (D)ES compositions with citric acid exhibit the lowest activity,
while MAGL has the greatest free radical scavenging (Figure 2c,d).

The dependence of the yield of flavonoids, which are glycosides of myricetin, quercetin,
and kaempferol, on time is described fairly accurately by the second-order reaction equation
(Supplementary Material S11); however, for quercetin, strictly speaking, a different picture
is observed: a gradual decrease in concentration during extraction in the first 20 min is
obtained (Supplementary Materials S8-510). After this time, the concentration of quercetin
glycosides reaches a plateau. Kaempferol glycosides are completely extracted within
20-40 min, while the concentration of myricetin glycosides does not reach the equilibrium
value within 60 min of extraction. However, in general, based on the data on the kinetics
of the extraction of the sum of flavonoids, it can be assumed that the main process is
completed in 40 min.

All glycosides of myricetin, quercetin, and kaempferol are best extracted using MAGL
and CAPG. The extraction is worst for (D)ESs with malic acid (Figure 2e-g). It should be
noted that in a pair of MalGL and MalPG, quercetin and kaempferol are better extracted to
MalGL, while myricetin is better extracted to MalPG.

Based on the obtained data on extraction kinetics and comparison of extraction ef-
ficiency, (D)ES CAGL was selected for further work on the optimization of extraction
conditions. (D)ESs based on citric acid also show higher effectiveness in the previous
work [32].

The results of BBD optimization (Figure 3) are described quite well by polynomials

Y= ap + alA +aB + a3C + a4AB + a5AC + a(,BC + a7A2 + ang + a9C2 + alOAZB + a11A2C + a12A82

For all parameters, the most suitable models and their parameters were selected; in
each case, lack of fit is not significant: the R? for TPC was 0.914, TFC—0.995, TAC—0.959,
concentration of myricetin—0.973, quercetin—0.988, kaempferol—0.992. The numerical
values of model coefficients are given in Table 2. From the shape of the surfaces and the
p- values for specific terms of the model, it can be seen that the water content in (D)ESs has
a very weak effect on the yield of the final product, while the influence of temperature and
volume/mass ratio is significant.

From the obtained equations, the optimal extraction conditions were estimated as
follows: for TPC, TFC, and TAC, the optimal temperature is 60 °C, volume/mass ratio—24,
and moles of water in (D)ES—20. For the aglycones of flavonoids, the optimal temperature
is 55 °C, volume/mass ratio—10, and moles of water in (D)ES—20. In these conditions, the
following yields may be obtained: TPC—212 mg GAE/g, TFC—74 mg RE/g, TAC—33 mg
AAE/g, c(myricetin)—157 pg/mL, c(quercetin)—143 pg/mL, c(kaempferol)—53 ng/mL.
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Here, we offer a workflow for a qualitative assessment of biologically active substances
obtained by the extraction of (D)ESs based on glycerol and propylene glycol from a promis-
ing plant. In addition, this workflow can be extended to all types of plant extracts from
fruits, flowers, leaves and roots. Glycols are a viable alternative to other reference solvents,
such as ethanol and methanol, for the production of plant extracts with wide application in
the medical, food, cosmetic and agricultural industries [28].

Glycerol is a widely used, non-toxic ingredient in cosmetic products. However, due
to its high viscosity, it is not possible to use it undiluted for the preparation of plant
extracts [30].

3. Materials and Methods
3.1. Plant Material

Leaves of C. angustifolium were collected on the experimental site of the Polar Alpine
Botanical Garden Institute (67°34’ N 33°24' E) during the flowering vegetation period in
mid-August 2020. An average sample of aerial parts of plants was obtained from an area
of 5 x 5 m. The drying and storage of plant material was following the recommendations
from [34]. For extraction, plant material was milled with a household grinder and sieved
through a sieve with 0.5 mm holes. The milled plant material was additionally dried at
45 °C until a constant mass was reached. The humidity of the dry sample was 0.134%.

3.2. Chemicals and Reagents

Malonic, malic, tartaric and citric acids, glycerol and propylene glycol (>99%, Vekton,
St. Petersburg, Russia) were used for (D)ES preparation. 2,2-diphenyl-1-picrylhydrazyl
(99%, Sigma-Aldrich, Burlington, MA, USA), Folin—Ciocalteu reagent (2M, Sigma-Aldrich),
ammonium molybdate, potassium dihydrogenphosphate, aluminum chloride (>99%, Vek-
ton, St. Petersburg, Russia), concentrated sulfuric and hydrochloric acids (>94%, Nevare-
activ, St. Petersburg, Russia), gallic acid (98% Sigma-Aldrich, Burlington, MA, USA),
rutin (>94%, Sigma-Aldrich, Burlington, MA, USA), ascorbic acid (>99.7%, Hugestone,
Nanjing, China), and ethanol (96%, RFK Company, St. Petersburg, Russia) were used
for chemical analysis. Myricetin, quercetin and kaempferol analytical standards (>98%,
Sigma-Aldrich), acetonitrile HPLC grade (Component Reactive, Moscow, Russia), glacial
acetic acid (Vekton, St.Petersburg, Russia), and deionized water were obtained with the
water purification system “Millipore Element” (Millipore, Burlington, MA, USA) and used
for LC-UV analysis.

3.3. Deep Eutectic Solvents Preparation

The preparation of (D)ESs was carried out by mixing acid mixtures with glycols, and
then the mixtures were heated at 60 °C for 3 h. Various combinations of components were
tested, and ratios were selected that gave a homogeneous mixture (Table 3). To lower the
(D)ES viscosity, water was added to them. To compare the efficiency of extraction using
different (D)ESs, a water additive of 10 molar parts was used. To optimize extraction
conditions using the Box-Behnken design of experiment, the amount of water varied.

In all experiments, freshly prepared (D)ESs were used to minimize the effect of the
possible formation of esters, which is well known for (D)ES based on choline chloride and
carboxylic acids [35].

3.4. Characterization of (D)ESs

IR spectra were recorded on a Nicolet 6700 FT-IR spectrophotometer (Thermo Fisher
Scientific Inc., Hillsboro, OR, USA, 2010) in the 4000-550 cm ! region (diamond ATR,
16 scans, resolution 4).
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Table 3. Composition of (D)ES used in the work and their abbreviations.

Molar Ratio
Component 1 Component 2 Abbreviation Component 1: Component 2:
Water
HO/A\T/A\OH
MAGL 1:1:10
OH
PN Gl 1
COOH COOH yeero
Malonic acid HO /\(
MAPG 1:2:10
OH
Propylene glycol

HO/A\T/A\OH
MalGL 1:2:10

COOH OH
HOOC/\( Glycerol
OH

MalPG 1:2:10

Malic acid
OH
Propylene glycol
HO/\(\OH CAGL 10 H,O 1:4:10
COOH CAGL 15 H,0 1:4:15
OH CAGL 20 H,O 1:4:20
Gl 1
HOOC COOH yeero
o oY
Citric acid OH CAPG 1:4:10
Propylene glycol

There are plenty of experimental data for (D)ESs formed by choline chloride and
glycerol or ethylene glycol, and choline chloride and organic acids. However, data on
(D)ESs formed by organic acids and glycerol or propylene glycol are not found in the
literature. In this work, we measured the density of the (D)ESs under study using a DMA
5000 M density meter (Anton Paar GmbH, Graz, Austria); the measurement uncertainty
is 0.00001 g-cm~3. Also for the (D)ESs, the viscosity was determined using a Modular
Compact Rheometer MCR 702 (Anton Paar GmbH, Austria); the measurement uncertainty
is 0.08 mPa-s.

3.5. Ultrasound-Assisted Extraction, Kinetics and Box—Behnken Design Optimization

Extraction was performed in the thermostated ultrasound bath Vilitek VBS 3-DP (Vilitek,
Moscow, Russia, 2018) with an ultrasound power of 120 W and a frequency of 40 kHz.

To determine the optimal extraction time and select the most suitable extractant,
extraction was carried out for 5-60 min at 45 °C with a volume/mass ratio of 20. The
change in concentrations of target groups of components or flavonoids in the form of
their aglycones was described by the second-order reaction kinetic equation, following the
work [32]. From the coefficients of the linear equation for dependence, 1/Y; vs. t (wWhere
Yi—yield of a target compound or group of compounds at time t), equilibrium yield (Y®9),
and the rate constant (k) were calculated.

After selecting the most suitable (D)ES composition and extraction time, the extraction
conditions, such as temperature, volume/mass ratio and water content in (D)ES were
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optimized. A Box—Behnken design of experiment (BBD) combined with response surface
methodology (RSM) was applied for the optimal condition calculation. In this design of
experiment, three parameters of extraction conditions have three levels. The temperature
was in the range of 30-60 °C, the volume/mass ratio was in the range of 10-30, and
the water content in (D)ESs was in the range of 10-30 molar parts. The combinations of
parameters used in this work are presented in Table 4.

Table 4. Parameters and their levels used in Box-Behnken design of experiment.

Temperature °C Volume to Mass Ratio Molar Parts of H,O
30 (—1) 20 (0) 5(-1)
30 (—1) 10 (—1) 10 (0)
30 (—1) 30 (+1) 10 (0)
30 (—1) 20 (0) 15 (+1)

45 (0) 10 (—1) 5(-1)
45 (0) 30 (+1) 5(-1)
45 (0) 20 (0) 10 (0)
45 (0) 20(0) 10 (0)
45 (0) 20 (0) 10 (0)
45 (0) 20 (0) 10 (0)
45 (0) 20 (0) 10 (0)
45 (0) 10 (-1) 15 (+1)
45 (0) 30 (+1) 15 (+1)
60 (+1) 20 (0) 5(-1)
60 (+1) 10 (1) 10 (0)
60 (+1) 30 (+1) 10 (0)
60 (+1) 20 (0) 15 (+1)

3.6. Chemical Analysis of Extracts

The total phenolic content (TPC) was measured using the Folin-Ciocalteu method,
and the total flavonoid content (TFC) was measured using the reaction of complexation
with aluminum chloride in a 90% (v/v) ethanol-water mixture. TPC is expressed as mg/g
of gallic acid equivalent (GAE) per one gram of plant weight. TFC is expressed as mg/g
of rutin equivalent (RE) per one gram of plant weight. All the methods are described in
detail in [33].

3.7. Antioxidant Activity Measuring

The total antioxidant content (TAC) was measured using the phosphomolybdate
method and was expressed as mg/g of ascorbic acid equivalent (AAE) per one gram of
plant weight. Free radical scavenging was measured using the DPPH method and was
expressed as % of inhibition in comparison with blank solution. Here, 95% ethanol was
used as a solvent for the DPPH solution. The incubation was performed for 30 min at 25 °C
in the dark. All these methods are also described in detail in [33].

3.8. LC-UV Analysis for Quantification of Aglycons of Extracted Flavonoids

For the quantitative determination of flavonoid aglycones, the acid hydrolysis de-
scribed in [24] was performed with modifications. First, 100 uL of freshly prepared ascorbic
acid solution in 4 M hydrochloric acid with a concentration of 1 mg/mL was mixed with
100 pL of row plant extract. The obtained mixture was incubated at 70 °C for 1 h in the
plastic test tubes with screw caps. Then, the mixture was dissolved 5 times with 95%
ethanol and was centrifugated for 10 min at 4 rpm in the laboratory centrifuge MiniSpin
(Eppendorf, Hamburg, Germany, 2018).

LC-UV analysis was performed with a liquid chromatograph Milichrom A-02 with a
ProntoSil-120-5-C18 AQ column, 75 x 2 mm, with a particle size of 5 um (Econova, Novosi-
birsk, Russia, 2022). The gradient elution was performed using 1% (v/v) acetic acid in water
(A) and acetonitrile (B) with the following program: 0-5 min—0% B, 5-30 min 0-100% B,

46



Molecules 2023, 28, 6978

30-32 min 100% B, 32-35 min 100-0% B, flow rate—100 pL/min, sample volume—2 pL.
The wavelength of detection was 254 nm. Solutions of myricetin, quercetin, and kaempferol
in the concentration range of 6.25-100 ug/mL were used for calibration.

3.9. Statistical Analysis

All the measurements were made three times for each analysis. Statistical compari-
son was performed using factorial analysis of variance (ANOVA) and post hoc Tukey’s
HSD test at p < 0.05. The calculations were performed using MS Excel 2010 (Microsoft,
Redmond, WA, USA). DesignExpert 11 (Stat-Ease, Minneapolis, MN, USA) software was
used for the Box-Behnken design and the UAE condition optimization using response
surface methodology.

4. Conclusions

In the present work, for the first time, (D)ESs based on carboxylic acids (malonic,
malic, and citric) with glycerol or propylene glycol were applied for the ultrasound-assisted
extraction of biologically active substances from Chamaenerion angustifolium (L.) Scop.

The (D)ESs used in the work are characterized in detail using FTIR; data on density
and viscosity are obtained. (D)ESs based on glycerol have relatively higher densities in
combination with the same acid. Dependences of the total phenolic, flavonoids, and antiox-
idant content (TPC, TFC, and TAC), free radical scavenging of DPPH, and concentration
of flavonoid aglycons (myricetin, quercetin, and kaempferol) via time in the range of
5-60 min at 45 °C were approximated using second-order reaction equations. The highest
yield of the target components was achieved when using (D)ES—citric acid + glycerol.
For this (D)ES, extraction conditions were optimized with the Box-Behnken design of
experiment, and the optimal conditions are the following: for the TPC, TFC, and TAC,
the optimal temperature is 60 °C and the volume/mass ratio is 24, while for flavonoid
aglycons, the optimal temperature is 55 °C and the volume/mass ratio is 10. The optimal
molar content of water was 20. In these conditions, the following yields may be obtained:
TPC—212 mg GAE/g, TFC—74 mg RE/g, TAC—33 mg AAE/g, c(myricetin)—157 pug/mL,
c(quercetin)—143 pg/mL, and c(kaempferol)—53 pg/mL.

The results of this work make it possible to expand the scope of (D)ES application
and serve the development of C. angustifolium processing methods within the framework
of green chemistry technologies for the needs of the production of cosmetics, biologi-
cally active additives, and pharmaceuticals. In addition, a relevant issue remains regard-
ing (D)ESs recycling, and this should be considered a further direction of research in
(D)ESs application.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/molecules28196978 /s1, S1. Experimental values of density and dynamic
viscosity of suited DESs with 10 molar part of water at 30 °C; S2. Kinetical curves and linearization
for TPC. 1-2—MAGL, 3-4—MAPG, 5-6—MalGL, 7-8—MalPG, 9-10—CAGL, 11-12—CAPG,; S3.
Kinetical curves and linearization for TFC. 1-2—MAGL, 3-4—MAPG, 5-6—MalGL, 7-8—MalPG,
9-10—CAGL, 11-12—CAPG; S4. Calculated equilibrium yiels (Yeq) and rate constants (k) for TPC
and TFC; S5. Kinetical curves and linearization for TAC. 1-2—MAGL, 3-4—MAPG, 5-6—MalGL,
7-8—MalPG, 9-10—CAGL, 11-12—CAPG; Sé6. Kinetical curves and linearization for DPPH. 1-2—MAGL,
3-4—MAPG, 5-6—MalGL, 7-8—MalPG, 9-10—CAGL, 11-12—CAPG; S7. Calculated equilibrium
yiels (Yeq) and rate constants (k) for TAC and DPPH; S8. Kinetical curves and linearization for
myricetin. 1-2—MAGL, 3-4—MAPG, 5-6—MalGL, 7-8—MalPG, 9-10—CAGL, 11-12—CAPG;
S9. Kinetical curves and linearization for quercetin. 1-2—MAGL, 3-4—MAPG, 5-6—MalGL,
7-8—MalPG, 9-10—CAGL, 11-12—CAPG,; S10. Kinetical curves and linearization for kaempherol.
1-2—MAGL, 3-4—MAPG, 5-6—MalGL, 7-8—MalPG, 9-10—CAGL, 11-12—CAPG; S11. Calculated
equilibrium yiels (Yeq) and rate constants (k) for describing of the experimental data on the kinetics
of myricetin, quercetin, and kaempherol glycosides extraction.
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Abstract: Folic acid (vitamin B9) is an essential micronutrient for human health. It can be obtained
using different biological pathways as a competitive option for chemical synthesis, but the price
of its separation is the key obstacle preventing the implementation of biological methods on a
broad scale. Published studies have confirmed that ionic liquids can be used to separate organic
compounds. In this article, we investigated folic acid separation by analyzing 5 ionic liquids (CYPHOS
IL103, CYPHOS IL104, [HMIM][PF¢], [BMIM][PF¢], [OMIM][PFg]) and 3 organic solvents (heptane,
chloroform, and octanol) as the extraction medium. The best obtained results indicated that ionic
liquids are potentially valuable for the recovery of vitamin B9 from diluted aqueous solutions as
fermentation broths; the efficiency of the process reached 99.56% for 120 g /L CYPHOS IL103 dissolved
in heptane and pH 4 of the aqueous folic acid solution. Artificial Neural Networks (ANNs) were
combined with Grey Wolf Optimizer (GWO) for modelling the process, considering its characteristics.

Keywords: CYPHOS IL103; vitamin B9; ionic liquid; extraction; modelling

1. Introduction

Vitamins are chemical substances whose derivatives are engaged in the vital metabolic
pathways of all living organisms [1]. Since only bacteria, yeast and plants have endogenous
routes for vitamin production, humans must obtain most of these crucial nutrients from
food [2]. A form of B vitamin called folic acid (folate in its natural form [3])—Figure 1
aids in the maintenance and production of new cells in the body and prevents nucleic
acid alterations [2]. Several physiological processes in humans, including the biosynthesis
of nucleotides, cell division, and gene expression, as well as the prevention of vascular
diseases, megaloblastic anemia, and neural tube defects in developing children, depend on
a proper supply of folic acid (FA) or folates.

OH
N7 N\ CHz—NH—Q—CO—NH—?H—(CHz)g—COOH
)\\ L COOH
H,N” N7 N

Figure 1. Folic acid (FA) chemical structure.

FA has numerous applications in the pharmaceutical, nutraceutical, food and bev-
erages industries [4], but its stability decreases when exposed to light, moisture, strong
acidic or alkaline media, oxygen and high temperatures. It can be found in foods, including
oranges, whole-wheat products, dry beans, peas, lentils, oranges, liver, asparagus, beets,
broccoli, brussels sprouts and spinach [5].
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The estimated value of the global FA market in 2022 was USD 166.8 million. By
2028, it is anticipated to grow to USD 220.9 million, the leading producers being BASF,
DSM, Nantong Changhai Food Additive Co., Ltd., Niutang, Zhejiang Shengda, Parchem
Fine & Specialty Chemicals, Xinjiang Wujiaqu Xingnong Cycle Chemical Co., Ltd., Xinfa
Pharmaceutical Co., Medicamen Biotech Ltd., Jiangxi Tianxin Pharmaceutical Co., Ltd.,
and Zydus Pharmaceuticals Ltd. [6].

FA is used as a dietary supplement and is currently produced through chemical syn-
thesis, but this process requires the reduction of ecologically harmful effects. Significant
research has been employed to develop microbial strains (Ashbya gossypii ATCC 10895,
Lactococcus lactis NZ9000, Bacillus subtilis 168) in order to manufacture FA [7-10]. The
highest production value to date has been recorded for A. gossypii, which can synthesize
6.59 mg/L of folic acid after metabolic engineering (from its natural ability to produce
0.04 mg/L) [11]. For this process to be successfully employed, efficient separation methods
must be developed. More research is required to create a method that is both economical
and environmentally benign for producing high-purity FA, because its industrial sepa-
ration involves many expensive downstream steps and requires mild conditions due to
acid’s instability.

Various technologies can be used to separate carboxylic acids (ion exchange, elec-
trodialysis, ultrafiltration, solvent extraction, and membrane processes) [12]. However,
reactive extraction using particular extractants has been proven to be an excellent alterna-
tive to classical methods, due to its many advantages [13]. Reactive extraction is based on
a reaction between an extractant (dissolved in the organic solvent) and the target solute
(e.g., carboxylic acids dissolved in the aqueous phase). Several carboxylic acids (gallic
acid [14,15], keto-gluconic acid [16], pseudo-monic acid [17], lactic acid [18]), and vitamins
(vitamin C [19], vitamin B5 [20]) have been successfully separated through this method
at laboratory scale. For sustainability of this process, finding a selective, affordable, and
effective extractant and diluent system based on maximal efficiency and minimal toxicity
and determining the ideal implementation circumstances are the key challenges in using
reactive extraction for the recovery of organic acids. Several characteristics must be consid-
ered for the choice of the organic phase, such as selectivity, solubility, cost and operational
safety, hydrophobicity, density, polarity, viscosity, recoverability and environmental effects
(the use of volatile organic solvents harms the environment). Thus, based on their superior
characteristics, ionic liquids (tunable organic salts obtained as a combination of an organic
cation and either an organic or a polyatomic inorganic anion in a liquid state below 100 °C)
are effective alternatives to classical solvents. The use of most ionic liquids has several
advantages over organic solvents, and they play crucial roles in the extraction processes;
high thermal stability, negligible vapor pressure, and biocompatibility make them envi-
ronmentally friendly substances with excellent solvation ability. Based on their properties,
most ionic liquids can be employed in green chemistry concepts [21,22]. Lactic acid, citric
acid, mevalonic acid [23], and butyric acid [24] have all been successfully extracted using
ionic liquids. For the micro-solid phase extraction (for preconcentration and analysis) of
pyridoxine and folic acid from biological samples, Zare et al. (2015) investigated a sorbent
obtained through the synthesis of gold nanoparticles (Au NPs) and their subsequent trans-
fer to aqueous solution by the application of the ionic liquid: 1-hexyl-3-methylimidazolium
bis(trifluoro-methyl-sulfonyl)imide [25].

For the scale-up application of reactive extraction, rigorous modelling and optimiza-
tion of laboratory-scale studies are essential and different models can be applied [15-17].
ANN:s are inspired by the biological brain, and GWO is inspired by the grey wolf’s so-
cial hierarchy and hunting mechanism [26]. In this work, ANN represents the process
model, while GWO is used for model optimization. This combination was considered
based on the difficulties in identifying the optimal characteristics of an ANN for a given
problem. From the multitude of ANN types, the fully connected feed-forward multilayer
perceptron was selected because it is well suited to the complexity and characteristics of
the studied process. Moreover, this type of network was successfully applied to solve
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different problems, including modeling of phytocompounds extraction from dragon fruit
peel [27], pectinase extraction from cashew apple juice [28], and separation of pseudo-monic
acids [16]. As a bio-inspired metaheuristic, GWO was efficiently applied to optimize the
extraction of essential oil from Cleome Coluteiodes Boiss [29], or biodiesel production from
waste oils [30,31].

To the authors’ knowledge, this is the first study regarding folic acid’s separation using
ionic liquids (IL) and a liquid-liquid approach. For this research, five ionic
liquids (Trihexyl-tetradecyl-phosphonium decanoate, Trihexyl-tetradecyl-phosphonium
bis(2,4,4-trimethylpentyl)phosphinate, 1-Butyl-3-methylimidazolium hexafluorophosphate,
1-Octyl-3-methylimidazolium hexafluorophosphate, = 1-Hexyl-3-methylimidazolium
hexafluorophosphate—Figure 2) were analyzed for FA extraction in order to find an optimal
system for the separation process.

KJ'CHS +/CH3 N/CH3
- N * -
N S
L \ 6 ;
|
CH; (CH2)7CH3 CHZ(CH2)4CH3
1-Butyl-3-methyl-imidazolium- 1-Octyl-3-methyl -imidazolium-hex-  1-Hexyl-3-methyl-imidazolium-hex-
hexaftluorophosphate, [BMIM][PFe] afluorophosphate, [OMIM][PFs] afluorophosphate, [HMIM][PFe]
((|3H2)SCH3 "
CH3(CH2)4CH
HaG(H2C)s—P*—(CH) 5CHa i o
l CH3(CHz)4CH2—P—CH2(CHz)12CH3
(CHz)sCH3 0 ! CHs
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Tri-hexyl-tetradecyl-phosphonium  Tri-hexyl-tetradecyl-phosphonium bis(2,4,4-trimethylpentyl) phosphinate,
decanoate, CYPHOS IL 103 CYPHOSIL 104

Figure 2. Ionic Liquids (IL) chemical structure.

Considering the physical characteristics of the ionic liquid (such as high density, vis-
cosity and surface tension) and their high price, three solvents were analyzed as diluents
(heptane, chloroform and octanol). The results were discussed from the viewpoint of the
extraction mechanism, separation yield and distribution coefficient for different extraction
conditions (aqueous phase pH and ionic liquids concentration in the organic phase). Sup-
plementary Artificial Neural Networks (ANNSs) were combined with Grey Wolf Optimizer
(GWO) to model the considered process.

2. Results and Discussions
2.1. Extraction Process

Liquid-liquid extraction is a low-energy separation process with simple technical
requirements and gentle operating conditions. Its effectiveness is influenced by several
variables, including the type of solute and solvent, the utilized diluent and its physico-
chemical properties, and the solution pH. For FA extraction 5 ionic liquids with different
chemical structures (Figure 2) and properties (Table 1) and 3 organic solvents with different
dielectric constants (heptane—1.92, chloroform—4.81 and octanol—10.3 [32]) were investi-
gated. The extraction system was chosen based on its low environmental impact. The ionic
liquids chosen are highly hydrophobic [33] and were successfully used for the separation
of other carboxylic acids (e.g., lactic acid) [34]. Phosphonium ILs offer, in specific cases and
applications, several advantages over other types of ILs, including higher thermal stability,
lower viscosity and higher stability in strongly basic or strongly reducing conditions [35].
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Table 1. Main ionic liquids” physical properties used in biosynthetic compounds extraction [21,36,37].

Ionic Liquid Molecular Formula mol. wt., g/mol Viscosity, cP, 25 °C log P Toxicity
[BMIM][PFq] CgH15FgN,P 284.18 274 449 log ECsp * = 3.32 uM
[OMIM][PF] C1oHp3FgN,P 340.29 682 6.05 log ECsp * = 2.24 uM
[HMIM][PF] C1oH19FgN,P 312.24 585 5.27 log ECs) * = 1.25 uM
CYPHOS IL 103 CypHg,O,P 665.11 319 14.32 Inhib. ** =15 cm
CYPHOS IL 104 CusH1000,P, 773.27 805.8 18.28 Inhib. ** = 2.6 cm

* Determined against A. fischeri. ** Determined against Shewanella sp. (inhibition zone, £0.2).

The results obtained are presented in Figure 3. It can be observed that, without
regarding the used organic solvent, the separation yield is very low, proving that physical
extraction in classical organic solvents (based only on diffusion and solubilization) is
practically impossible for FA. Simultaneously, the ionic liquids can effectively remove FA
from the aqueous phase. In general, various variables, including the hydrophobic effect,
hydrogen bonding, steric hindrance, and 7-7 interaction, affect how well ILs can extract
carboxylic acids.

100 4
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Figure 3. The organic phase composition influence on FA extraction (pH = 4, pure substances).

The highest efficiency was obtained for quaternary phosphonium salts: CYPHOS IL103
(99.98%) and CYPHOS IL104 (92.85%), the anions decanoate and bis(2,4,4-trimethylpentyl)
phosphinate providing significantly superior yields than the hexafluorophosphate [PF; ]|
anion, due to stronger hydrogen bonds established between the anion and FA, and to the
hydrophobic behavior of the trihexyl(tetradecyl)phosphonium cation (phosphonium IL
possesses the highest hydrophobicity among ILs [34]), present in both CYPHOS IL103 and
CYPHOS IL104 structure). The superior efficiency that was obtained using CHYPHOS
IL103 can be explained by the effect of both the interference of sterically hindrance in
CYPHOS IL104 case during the chemical reaction (CYPHQOS IL104 has a larger structure
compared to CYPHOS IL103 due to the presence of bis(2,4,4-trimethylpentyl)phosphinate
ion compared to decanoate anion) and the superior viscosity of CYPHOS IL104 (Table 1)—
according to the Wilke-Chang equation, diffusivity varies inversely with viscosity [34].
Similar results (superior values for CYPHOS IL103 compared with other ionic liquids) were
obtained by Schlosser et al., 2018, for lactic and butyric acids [38]. These results proved that
FA could be successfully separated using ionic liquids; however, their high viscosity and
high price are vital points that require more research on this matter.

Due to mass transfer at the liquid-liquid interface, which influences the time required
to set the equilibration stage between the aqueous and IL phases, viscosity is a crucial
element that affects the kinetics of IL-based extraction systems. Conventional extraction
systems using organic solvents may typically reach equilibrium in a short contact time
(minutes), whereas IL-based systems require a longer contact time (minutes to hours) due
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to the high viscosity value, which is in this case (Table 1), between 274 and 805 cP (viscosity
of water is 0.89 cP at 25 °C). Because of the influence on the Coulombic interaction between
ions, adding an inert solvent could reduce IL viscosity [39]. In this context, the use of
heptane, a non-polar solvent, as a diluent to decrease the viscosity and surface tension of
the very viscous ionic liquids used, was analyzed as an alternative solution to pure ionic
liquids for both CYPHOS IL. For [HMIM][PF¢], the solvent considered was chloroform,
since this ionic liquid and heptane are not miscible. The FA from the aqueous phase can
react with the strong hydrophobic ionic liquid dissolved in heptane to generate complexes
that are only soluble in the organic phase:

R(COOH)COOH(aq) + [C14C¢CsC6P][BTMPP]—[Cy4C6C6CeP][RCCOOH)COO] + BTMPPH

R(COOH)COOH(aq) + [C14C6C6C6P] [CH3(CH2)8COO]—>[C14C6C6C6P] [R(COOH)COO] + CH3(CH2)8COOH

The extraction mechanism could be characterized in terms of displacement reac-
tion since ionic liquids are organic salts and contain tri-hexyl(tetradecyl) phosphonium
([C14CCsCeP]) as a cation and bis(2,4,4-trimethylpentyl) phosphinate ((BTMPP]—CYPHOS
IL104 and decanoate -CYPHOS IL103) as an anion. The anionic component of the acid
(C13H11NgO-CH(CH,-CH,-COOH)-COO) can displace the anionic species of IL in this
reaction (pKa of decanoic acid is 5.7 while folic acid pKa are 4.69; 6.80). The extraction
mechanism can also imply hydrogen bonding, the values for hydrogen-bonding interaction
energy in the equimolar cation-anion mixture (Eyg/(kJ/mol) are —38.64 for decanoate
[CoH9CO,] ™ and —38.45 for Bis(2,4,4-trimethylpentyl)phosphinate, [C16H340,P] ™ [39].

FA is a weak acid in aqueous solutions, stable between pH 2-10, without heating [40],
but its maximum stability is in the pH range of 4-10. The aqueous phase pH has a significant
effect on extraction efficiency as it controls acid dissociation:

R(COOH)COOH (5 ¢+R(COOH)COO ™ () + H*, pKay = 4.69
R(COOH)COO ™ (44 ¢*R(COO™)COO™ (5 + H, pKay = 6.8

The extraction efficiency using the purposed extraction system (ionic liquids mixed
with an organic diluent) decreases with the increase of aqueous phase pH, as highlighted
by the experimental results depicted in Figure 4. Better results were obtained for CYPHOS
(dissolved in heptane) compared to [HMIM][PF¢] (dissolved in chloroform), similar to the
results obtained for protocatechuic acid or adipic acid [21]. Due to this fact (extraction
efficiency much lower for [HMIM][PFg]), the ionic liquid concentration influence was only
analyzed for CYPHOS IL103 and CYPHOS IL104.
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Figure 4. Aqueous phase pH influence on extraction efficiency (ionic liquid concentration 40 g/L).

The experimental results proved that FA could only be extracted by CYPHOS IL103
and CYPHOS IL104 in its undissociated state through H-bond coordination. FA is present
in the aqueous solution in an undissociated form at pH lower than 4.5, as determined by
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the pKa values of 4.69 for the first carboxylic group and 6.80 for the second carboxylic
group. This supports the idea that FA will be reactively extracted utilizing a coordination
mechanism similar to lactic acid extraction, using CYPHOS IL104 [41]. Furthermore, the
results prove that satisfactory separation efficiency can be achieved even at pH equal to 4,
at which FA stability is considered maximum.

The extraction efficiency of FA increases with IL (CYPHOS IL103 and CYPHOS 1L104)
concentrations in heptane, as seen in Figure 5, proving that this parameter has a critical
impact on extraction efficiency. This variation is due to the increase of one reactant con-
centration at the reaction interface; a higher concentration of IL is more likely to extract
a higher concentration of the targeted folic acid from the aqueous phase. No third phase
formation was observed in the experiments.
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Figure 5. Ionic liquid concentration influence on extraction efficiency (initial phase pH = 4).

The influence of ionic liquids concentration on extraction efficiency was analyzed at
pH 4 to avoid denaturation [40]. In order to establish how many molecules of acid and
ionic liquid are involved in the formation of the interfacial complex, the loading factor, Z,
defined as the ratio between the concentrations of FA and ionic liquid in the organic phase:
[FAJorg/[IL]org, was calculated (Table 2).

Table 2. Loading factor and distribution coefficient values obtained for C103 and C104 in heptane.

CYPHOS D Loading CYPHOS D Loading
IL103 conc., M Factor 1L104 conc., M Factor
1 0.03 0.52 0.43 0.02 0.43 0.43
2 0.06 6.24 0.53 0.05 3.95 0.57
3 0.12 12.99 0.28 0.10 8.19 0.32
4 0.18 231.18 0.20 0.15 53.51 0.23

Two cases can be considered when the variation of the Z parameters is assessed [42].
The first implies that, as the concentration of the ionic liquid increases, so do the loading
factor values. This phenomenon, known as overloading (loading larger than unity), shows
the formation of complexes with more than one acid per ionic liquid molecule. The
maximum value obtained for the loading factor was 0.53 and 0.57 for both ionic liquids,
so no overloading was noted in the system. The second case implies that complexes
include more than one ionic liquid molecule if the loading factor values decrease as the
IL concentration rises. The obtained results, presented in Table 2, showed that for ionic
concentrations below the value equal to 40 g/L (0.05 M and 0.06 M for CYPHOS 1L104 and
CYPHOS IL103, respectively), the loading ratio slowly increases (from 0.43 to 0.53/0.57)
between the concentrations 0.03 M and 0.06 M (2040 g/L), followed by a significant
decrease of Z with the increase in ionic liquid concentration. Thus, two types of complexes
are formed in direct connection with the ionic liquid concentration:
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- For concentrations lower than 40 g/L, echi-molecular complexes (involving only
one molecule of both FA and ionic liquid) for both cases: [FA][CYPHOS IL103] and
[FA][CYPHOS IL104] are formed, while

- For concentrations higher than 40 g/L, the decrease of Z with increasing ionic liquid
concentration in the organic phase indicates the formation of complexes involving
two molecules of ionic liquid per folic acid molecule: [FA][CYPHOS IL103], and
[FA][CYPHOS IL104],. This suggests that it may be more cost-effective to enhance the
extractant concentration when the process efficiency is below the optimum level than
to raise the process efficiency while maintaining the extractant concentration [42].

Schlosser [37] described two methods for water coextraction in the organic phase
using Cyphos IL-104 dissolved in dodecane: the production of reverse micelles, and the
incorporation of water into hydrated complexes including lactic acid and IL, complexes
that include two molecules of water. In this study, no modifications of the two phases
volume were recorded after the extraction using heptane as an organic solvent. This could
be due to the short extraction time—10 min, or to the large structure of folic acid and its
lower concentrations than the ionic liquid.

2.2. Modeling

The proposed ANN-GWO approach was applied to model the process. To reach this
objective, the extraction yield for FA was determined as a function of the type of solvent
used, aqueous phase pH, type of extractant and its concentration. Since the type of solvent
and type of extractant are categorical values, they were coded with numerical integer values.
This strategy allowed the development of a single model for all possible combinations
regarding the considered parameters. This represents one significant advantage over the
classical regression methods usually used to determine a process model.

Since the experimental work aimed to perform a reduced number of experiments
and since ANNs work better with large datasets, in this work the experimental data were
supplemented with a series of additional points by performing an interpolation procedure
for simple, individual cases of combinations of parameters. For these cases, based on 2D
plot representation, the trendlines that best fit the experimental points were determined
using the R? metric, and the identified equation was then used to generate additional data.
In this manner, the available dataset was extended from 27 experimental points to 103,
thus allowing the ANN model to better capture the dynamic and influence of all process
parameters on the extraction yield. Next, following the standard procedures regarding
the application of ANNSs, the data was normalized and randomly split into two groups
(training and testing). The normalization procedure scales all the parameters to the [—1,1]
interval and reduces the impact of inputs with higher orders of magnitude. The type
of normalization considered in this work is the Min-Max approach [43]. Afterward, the
entire available dataset was randomly attributed: 75% to training and 25% to testing. The
statistical indicators for these two subsets are presented in Table 3.

In the next step, the limits for the maximum ANN topology and the settings for GWO
were set. Regarding topology, to reduce the number of ANN parameters that need to be
identified based on the available data, the maximum number of hidden layers was set to
1, with 20 neurons in the hidden layer. This limitation was based on a set of preliminary
runs that indicated that, for the current process, an ANN with a single hidden layer could
efficiently capture the system’s dynamic. Concerning the GWO parameters, the population
size was set to 50 individuals, and the number of runs was set to 500. Next, 50 simulations
were performed to determine the best ANN model for the process. The statistics of these
runs are presented in Table 4, where Fitness measures model efficiency and is determined
based on the Mean Squared Error (MSE) obtained in the training phase. The ANN with the
highest fitness, referred to as ANN (4:05:01), indicates the best model for the process. In
Table 4, topology is represented using an Input:HiddenLayer:Output notation, where Input
represents the number of inputs corresponding to the process parameters (type of solvent
used, aqueous phase pH, type of extractant and its concentration), HiddenLayer indicates
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the number of neurons in the hidden layer and Output indicates the number of process
outputs (which for the current problem is FA).

Table 3. Statistics descriptors for the subsets used for ANN training and testing.

. Type of Type of Aqueous Extractant
Subset Indicator SZFvent Exz;zctant Phcilse pH Concentration FA
Mean 1.155844 1.727273 4.084416 48.7013 63.0724
Median 1 2 4 40 79.8336
Standard Deviation 0.365086 0.718851 0.874164 28.2191 32.09486
Sample Variance 0.133288 0.516746 0.764162 796.3175 1030.08
Training Kurtosis 1.792505 —0.94144 0.632868 0.556316 —1.11127
Skewness 1.935617 0.461642 —0.01714 0.909524 —0.65705
Minimum 1 1 2 0 6.229
Maximum 2 3 6 120 98.33493
Count 77 77 77 77 77
Mean 1.269231 1.923077 3.75 51.15385 62.5145
Median 1 2 4 40 81.54103
Standard Deviation 0.452344 0.796145 0.806226 26.08861 32.47939
Sample Variance 0.204615 0.633846 0.65 680.6154 1054.911
Testing Kurtosis —0.84995 —1.37721 1.646948 0.895838 —1.59354
Skewness 1.105353 0.143288 —0.10853 1.188646 —0.49504
Minimum 1 1 2 15 8.340475
Maximum 2 3 5.75 120 99.5693
Count 26 26 26 26 26
Table 4. Statistic indicators for 50 runs for the ANN-GWO approach.
Fitness MSE Training MSE Testing Topology
Best 647.7774 0.001544 0.000624 4:05:01
Worst 137.7863 0.007258 0.006111 4:08:01

Confidence interval ~ 318.34 4 41.06 0.004 £ 0.0005 0.003 £ 0.0004 0.985 £+ 0.0018

The average absolute error computed in the training phase for ANN (4:05:01) presented
in Figure 6 was 6.8%, and in the testing phase was 3.8%. In Figure 6, the hidden layer
contains in total 5 neurons, numbered Neuronl through Neuron5.

Inputs Aqueous phase Type of Concentration of
Type of solvent pH extractant extractant
] \ ' Neuron |
Hidden layer \ J .\ )
Outputs FA

l Predictions

Figure 6. Topology of the best ANN model obtained.
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These results and the low values for MSE (Table 4) indicate the selected model’s
performance. One explanation for the MSE in the training phase being higher than in the
testing phase is related to the fact that it contains the only two examples in the entire dataset
with a 0 value for the extractant concentration. Only for these two cases is the absolute
error high (~50%), with an experimental value of 6.2 and predicted values of ~9.2.

An analysis of the data obtained in laboratory settings showed that the identified
ANN captures well the system’s behavior in different combinations of solvent-extractant
(Figure 7a—). The relations describing the model are presented in the Supplementary
Material.

(a) 150

100

—@=— [ xperimental

wul
o

=@==ANN predictions

o
o

50 100 150

Extraction efficiency, %

Extractant concentration, g/L

(b) 50
40
30
20 =—=@=FExperimental

10 =@==ANN predicted

Extraction efficiency, %

(c) 140

120

100
80
60 «=@=Experimental
40
20

=@ ANN predicted

Extraction efficiency, %

0 50 100 150

Extractant concentration, g/L

Figure 7. Comparison between the experimental data and the ANN predictions for (a) Heptane and
CYPHOS IL103 when pH = 4; (b) chloroform and [HMIM][PF4] when extractant concentration is 40;
(c) Heptane and CYPHOS IL104 when pH = 4.

3. Materials and Methods
3.1. Extraction Process

The experiments performed for FA extraction were carried out using a vibration
shaker (WIZARD IR Infrared Vortex Mixer, VELP Scientifica Srl, Usmate (MB), Italy) that
ensured a stirring speed of 1200 rpm (extraction time—10 min and temperature 22 °C),
using equal volumes (2 mL) of FA solution, and the organic phase using a glass cell. FA
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was extracted from aqueous solutions whose initial concentration was 0.04 g/L (due to
limited solubility in water). The extraction was carried out either using only pure ionic
liquids (preliminary studies): [BMIM][PF¢]: 1-Butyl-3-methylimidazolium hexafluorophos-
phate, [HMIM][PF¢]: 1-Hexyl-3-methylimidazolium hexafluorophosphate, [OMIM][PF]:
1-Octyl-3-methylimidazolium hexafluorophosphate, CYPHOS IL103—Trihexyl-tetra-decyl-
phosphonium decanoate, and CYPHOS IL104—Tri-hexyl-tetra-decyl-phosphonium bis(2,4,4-
trimethylpentyl)phosphinate, or organic solvents with different dielectric constants (hep-
tane, chloroform and octanol) and a mixture of ionic liquid and organic solvent (CYPHOS
IL103 and heptane, CYPHOS IL104 and heptane and [HMIM][PF;] and chloroform). All
reagents were procured from Sigma-Aldrich [Merck KGaA, Darmstadt, Germany]. The
ionic liquid concentration in the organic phase varied between 0 and 120 g/L. The pH of
the initial aqueous phase was corrected to the predetermined value, using 4% sulfuric acid
and sodium hydroxide solutions, based on the indications of a Hanna Instruments pH 213
digital pH meter (Woonsocket, Rhode Island). After extraction, the samples were separated
by centrifugation at 4000 rpm for 5 min, using a DLAB centrifuge (Beijing, China).

The analysis of the acid extraction process was carried out using the separation yield.
It was calculated by determining the FA concentration from the initial solution and the
raffinate solution, using a Dionex Ultimate HPLC system (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) equipped with an Acclaim PA2 column, the mobile phase being
a mixture of acetonitrile and 30 mM KH,PO, solution with a flow rate of 0.5 mL/min,
detection at 270 nm. All experiments were performed in triplicate (n = 3, error between 1.5
and 4.5%).

3.2. Modeling

Combining mathematical modeling with experimental research can offer a tool for
anticipating extraction performance. In order to extend experimental knowledge, the FA
separation process was modelled. The methodology applied in this work combined ANNs
with the GWO algorithm to model the considered process. The role of GWO is to optimize
the ANN characteristics. This combination of bio-inspired metaheuristic-:ANN belongs
to the neuro-evolutive procedures. Neuro-evolution can be applied at different levels:
(a) topology; (b) connection weights; (c) learning rule; (d) node behavior [44]. In this
work, GWO was applied simultaneously for topology (the number of hidden layers and
neurons in each hidden layer), connections” weights (parameters usually set in the training
procedure with algorithms such as Backpropagation) and node behavior (the selection of
transfer function and its associated properties) and, to incorporate all these parameters
into the structure of real numbers used by GWO, a direct encoding procedure is used.
Once this structure is established, the GWO optimizes a population of randomly generated
networks until a stop criterion is reached. The stop function is represented by the number
of iterations set at the start of the run.

Distinctively from other bio-inspired metaheuristics such as Genetic Algorithms or
Differential Evolution, in GWO the population is divided into four groups that simulate the
hierarchical structure of wolfs: alpha (the leaders), beta (that supports the alpha), delta (that
executes the commands of alpha and beta), omega (that are managed by the delta and are
at the bottom of the hierarchy) [45]. The hunting mechanisms that GWO mathematically
simulates include: (a) encircling (where the entire pack works together to chase and direct
the prey in a strategy to increase the chance of catching it); (b) hunting (movement of
wolfs around the prey guided by the alpha); and (c) attacking (attacking the prey when it
stopped moving). These principles were implemented in Visual Studio C#, following the
mathematical relations described in the work of Mirjalili et al., 2014 [26].

4. Conclusions

This study presents the extraction of FA from aqueous solutions using reactive ex-
traction with hydrophobic IL diluted with heptane (a greener alternative to classical sol-
vents [46]) as an efficient technological alternative for this vitamin’s separation. Almost
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100% (99.56%) extraction yield was obtained for 120 g/L CYPHOS IL103 and aqueous
phase pH equal to 4, the reactive extraction mechanism being based on hydrogen bonding
between FA and IL. The analysis of the loading factor indicated no overloading in the
extraction systems in optimum conditions. The process was modelled using a combined
ANNSs with the GWO algorithm; the data obtained showed good accordance between
predicted and experimental results. According to the findings of this study, it is possible
to use efficiently phosphonium-based ionic liquids for folic acid extraction or reactive
extraction. Moreover, the separation procedures were straightforward and free of volatile
organic solvents.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules28083339 /51, Figure S1: FTIR spectra for folic
acid, Cyphos IL103 ionic liquid in heptane and extract; Figure S2: UV-VIS spectra for Cyphos IL103
ionic liquid in heptane and Chyphos 11103 loaded with FA.
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Abstract: C. vulgaris microalgae biomass was employed for the extraction of valuable bioactive
compounds with deep eutectic-based solvents (DESs). Particularly, the Choline Chloride (ChCl)
based DESs, ChCl:1,2 butanediol (1:4), ChCl:ethylene glycol (1:2), and ChCl:glycerol (1:2) mixed
with water at 70/30 w/w ratio were used for that purpose. The extracts’ total carotenoid (TCC) and
phenolic contents (TPC), as well as their antioxidant activity (IC50), were determined within the
process of identification of the most efficient solvent. This screening procedure revealed ChCl:1,2
butanediol (1:4)/H,O 70/30 w/w as the most compelling solvent; thus, it was employed thereafter
for the extraction process optimization. Three extraction parameters, i.e., solvent-to-biomass ratio,
temperature, and time were studied regarding their impact on the extract’s TCC, TPC, and IC50. For
the experimental design and process optimization, the statistical tool Response Surface Methodology
was used. The resulting models’ predictive capacity was confirmed experimentally by carrying out
two additional extractions under conditions different from the experimental design.

Keywords: DES; C. vulgaris; carotenoid content; phenolic content; antioxidant activity; RSM; analysis
of variance

1. Introduction

Phenolic and carotenoid compounds possess important pharmacological activities
such as antioxidant, antibacterial, and anti-inflammatory [1-3]. The recovery of high-
value biomolecules from several natural sources is largely realized with the conventional
extraction process using traditional organic solvents [4]. Nevertheless, these solvents are
often related to low yield efficiency and increased energy consumption, as well as toxicity,
volatility, flammability, non-biodegradability, and non-renewability [5,6]. Given these
drawbacks and considering the principles of Green Chemistry, new alternative solvents
have been introduced for the extraction of essential biocompounds, such as switchable
hydrophilicity solvents, SHS [7]; switchable ionic liquids, S-IL [8]; and deep eutectic
solvents, DESs [8,9].

DESs, since their initial introduction by Abbott et al., 2003 [10], have dynamically
emerged as means of surpassing the above-referred limitations. They can be produced
by naturally occurring, biodegradable, and low-cost components via simple synthesis
routes [6]. Usually, DESs consist of two components, a hydrogen bond acceptor (HBA) and
a hydrogen bond donor (HBD). Choline chloride (ChCl) is the most widely studied HBA,
while different polyalcohols, organic acids, sugars, and amino acids have been employed
as HBDs [4,6,11,12]. The possible combinations of HBAs and HBDs are almost unlimited,
giving the ability to design task-specific DESs [6,13,14]. Some of their most important
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characteristics are low volatility at high temperatures, selectivity, strong dissolving abil-
ity, adjustable polarity, biocompatibility, pharmaceutical acceptance, and high viscosity.
These characteristics are severely influenced by the type and molar ratio of the HBAs and
HBDs [13,15,16]. DESs with polyols, as HBDs in particular, exhibit lower freezing points
and can even exist in a liquid state below room temperature [17].

DESs have been used in many scientific fields ranging from chemical synthesis to
bio-catalysis and nanomaterials fabrication, as greener, eco-friendlier, and more efficient
alternatives to traditional solvents [18-24]. The exploitation of DESs for the extraction of
various non-polar and polar bioactive compounds from different natural sources has also
shown an admirable trend [9,11,25-28]. It has been reported that DESs can provide higher
extraction yields and stabilization capacity of the targeted biomolecules in comparison to
conventional solvents [14,29,30].

However, high viscosity is one of the most important drawbacks in the exploitation of
DESs as extractants at an industrial scale. To reduce the viscosity and enhance the mass
transport phenomena of the biomolecules from the solid to the liquid, water, an abundant
natural substance, is frequently added in various ratios, also influencing the polarity of the
DESs and affecting the dissolution of the compounds of interest [12,31,32].

The extraction efficiency of the bioactive compounds is also dependent on several
extraction parameters. Some of the most influential are the biomass-to-solvent ratio, the
mode of agitation, the time and temperature of the extraction, the types and ratio of HBA
and HBD, the viscosity of the DES [12,26,33], etc. Hence, the investigation of the most
efficient extraction parameters for a given DES and natural source combination is important.

Chlorella vulgaris is a microalgae strain which is consisted of 4% phenolic compounds,
2% carotenoids, 16% lipids, 10% carbohydrates, and other valuable components [34].
Chlorella species are verified to have one of the highest percentages of phenolic compounds
and carotenoids compared to other microalgae strains [35]. The recovery of compounds
with antioxidant activity, such as polyphenols and carotenoids, from C. vulgaris using
conventional solvents is well documented [36-39]. On the contrary, the use of DESs for the
same purpose has hardly been addressed. According to Mahmood et al., 2019 [40], polyol-
based DESs have been found to outperform conventional solvents in terms of polyphenolic
extraction efficiency, the antioxidant activity of the extracts, and the selectivity of target
antioxidants from C. vulgaris.

In this study, C. vulgaris biomass extractions were conducted using deep eutectic-based
solvents. The DESs ChCl:1,2 butanediol (1:4), ChCl:ethylene glycol (1:2), and ChCl:glycerol
(1:2) were synthesized, and water was added to a 70/30 w/w ratio. The resulting mixtures
were employed for the extractions of C. vulgaris under given conditions. Subsequently,
the extracts’ total carotenoid and phenolic contents, as well as their antioxidant activity,
were determined. The screening procedure of the DES/water mixtures resulted in the
determination of the most efficient one, namely ChCl:1,2 butanediol (1:4)/H,O 70/30 w/w,
which was employed thereafter for optimizing the extraction process. For that purpose,
the influence of three important extraction parameters, namely biomass-to-solvent ratio,
temperature, and time was studied regarding their impact on the recovery of carotenoids
and phenolics and on the extracts” antioxidant activity. An experimental design was
implemented, and the Response Surface Methodology was employed for the process
optimization. The influence of the independent parameters on each dependent one was
determined through Analysis of Variance, and the resulting models were evaluated and
confirmed experimentally by carrying out two additional extractions under conditions
different from the experimental design.

2. Results and Discussion
2.1. Physical Properties of DESs

The resulting viscosities and densities of the DESs and their mixtures with water
(70/30 w/w) at 60 °C are included in Table 1. The reported values are the means of
three measurements. The DES1/w, DES2/w, and DES3/w abbreviations correspond to
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the ChCl:1,2 butanediol (1:4)/water, ChCl:glycerol (1:2)/water, and ChCl:ethylene gly-
col (1:2)/water, respectively. It is observed that by far the most viscus DES was the
ChCl:glycerol (1:2) (DES2), ChCl:1,2 butanediol (1:4) (DES1) follows, and ChCl: Ethylene
glycol (1:2) (DES3) shows the lowest viscosity. In the case of polyol-based DESs, the
hydrogen bonds that are formed between the HBAs and HBDs are proportional to the
hydroxyl groups present in the molecules of the HBDs. The presence of more hydroxyl
groups increases the intermolecular forces resulting in higher # values [15]. Indeed, the
glycerol molecule (HOCH,CHOHCH,OH) has one more hydroxyl group than the diols 1,2
butanediol (HOCH,CHOHCH,CH3) and ethylene glycol (HOCH,CH,OH), justifying the
higher 7 value of DES2. Moreover, the viscosity of DESs is also affected by the molecular
structure (molecular weight and size) of the HBD [41]. Between the diols serving as the
HBDs of DES1 and DES3, 1,2 butanediol is a larger molecule than ethylene glycol; hence,
DESI1 is more viscus than DES3.

Table 1. Viscosities and densities of DESs and their 70/30 w/w water mixtures at 60 °C.

Viscosity, Density,

Solvent [cP] . g cm_YB]Q

DES1 15.01 + 0.04 1.0120 + 0.0001

DES2 53.07 +£0.22 1.1725 + 0.0001

DES3 13.49 + 0.11 1.0965 + 0.0001
DES1/w 3.54 + 0.01 1.0145 + 0.0001
DES2/w 4.34 +0.02 1.1179 + 0.0001
DES3/w 2.78 £0.05 1.0678 + 0.0001

As expected, water addition to the DESs led to a large reduction of their viscosities,
which is due to the weakening of the hydrogen bonding between their constituents [42].
The viscosities of the DES/water mixtures followed the order that the pure DESs exhib-
ited as well, i.e., DES2/w > DES1/w > DES3/w. The values of the viscosities of the
three DES/water mixtures indicate that these can be used for industrial applications as
solvents [43].

The measured densities of the pure DESs and their water mixtures employed in the
present study are also shown in Table 1. It is observed that the density values of the pure
DESs diminished according to the order: DES2 > DES1 > DES3, following the same order
as for the viscosity. The DESs densities depend on the hydrogen bonds developed between
the HBA and the HBD. In particular, when a larger number of hydrogen bonds are formed,
the available free space in the DESs is reduced, resulting in increased density [44,45].
Therefore, the higher density value measured for DES2 is attributed to the surplus of
hydroxyl functional groups found in the molecule of glycerol as compared to 1,2 butanediol
and ethylene glycol. Moreover, DESs” density is affected by the length of the alkyl chain
of the HBD molecule. According to the literature, a longer alkyl chain results in lower
densities [46,47]. This conclusion is confirmed by our research, too, since DES1 has a longer
alkyl chain than DES3.

DES2/w and DES3/w demonstrated lower densities in comparison to pure DES2 and
DES3 due to the weakening of the hydrogen bond network caused by water addition [46].
However, the level of the reduction is low; thus, it can be claimed that the specific physical
property of these two DESs is not significantly affected by water, at least for the given water
ratio and temperature. Florindo et al. [46] came to the same conclusion for five different
choline chloride-based DESs.

The density of DES1/w was found to be marginally higher (0.0025 g cm~3) than that of
DESI. This implies a positive excess molar volume (VF) upon mixing of ChCl:1,2 butanediol
(1:4) with water at a 70/30 w/w ratio and 60 °C, pointing to volume compression, hence
density increase. Such a phenomenon hints at stronger intramolecular interactions (i.e.,
among DES1 molecules or among water molecules) than interspecies interactions (i.e.,
between water and DES1 molecules) for the specific composition of the DES/water mixture
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and temperature [48]. Further investigation of the ChCl:1,2 butanediol (1:4) /H,O mixtures
within the whole compositional range and also within a vast temperature range should be
performed to obtain a clear view of the key physical property of density for this mixture.
Such a study exceeds the scope of the present work and is planned for the near future.

2.2. Solvent Screening

The three DES-based solvents, i.e., DES1/w, DES2/w, and DES3/w, were compared
for their capacity to extract bioactive compounds from C. vulgaris, while the EtOH/w
mixture served as the control solvent. The measured TCC, TPC, and IC50 values of the
obtained extracts are included in Table 2.

Table 2. TCC, TPC, and IC50 values measured in C. vulgaris extracts obtained at T = 60 °C, r = 20:1
ZSW gleW, and t = 3 h using the DES-based solvents and EtOH/w. The acronym SW stands for
solvent weight, and DW for dry weight biomass.

Solvent TCC TPC IC50

[mg g pw] [mgcak 8 pwl [gpw mL ]
DES1/w 3.462 +0.121 8.553 +0.213 0.180 £+ 0.011
DES2/w 0.218 +£ 0.011 4.407 4+ 0.128 0.260 £+ 0.014
DES3/w 0.293 + 0.014 4.687 + 0.131 0.360 £+ 0.018
EtOH/w 8.436 + 0.211 7.686 £+ 0.219 0.139 £+ 0.010

According to the results of Table 2, the DES1/w solvent outperformed the two other
DES-based ones in extracting carotenoid compounds from C. vulgaris biomass. In fact,
the TCC value measured for the DES1/w extract was 93.7% and 91.5% greater than the
corresponding values measured for the DES2/w and DES3/w extracts, respectively. The
control solvent is the best among the four tested for carotenoid extraction. This finding is in
accordance with the literature since ethanol/water mixtures are known to be particularly
efficient solvents in extracting carotenoids from micro and macro algae [37,49,50].

The superiority of the DES1/w solvent regarding the extraction of phenolics from
C. vulgaris biomass can be observed in Table 2. The TPC value that was determined
for the DES1/w extracts was almost double the TPC values found at the DES2/w and
DES3/w C. vulgaris extracts. In comparison to the extract obtained from the control solvent,
the DES1/w delivered a total phenolics content greater by about 10%. It is also noticed
that all the DES-based solvents used in the present study performed significantly better
in extracting phenolic compounds than carotenoids. Several DES/water mixtures have
been acknowledged for their efficiency in extracting phenolic compounds from various
natural sources [5,16,35]. According to the generally accepted concept known as “like—
dissolve-like”, it is suggested that the polar DES-based solvents perform better in extracting
polar species, such as phenolics, than non-polar, such as carotenoids [35]. Moreover, the
high extractability of phenolic compounds from DESs and their water mixtures has been
attributed to the H-bonding interactions that can be formed between the phenolic molecules
and those of the DESs [42].

Mahmood et al., 2019 [38] used different polyol-based DESs for the extraction of
polyphenols from C. vulgaris, among which the ChCl:glycerol (1:2) and ChCl:ethylene
glycol (1:2). The TPC value reported by the same authors for the ChCl:glycerol (1:2), extract
(5.27 mgcar g‘1 pw) is comparable to the TPC measured at the ChCl:glycerol (1:2)/H,O
70/30 (DES2/w) extract of the present study. Moreover, the ChCl:ethylene glycol (1:2)/H,O
70/30 (DES3/w) extract of the present work exhibited approximately 5 times higher total
phenolics content in comparison to the ChCl:ethylene glycol (1:2) extract reported by
Mahmood et al., 2019 [40]. However, it should be mentioned that a direct comparison
of results given by different studies of microalgae biomass extractions is rather difficult.
The biochemical composition and other characteristics of microalgae biomass can differ
significantly due to the type of the cultivated strain, the growth conditions, the growth
phase, and the composition of the cultivating medium. Additionally, other parameters,
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such as the biomass drying method used, its treatment prior to the extraction, and of course,
the extraction conditions and the solvent used can have a significant impact on the obtained
extracts” composition and antioxidant activity [50-52]. However, it can be claimed that
the addition of water in ChCl:ethylene glycol (1:2) positively affected the extracts’ total
phenolic content. This can be attributed to the selective extraction of water-soluble phenolic
compounds present in C. vulgaris biomass [53].

The extract obtained from the conventional solvent EtOH/w exhibited the smallest
IC50 value (Table 2), hence the highest antioxidant activity. The DES-based solvents follow
the order DES1/w > DES2/w > DES3/w as per their antioxidant activity. Carotenoids
and phenolics are potent antioxidants, and the contribution of both these bioactive com-
pounds in the measured antioxidant activity of microalgae extracts is significant [50,52].
Considering that the DES1/w delivered an extract with considerably higher TCC and TPC
values in comparison to the other two DES-based solvents, its superior antioxidant activity
can be justified. Despite the higher phenolics yield exhibited by the DES1/w extract in
comparison to EtOH/w one, its lower carotenoid content seems to have an impact on the
measured IC50 value.

According to the solvent screening results analyzed above, the DES1/w was proven
to be the most convenient for the purpose of our study between the three DES-based
solvents that were tested. As mentioned, it led to the C. vulgaris extract with the highest
content of carotenoid and phenolic compounds and the highest antioxidant activity. Conse-
quently, the ChCl:1,2 butanediol (1:4)/H,O 70/30 w/w solvent was further exploited for
the optimization of the C. vulgaris microalgae extraction process.

2.3. Experimental Design Results

The experimental results of C. vulgaris biomass extractions performed using as a
solvent the mixture ChCl:1,2 butanediol (1:4)/H,O 70/30 w/w (DES1/w) are listed in
Table 3. It is observed that the variation of the three independent variables (X, X3, X3)
affected the dependent (Y1, Yz, Y3) ones. The TCC (Y;) fluctuated between 1.868 and
3.709 mg g~ pw, and the TPC (Y;) between 7.468 and 12.768 mggak g 'pw. The IC50 (Y3)
exhibited a minimum value of 0.118 and a maximum of 0.332 gpw mL},. The greatest
TCC value was exhibited by the extract of Run 16 (T =60 °C, t =13.5h, r = 30:1 gswg’lDW),
while for the extract of Run 18 (T = 60 °C, t =3 h, r = 40:1 gswg_lpw), the highest
TPC and the lowest IC50 values were found. On the contrary, for the extract of Run
4(T=30°C,t=24h,r=140:1 gswg’lDW), the highest IC50 was measured, rendering it the
least potent one among the eighteen, as far as the antioxidant activity is concerned. The
lowest carotenoids content was reported for the C. vulgaris extract of Run 3 (T = 30 °C,
t=3h, r =20:1 gswg ™ 'pw), while that of Run 13 (T =45 °C, t =3 h, r = 30:1 gswg ™ 'pw)
showed the lowest phenolic content.

Table 3. Experimental results of C. vulgaris extraction with DES1/w regarding TCC, TPC, and IC50.

Experimental Design Conditions Experimental Results
Run X1: T Xp: t X3: r Yq1: TCC Y,: TPC Y3: IC50
[°Cl [h] [gsw g lpwl [mg g pw] [mgcar 8 'pwl  [gpw mL 7]
1 45 13.5 20:1 3.102 9.257 0.215
2 45 13.5 40:1 3.517 10.787 0.207
3 30 3 20:1 1.868 8.696 0.255
4 30 24 40:1 3.257 8.897 0.332
5 60 24 20:1 2.872 9.438 0.181
6 45 13.5 30:1 3.268 8.904 0.201
7 30 24 20:1 2.332 9.383 0.237
8 30 3 40:1 2.721 7.667 0.241
9 45 24 30:1 3.256 8.058 0.220
10 60 3 20:1 3.462 8.553 0.180
11 45 13.5 30:1 3.152 8.643 0.166
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Table 3. Cont.

Experimental Design Conditions Experimental Results
Run X1: T Xz: t X3: r Y1: TCC Yz: TPC Y3: I1C50
[°Cl [h] [gsw g 1pwl] [mg g pw] [mggae g 'pwl  [gpw mL7 ]
12 45 13.5 30:1 3.415 9.074 0.164
13 45 3 30:1 2.693 7.468 0.189
14 60 24 40:1 3.137 12.586 0.170
15 30 13.5 30:1 2.818 8.062 0.241
16 60 13.5 30:1 3.709 10.131 0.147
17 45 135 30:1 3.277 8.894 0.164
18 60 3 40:1 3.571 12.768 0.118

2.4. Statistical Analysis of Experimental Design Results

In order to draw conclusions about the responses’” dependence on the factors, a
regression analysis of the experimental design results was carried out. Moreover, the
ANOVA test was used to evaluate the resulting regression models. The statistical analysis
of experimental data led to the development of reduced quadratic multiple regression
models for each of the three responses investigated.

The second-order polynomial quadratic functions of the TCC (Y1), TPC (Y3), and IC50
(Y3) and the factors T (X7), t (X3), and r (X3) are shown below:

Y; = —1.84295 + 0.081819-X; + 0.166893-X;, 4 0.078320-X3 — 0.001606-X1-X; — 0.001170-X;-X3 — 0.003314-X§ (1)

Y, = 25.65774 — 0.150048-X; + 0.206034-X; — 1.18459-X3 + 0.007376-X; X3 — 0.006498-X3 + 0.015426-X3 @)

Y3 = 0.0467107 + 0.000450-X; — 0.004219-X; — 0.013056-X3 — 0.000128-X;-X3 + 0.000190-X5-X3 + 0.000271~X§ 3)

Details regarding the ANOVA results are included in Table 4. ANOVA investigation
indicated that all models were significant and accurate since their F-values were high and
their p-values were lower than 0.0001 (Table 4). A factor is considered impactful to a given
response when p < 0.005, hence it is concluded that TCC and TPC were most influenced
by temperature (X;) and solvent-to-biomass ratio (X3), while the antioxidant activity was
most affected by temperature (X;). Moreover, for TCC, two interaction terms (X; X, and
X1X3) and one quadratic X% were also significant, and for TPC one interaction term (X;X3)
and two quadratics X3, X3. Non-significant lack of fit was found for all the developed
predictive models.

Table 4. Analysis of variance (ANOVA) and measures of the model’s prediction accuracy.

RESPONSE Y;-TCC

Source SS:::; r‘;fs df Mean Square F-Value If;;ﬁl: ;
Model 3.45 6 0.5750 31.55 <0.0001
X:-T 1.41 1 141 77.36 <0.0001
Xo-t 0.0291 1 0.0291 1.59 0.2329
X3-r 0.6589 1 0.6589 36.15 <0.0001
Xq Xo 0.5121 1 0.5121 28.10 0.0003
X1 X3 0.2464 1 0.2464 13.52 0.0036
X% 0.5932 1 0.5932 32.55 0.0001
Residual 0.2005 11 0.0182
Lack of fit 0.1657 8 0.0207 1.79 0.3432
Std. Dev. 0.1350 R? 0.9451
Mean 3.08 Adj R? 0.9151
C.V. % 4.38 Pred R? 0.8464
Adeq Precision 22.0389
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Table 4. Cont.

RESPONSE Y;-TCC

Sum of p-Value
Source Squares df Mean Square F-Value Prob > F
RESPONSE Y,-TPC
Sum of p-Value
Source Squares df Mean Square F-Value Prob > F
Model 35.39 6 5.90 47.85 <0.0001
X;-T 11.61 1 11.61 94.16 <0.0001
Xo-t 1.03 1 1.03 8.37 0.0146
X3-r 545 1 5.45 44.19 <0.0001
X1 X3 9.85 1 9.85 79.87 <0.0001
X% 1.59 1 1.59 12.90 0.0042
X% 7.38 1 7.38 59.85 <0.0001
Residual 1.36 11 0.1233
Lack of fit 1.26 8 0.1577 5.00 0.1064
Std. Dev. 0.3511 R? 0.9631
Mean 9.29 Adj R? 0.9430
C.V. % 3.78 Pred R? 0.8731
Adeq Precision 23.5207
RESPONSE Y;-1C50
Sum of p-Value
Source Squares df Mean Square F-Value Prob > F
Model 0.0379 6 0.0063 23.39 <0.0001
X;-T 0.0260 1 0.0260 96.30 <0.0001
Xp-t 0.0025 1 0.0025 9.13 0.0116
X5-r 0.0000 1 0.0000 0.0000 1.0000
X1 X3 0.0030 1 0.0030 10.98 0.0069
Xa X3 0.0032 1 0.0032 11.85 0.0055
X% 0.0033 1 0.0033 12.08 0.0052
Residual 0.0030 11 0.0003
Lack of fit 0.0020 8 0.0002 0.7473 0.6714
Std. Dev. 0.0164 R? 0.9273
Mean 0.2016 Adj R? 0.8877
C.V. % 8.15 Pred R? 0.8156
Adeq Precision 20.676

The models’ precision accuracy measures, which are also included in Table 4, indicated
that the predictive models were reliable since their R? values were greater than 0.9, and their
R? Adjusted, and R? Predicted values were in reasonable agreement, i.e., the difference
between them was less than 0.2. Moreover, values of adequate precision greater than
4 indicate that a model can be used to navigate the design space, something that was
confirmed for all the obtained models of the present work.

2.5. Study of the Factors’ Combined Effects

The 3D surface plots obtained by the models can contribute to the investigation of
the interactions between the different independent variables regarding their effect on
the dependent ones. In Figure 1, the combined effects of temperature and time, as well
as temperature and solvent-to-biomass ratio on the carotenoid content, are presented.
In Figure 2, the dependence of the phenolic content on the extraction time and solvent-
to-biomass ratio is shown. The dependence of the extracts’ IC50 values on extraction
temperature combined with a solvent-to-biomass ratio, as well as extraction time combined
with solvent-to-biomass ratio, is depicted in Figure 3.
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Figure 1. Three-dimensional surface plots showing the combined effects of temperature and time

(a—c) and temperature and solvent-to-biomass ratio (d—f) on TCC [mg g‘lDw ] of the C. vulgaris
extracts obtained using DES1/w solvent.
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Figure 2. Three-dimensional surface plots showing the combined effects of temperature and solvent—
biomass ratio (a—c) on TPC [mgGAEg‘lDW] of the C. vulgaris extracts obtained using DES1/w solvent.

The extraction should last long enough to achieve effective contact of the solvent with
the biomass, saturation of the biomass, as well as diffusion of the target biomolecules
from the biomass to the solvent. Consequently, when performing solid-liquid extractions,
the application of limited extraction times cannot assist remarkably in the recovery of
biomolecules from their natural sources [54,55]. Figures la—c and 2a—c indicate that the
application of low extraction time (3 h) facilitated the least recovery of carotenoids and
phenolics. Consequently, increasing the extraction duration is expected to give rise to
the extraction of the solutes of interest [56]. By Figure la—c, it is evident that increasing
extraction time assisted the carotenoids’ extraction; however, from a certain point, it did not
contribute to a further increase in the TCC values. Particularly, it is observed in Figure 1d—f
that for all T-r combinations, a rise from t = 3 h to t = 13.5 h augmented the TCC values,
while a further increase to t = 24 h resulted in their reduction. Similar are the results for
the phenolics recovery as shown in Figure 2a—c. These findings imply that the extracted
carotenoids and phenolics sustained degradation under prolonged exposure to oxygen
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r
[gsw g7'pw]

25

and light [49,55]. An initially increasing trend of the carotenoids content, followed by a
decreasing one versus extraction time, was also reported for the C. vulgaris extractions
using a conventional solvent [37]. A maximum extraction time above which the TPC of the
C. vulgaris extracts decreases due to oxidation of the phenolics compounds was found by
Mahmood et al., 2019 [40]; and Zakaria et al., 2017 [55], as well.

Higher extraction temperature facilitates the mass transport phenomena of the
biomolecules of interest from the biomass cells to the solvent, as well as their solubi-
lization [54,57]. By Figure 1df, it is observed that rising T and r positively impacted the
carotenoids recovery. It can be supported that the concentration gradient of the specific
biomolecules between the C. vulgaris cells and the solvent is increased with increasing
solvent-to-biomass ratio [40]. This phenomenon, combined with the helpful influence of
increasing temperature contributed to the acceleration of the carotenoids” diffusion from
the cells to the liquid phase and enabled their solubilization, resulting in greater TCC
values for these extracts. Regarding the phenolics recovery (Figure 2a—c), according to the
aforementioned mechanism of the combined effect of T-r, the beneficial impact of the rising
extraction temperature is pronounced only under higher solvent-to-biomass ratio values.

Figure 3a—c indicate that the extracts obtained at low extraction temperature (30 °C)
combined with a high solvent-to-biomass ratio (40:1 gsw glew) had the worst antioxidant
activity. According to the analysis that preceded, at low extraction temperatures, extracts
with a relatively lower content of carotenoids are obtained. Moreover, the application of a
high solvent-to-biomass ratio, i.e., the use of a larger amount of solvent at a low extraction
temperature, might have led to the extraction of other molecules present in the C. vulgaris
cells that did not contribute to the antioxidant activity of the extracts [37]. Due to the
presence of these compounds, along with the lower carotenoid concentrations, the extracts’
antioxidant potency was reduced, and higher IC50 values were measured. Furthermore,
Figure 3d—f show that increasing extraction temperature enhances the antioxidant capacity
of the obtained extracts for all r-t combinations. This finding could be attributed to the
increased carotenoids and phenolics contents obtained under higher extraction tempera-
tures. Figure 3a—c show also that the increase in extraction time for all r-T combinations
negatively impacted the extracts” antioxidant activity. As explained, prolonged extraction
durations had a negative effect on the recovered carotenoids and phenolics integrity due to
oxidative reactions favored by long exposure to air and light.

() (d)

Figure 3. Cont.
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Figure 3. Three-dimensional surface plots showing the combined effects of (a—c) temperature and
solvent-to-biomass ratio and (d—f) time and solvent-to-biomass ratio on the IC50 [gpw mL1 ] of
the C. vulgaris extracts obtained using DES1/w solvent.

2.6. Experimental Validation of the Models

The predictive capacity of the models was validated experimentally. Specifically, two
different extractions of C. vulgaris with DES1/w were carried out under conditions that
were chosen randomly to avoid any bias (Table 5). The experimental procedure and the
analysis of the obtained extracts were performed in the exact same way that was employed
for the implementation of the experimental design. The experimental TCC, TPC, and
IC50 values of the extracts and their predicted values, which were calculated by using the
aforementioned models (Equations (1)—(3)), are presented in Table 5.

It is observed that the calculated TCC, TPC, and IC50 values agree very well with
the experimentally measured ones. Hence, it is concluded that the models reproduce the
experimental results satisfactorily, and thus, they can be safely used for prediction purposes
within the range of the examined conditions.
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Table 5. Experimental conditions of the extractions conducted for models’ validation and the corre-
sponding experimental and calculated TCC, TPC, and IC50 values.

Experimental Values Calculated Values
Extraction TCC TPC 1C50 TCC TPC I1C50
[mgglpwl  [mgcar g pwl [gpw mL ] [mgglpw]l  [mgcak g pwl [gpw mL™ 5]
1
(30°C, 6 h, 20:1 gew g~ Low) 1.927 9.103 0.238 2.069 9.075 0.249
2 2.706 8.256 0.194 2.714 9.243 0.209

(45°C,24h,20:1 gsw g~ 'pw)

2.7. Optimization of Extraction Process

The optimum extraction conditions of C. vulgaris biomass using DES1/w were defined
by employing Design—Expert Ver. 13.0.5.0 software using the models of Equations (1)—(3).
The independent variables, i.e., extraction temperature (X;), time (X;), and solvent-to-
biomass ratio (X3), were set to vary within the ranges that were initially chosen for each
one of them for the implementation of the experimental design. The responses TCC (Y1)
and TPC (Y;) were set to maximize, while IC50 (Y3) was to minimize. Moreover, a weight
factor of 1 was applied for TCC and TPC and 2.5 for IC50. The weight factors resulted from
the optimization study, according to which the extracts” antioxidant activity had to obtain
a greater weight factor in comparison to the other two responses in order to obtain an
overall optimized solution. The described optimization process and its results are depicted
graphically in Figure 4.

| | L

20.00 £0.00 3.00 24.00
— =634h
| |,
20.00 40.00 1.888 3.709
=401 gsw g lpw TCC=3.705 mg gz lpw
13 0.1
7468 12.758 0.118 0.332

— i -1
TPC= 12.749 MEGAE g_'lD“_ IC50= Dllgg[}“ mL ]

Desirability = 0.872

Figure 4. Optimization of the C. vulgaris biomass extraction using the solvent DES1/w.

As seen, the predicted optimum conditions for the simultaneous maximization of TCC
and TPC and minimization of IC50 were T = 60 °C, t = 6.34 h, and r = 40:1 ggw gleW,
under which the dependent variables TCC, TPC, and IC50 were determined 3.705 mg
g 'pw, 12.749 mggag £ ' pw and 0.119 gpyw mL™g, respectively. Consequently, the highest
temperature (60 °C) and solvent-to-biomass ratio (40:1 gsw g’lpw), and an extraction
time in-between the lowest (3 h) and intermediate (13.5 h) values that were studied were
concluded to be the most convenient extraction conditions for the purpose of the present
work. By comparing the values of the three studied responses obtained under the optimum
conditions to the experimental ones in Table 3, it is seen that the recovered carotenoids
yield is a bit lower than the experimental maximum. This small compromise was inevitable
in order to obtain an overall optimized process.
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3. Materials and Methods
3.1. Chemicals
The chemical reagents used for the preparation of the DESs and the extracts” analyses

were all of the analytical grade. Details regarding their provider and purity degree are
included in Table 6.

Table 6. Chemical reagents.

Chemical Reagents Provider Purity
2,2-Diphenyl-1-picrylhydrazyl Alfa Aesar 95%
Folin Ciocalteu’s reagent Carlo Erba reagents Special grade
Methanol Fisher Scientific >99.8%
Ethanol Fisher Scientific >99.8%
Water Fisher Scientific HPLC grade
Choline chloride Sigma Aldrich >98%
1,2 Butanediol Sigma Aldrich 98%
Glycerol Sigma Aldrich >99.0%
Ethylene glycol Sigma Aldrich 99.8%
p—carotene Alfa Aesar 99%
Gallic acid Acros Organics 98%

3.2. Microalgae Culture

The microalga Chlorella Vulgaris UTEX 1809 was obtained from the Algal Culture
Collection at the University of Texas, Austin, USA. Autotrophic cultivation of C. vulgaris
was performed in a 12 L stirred tank photobioreactor with a 10 L working volume (Bioengi-
neering, Switzerland) continuously illuminated with cool white light at 65 pmol m2?sec ™!
using light emitting diodes (LED). The temperature was maintained at 25 °C, and the stir-
ring speed at 150 rpm. The bioreactor was filled with 9 L of Bold’s modified basal medium
(BBM) containing NaNOj3 (250 mg L~'), KH,POy (175 mg L), K;HPO, (75 mg L1,
NaCl (25 mg L), MgSO, 7H,0 (75 mg L~ 1), anhydrous EDTA (50 mg L~!), CaCl,
2H,0 (25 mg L), FeSO, 7H,0 (4.98 mg L), MnCl, 4H,0 (1.44 mgL '), ZnSO, 7H,0O
(8.82 mg L~1), CuSOy 5H,0 (1.57 mg L), and KOH (31 mg L™1). It was then autoclaved
at 120 °C for 20 min. Then, 1 L preculture of microalgal cells grown in 250 mL Erlenmeyer
flasks under the same conditions on an orbital shaker at 180 rpm was used as inoculum.
The pH at the beginning of the culture was adjusted to 6.8, and the sterile air supply to
0.25 vvm. After 15 days of cultivation, the microalgal biomass reached over 1.5 g L~! dry
weight. The liquid algal culture was concentrated by centrifugation (5000 rpm, for 10 min),
and the concentrated algal mass was stored at 4 °C until used in further experiments.

3.3. Preparation of DESs

The synthesis of the DESs was conducted by mixing their two components under
a determined molar ratio using constant magnetic agitation at 80 °C until a clear and
homogeneous liquid was formed (3—4 h). Three different DES systems were obtained by
using choline chloride (ChClI) as HBA and the polyols 1,2 butanediol, glycerol, and ethylene
glycol as HBD, at molar ratios 1:4, 1:2, and 1:2, respectively (Table 7). The DES constituents
were selected due to their biodegradability, biocompatibility, availability, and relatively
low cost. After synthesis, the DESs were dried in an oven at 50 °C under vacuum for 24 h.
Subsequently, they were stored in dark in a desiccator.

Table 7. Synthesized DESs and their abbreviation.

DES HBA HBD HBA:HBD
Ratio
DES1 1,2 butanediol 1:4
DES2 choline chloride glycerol 1:2
DES3 ethylene glycol 1:2
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3.4. Measurement of DES Physical Properties

Dynamic viscosity and density measurements for all pure DES and their mixtures
with water (70/30 w/w) were conducted at 60 °C. A Brookfield digital viscometer (LV-DVI-
E) connected to a thermostatic bath was employed for the viscosity measurements. An
SC4-13R chamber was used to carry the solvent sample, along with an SC4-18 spindle
attached to the moving shaft of the viscometer. Density measurements were performed
with a KEM KYOTO density/specific gravity meter (DA-640). Prior to measurements, all
DESs were dried in an oven at 50 °C under vacuum for 1 h to eliminate any adsorbed water.
All measurements were performed in triplicate.

3.5. Extraction Process

Mixtures of ChCl:1,2 butanediol (1:4), ChCl:ethylene glycol (1:2), and ChCl:glycerol
(1:2) with water (70/30 w/w) were employed as extraction solvents. According to the
literature [16,58-60], the addition of water at this concentration reduces the viscosity enough
without negatively affecting the hydrogen bond interactions between the constituents of
the DES. S. Rozas et al., 2021 [60], in particular, concluded that in the case of ChCl:glycerol
(1:2), a 10 to 30 wt% water content does not affect the main properties of the DES. The
ethanol/water 70/30 w/w mixture (EtOH/w), a non-toxic, efficient, conventional solvent,
was used for comparison [49]. The extraction conditions for the solvent screening were
selected based on the relevant published work of our scientific group [37,49]. Specifically,
the extractions were carried out at a 20:1 solvent-to-biomass ratio (r, [gsw g‘l pw]) for a time
period of three hours (t, [h]). Biomass and solvents were weighed and added in a stoppled,
double-walled glass vial that was connected to a thermostatic bath to keep the extraction
temperature at 60 °C. Constant magnetic agitation was employed for the stirring of the
biomass-solvent mixture. Upon the completion of the extractions, the resulting mixture was
centrifuged at 4430 rcf for 10 min to separate the extract from the biomass. Subsequently, the
extracts’ total carotenoid (TCC, [mg g‘lpw]) and phenolic (TPC, [mggar g‘lpw]) contents,
as well as their antioxidant activity (IC50, [gpw mL™,]) were determined.

Whereupon the solvent screening process, the most convenient one for the purpose
of our study, was employed for further investigation using the same experimental config-
uration and procedure. Particularly, three of the most influential extraction parameters,
temperature (T = 30-60 °C), solvent-to-biomass ratio (r = 20:1-40:1 g g‘lDW), and time (t
= 3-24 h) were studied regarding their effect on the extracts’ total carotenoids content, total
phenolics content and on their antioxidant capacity.

3.6. Determination of the Extracts’ Total Phenolic and Carotenoid Contents

Total phenolic content was estimated using the Folin-Ciocalteu reagent as described by
Singleton et al., 1965 [61]. In particular, 7.9 mL of distilled water and 0.1 mL of extract were
homogenized before the addition of 0.5 mL of Folin-Ciocalteu reagent. After vortexing, the
resulting mixture, 1.5 mL NayCOjs solution (20% w/v), was added, and the final mixture was
incubated for 30 min in a water bath at 40 °C. Its absorbance was subsequently measured
at 765 nm and compared to a gallic acid calibration curve.

Total carotenoid content was determined according to the Association of Official
Analytical Collaboration (AOAC) [62] methods. Following the extraction, the absorbance
of 3 mL of extract was measured at 450 nm, and total carotenoids content was calculated
from Equation (4) which was acquired by the 3—carotene calibration curve:

TCC =6.9691-Absss0 nm — 0.1286 4)

3.7. Determination of the Extracts” Antioxidant Activity

The antioxidant activity of the extracts was assessed wusing the
2,2-Diphenyl-1-Picrylhydrazyl (DPPH) assay. In total, 100 pL of the extract was added
to 3 mL of a DPPH ethanolic solution (0.03% w/v). The absorbance of the mixture was
measured at 515 nm after its incubation for 20 min at room temperature. The calculated
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IC50 values refer to the sample concentration that is required to scavenge 50% of DPPH
free radicals [63].

The spectrophotometric measurements were conducted In a SHIMADZU UV-1900,
UV-VIS spectrophotometer. All measurements described above were conducted in tripli-
cate, and the reported values of total carotenoids, total phenolics, and IC50 are the calculated
average values.

3.8. Experimental Design and Statistical Analysis

Design-Expert Ver. 13.0.5.0 (Statease Inc., Minneapolis, MN, USA, test version) was
employed for performing Response Surface Methodology (RSM) in order to optimize
the extraction process of C. vulgaris biomass using DES-based solvents. A three-factor,
three-level Central Composite Design (CCD) was followed. The influence of extraction
temperature (Xj), extraction time (X3), and solvent-to-biomass ratio (X3) on TCC (Y1),
TPC (Y3), and the IC50 (Y3) value of the extracts was examined. Eighteen experiments
in total, composed of six axial, eight factorial, and four central points, were realized
randomly (Table 8). The obtained experimental data were subjected to regression analysis
and Analysis of Variance (ANOVA). Thus, the determination of the significance of the
influence of the independent variables (Factors) on every dependent variable (Response)
was allowed, and fitting mathematical models were developed.

Table 8. Experimental design of three-factor, three-level CCD.

Factor 1/Level Factor 2/Level Factor 3/Level

Run Space Type X1: T Xp: t Xs: r
[°Cl [h] [8so1 87 DW]
1 Axial 45/0 13.5/0 20/-1
2 Axial 45/0 13.5/0 40/+1
3 Factorial 30/-1 3/-1 20/-1
4 Factorial 30/-1 24/+1 40/+1
5 Factorial 60/+1 24/+1 20/-1
6 Center 45/0 13.5/0 30/0
7 Factorial 30/-1 24/+1 20/-1
8 Factorial 30/-1 3/-1 40/+1
9 Axial 45/0 24/+1 30/0
10 Factorial 60/+1 3/-1 20/-1
11 Center 45/0 13.5/0 30/0
12 Center 45/0 13.5/0 30/0
13 Axial 45/0 3/-1 30/0
14 Factorial 60/+1 24/+1 40/+1
15 Axial 30/-1 13.5/0 30/0
16 Axial 60/+1 13.5/0 30/0
17 Center 45/0 13.5/0 30/0
18 Factorial 60/+1 3/-1 40/+1

4. Conclusions

In this study, the extraction of C. vulgaris using DES-based solvents was examined.
Among the three DESs that were synthesized in the present work, ChCl: glycerol (1:2)
(DES2) was found to be the most viscus one, followed by ChCl:1,2 butanediol (1:4) (DES1)
and ChCl: Ethylene glycol (1:2) (DES3). In order to overcome the drawback of high viscosity,
which is essential for industrial applications, DES/water 70/30 w/w mixtures were also
tested. Their viscosities followed the order that the pure DESs exhibited as well, i.e.,
DES2/w > DES1/w > DES3/w, but they were significantly lower than those of pure DESs.
Regarding the measured densities of the pure DESs, their values diminish following the
same order as the viscosity values. DES2/w and DES3/w demonstrated lower densities
in comparison to pure DES2 and DES3, respectively, though this reduction with water
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addition was not significant. The density of DES1/w was found to be marginally higher
than DESI.

From the solvent screening procedure, it was found that DES1/w solvent outper-
formed the two others, i.e.,, DES2/w and DES3/w, in extracting both carotenoid and
phenolic compounds from C. vulgaris biomass. The TCC value measured at the DES1/w
extract was 93.7% and 91.5% greater than the corresponding values measured for the
DES2/w and DES3/w extracts, respectively. The TPC value that was determined for the
DES1/w extract was almost double the TPC values found for the DES2/w and DES3/w
extracts. It should be noted that all the DES-based solvents used in the present study per-
formed significantly better in extracting phenolic compounds than carotenoids. DES1/w
exhibited a higher phenolics extraction capacity than ethanol/water (control solvent) by
approximately 10%. DES-based solvents follow the order DES1/w> DES2/w > DES3/w as
per their antioxidant activity. According to the solvent screening results described above, it
was concluded that the most convenient for the purpose of our study was DES1/w, and it
was exploited for the C. vulgaris extraction process optimization.

To this purpose, a three-factor, three-level Central Composite Design (CCD) was
performed, and the influence of the extraction parameters temperature (X;), time (X3),
and solvent-to-biomass ratio (X3) on the responses TCC (Y1), TPC (Y3) and IC50 (Y3) was
examined by performing 18 extractions. RSM and ANOVA assessment of the experimental
data led to the development of reduced quadratic multiple regression models for each of
the three dependent parameters that were studied. Non-significant lack of fit was found for
all the developed models, and their predictive capacity was confirmed experimentally via
two different experiments within the range of the examined experimental conditions. TCC
and TPC were most influenced by temperature and solvent-to-biomass ratio, while the
antioxidant activity was most affected by temperature. Carotenoid and phenolic extraction
were enhanced under higher T and r values and increasing extraction temperature boosted
the extracts” antioxidant capacity. The increase in extraction time had a negative impact
on the extracts” antioxidant activity due to the oxidation of the recovered carotenoids and
phenolics under long exposure to air and light. The highest TCC and TPC and the lowest
IC50 values were found at the temperature of 60 °C, a solvent-to-biomass mass ratio of 40:1,
and extraction time of about six and a half hours.
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Abstract: The range of applications for industrial hemp has consistently increased in various sec-
tors over the years. For example, hemp hurd can be used as a resource to produce biodegradable
packaging materials when incorporated into a fungal mycelium composite, a process that has been
commercialized. Although these packaging materials can be composted after usage, they may present
an opportunity for valorization in a biorefinery setting. Here, we demonstrate the potential of using
this type of discarded packaging composite as a feedstock for biofuel production. A one-pot ionic
liquid-based biomass deconstruction and conversion process was implemented, and the results
from the packaging material were compared with those obtained from untreated hemp hurd. At a
120 °C reaction temperature, 7.5% ionic liquid loading, and 2 h reaction time, the packaging materials
showed a higher lignocellulosic sugar yield and sugar concentrations than hemp hurd. Hydrolysates
prepared from packaging materials also promoted production of higher titers (1400 mg/L) of the
jet-fuel precursor bisabolene when used to cultivate an engineered strain of the yeast Rhodosporid-
ium toruloides. Box-Behnken experiments revealed that pretreatment parameters affected the hemp
hurd and packaging materials differently, evidencing different degrees of recalcitrance. This study
demonstrated that a hemp hurd-based packaging material can be valorized a second time once it
reaches the end of its primary use by supplying it as a feedstock to produce biofuels.

Keywords: biomass pretreatment; cholinium lysinate; Rhodosporidium toruloides; bisabolene

1. Introduction

Lignocellulosic biomass can be a renewable carbon resource for the production of
fuels and chemicals to replace non-renewable fossil carbon sources such as natural gas,
oil, and coal [1]. Lignocellulosic biomass can be converted into a wide range of chemicals
and energy carriers through a closed-loop biorefinery [2,3]. Despite decades of scientific
and technological advances in this field, many technical challenges associated with the
recalcitrance of lignocellulose to deconstruction into fermentable carbon still hamper the
establishment of economically feasible biorefineries. These include the lack of efficient and
inexpensive processes to depolymerize all components of biomass and convert them to
fuels and chemicals at high yields by microbial fermentation [4,5]. To improve the accessi-
bility of the biomass carbohydrate polymers to hydrolytic enzymes, a pretreatment step is
frequently required. Numerous pretreatment technologies have been developed, including
physical methods (e.g., milling, grinding, irradiation, and sonication) [6,7], chemical meth-
ods (e.g., alkali, acid, oxidizing agents, organic solvents, ionic liquids, and deep-eutectic
solvents) [8,9], combined physico-chemical methods (e.g., hydrothermolysis) [10,11], or
biological methods (e.g., bacteria and fungi) [12].

The discovery and implementation of biocompatible ionic liquids such as cholinium
lysinate ([Ch][Lys]) provide a compelling alternative to the aforementioned approaches
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because of their high pretreatment efficiency and lower inhibitory effect to enzymes and
microbes [13-15]. These features have allowed the development of a one-pot reaction
system where all the process steps, such as pretreatment, enzymatic hydrolysis and fermen-
tation can be consolidated into a single vessel without any separation, potentially reducing
operating costs. Our group has demonstrated the applicability of this process by generating
hydrolysates with high concentrations of monomeric sugars and organic acids from several
feedstocks like grasses, hardwoods, and softwoods, and converting them to terpene-based
jet-fuel molecules using engineered strains of the yeast Rhodosporidium toruloides [16-18].
Nevertheless, it is important to expand the range of lignocellulosic feedstocks used in
this process to evaluate its versatility to advance towards the goal of developing a truly
lignocellulosic feedstock-agnostic biorefinery.

Hemp is an attractive crop due to its fast growth, bioremediation potential, and diverse
agricultural applications, including the production of natural fibers, grains, essential oils,
and other commodities [19]. This biomass is composed of an outer fiber that represents
approximately 30% of the weight and an inner core known as hurd that accounts for the
remaining 70% [20]. The hemp fiber is utilized in the textile industry as insulation material
and for the production of bioplastics in the automotive industry, while hemp hurd is used
for low value applications such as animal bedding, concrete additives, or disposed of by
combustion and landfill accumulation [21-23]. This indicates that approximately 70 wt% of
hemp biomass has the potential to be valorized into higher-value products and applications,
which would improve the economics of the hemp industry and increase its sustainability
footprint to promote a green economy. Mycelium-based composites are emerging as cheap
and environmentally sustainable materials generated by fungal growth on a scaffold made
of agricultural waste materials [24]. The mycelium composite can replace foams, timber,
and plastics for applications like insulation, packaging, flooring, and other furnishings [24].
For example, the company Ecovative Design LLC (Green Island, NY, USA) produces a foam-
like packaging material made of hemp hurd and fungal mycelia, which is fully compostable.
Anticipating the possibility of an increased demand of eco-friendly packaging materials in
the near future, we are interested in evaluating the feasibility of diverting this used packing
material away from landfills or composting facilities towards higher value applications,
such as feedstock for biofuels. It is known that fungal enzymes can reduce the recalcitrance
of the biomass to deconstruction [25,26], likely through modification of polysaccharides
and lignin in plant biomass. Therefore, we hypothesized that the mycelium composite
material could be more easily deconstructed and converted into higher value fuels and
chemicals than the raw hemp hurd.

In this study, hemp hurd and the mycelium-based packaging material were tested as
biomass feedstocks for the production of the jet-fuel precursor bisabolene, using a one-pot
ionic liquid technology and microbial conversion. First, we examined the deconstruction
efficiency of the packaging material compared to hemp hurd, when subjugated to a one-
pot ionic liquid pretreatment process. Second, the influence of the pretreatment process
parameters on the sugar yields was investigated by using a Box-Behnken statistical design.
Finally, the generated hydrolysates were fermented to evaluate the bioconversion of the
depolymerized components by a bisabolene-producing R. toruloides strain.

2. Results and Discussion
2.1. Biomass Composition

The composition of the hemp hurd and packaging material was determined as shown
in Table 1. The total extractives of the hemp hurd and packaging material comprised 8.3 and
14.7% of the biomass, respectively. The higher extractive content of the packaging material
may be a result of the fungal (mycelium) growth stage in the packaging construction
process. For the polysaccharide content, hemp hurd had higher glucan (30.3%) and xylan
(13.5%) contents than the glucan (28.6%) and xylan (11.9%) content of the packaging
material. Combining glucan and xylan content, the total fermentable sugars of the hemp
hurd and packaging material was 43.7% and 40.4% of the hemp hurd biomass, respectively.
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This indicates that a small fraction of the polysaccharides may have been consumed and
converted into extractives during mycelial growth. However, both types of biomass
contain a substantial amount of polymeric carbohydrates that can be depolymerized into
simple sugars for fermentation. The lignin content for both materials was the same (22.4%);
however, it is possible that the mycelial growth in the packaging material could have altered
the structure of lignin and made the polysaccharides more accessible to hydrolysis [27-29].
We used the one-pot ionic liquid process on hemp hurd and package materials to test
this hypothesis.

Table 1. Chemical composition of hemp hurd and packaging materials.

Hemp Hurd (wt%) Packaging Material (wt%)
Extractives 83 +£32 147+ 1.1
Glucan 30.3+£0.9 28.6 £0.1
Xylan 135+ 05 119+ 0.1
Klason lignin 224407 224 4+3.0
Ash 0.6 £0.4 0.6 £0.3

2.2. Hydrolysate Generation Using a One-Pot Ionic Liquid Process

The raw hemp hurd and packaging material were deconstructed into fermentable sug-
ars under the same reaction conditions using 10 wt% [Ch][Lys] and 20 wt% biomass loading.
Fermentable sugar concentrations and yields are shown in Figure 1. We observed glucose
and xylose concentrations from packaging materials of 43.0 2.9 g/L and 19.3 2.3 g/L,
respectively, while hemp hurd released 35.2 + 5.3 g/L and 16.2 £ 2.9 g/L. These represent
glucose and xylose yields of 80.4 £ 5.4 and 87.1 & 9.6% for the packaging material and
66.4 £ 6.8 and 68.3 + 9.3% for hemp hurd, as shown in Figure 1B. These results indicate
that the process used to generate the packaging material renders both cellulose and hemi-
cellulose 10-20% more digestible than in raw hemp hurd, probably due to the decreased
biomass recalcitrance caused by mycelium growth.
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Hemp hurd Packaging Hemp hurd Packaging

Figure 1. (A) glucose and xylose concentration and (B) glucose and xylose yield from enzymatic
hydrolysis of [Ch][Lys]-pretreated hemp hurd and packaging materials.

2.3. Biocompatibility of Hydrolysates

One of the bottlenecks for the efficient conversion of lignocellulosic hydrolysates is the
presence of compounds generated during the pretreatment and enzymatic hydrolysis stages
that are toxic to biofuel-producing microbes [30,31]. The degree of toxicity mainly depends
on the type of biomass, pretreatment conditions, and the identity of the microorganism
that will be used for fermenting the depolymerized substrates. Therefore, we performed
a biocompatibility test with the hydrolysates prepared from hemp hurd and packaging
materials, using an engineered strain of the yeast R. toruloides known to be tolerant to ILs
and biomass-derived compounds, and convert glucose and xylose to the jet fuel precursor
bisabolene [32,33].
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When the strain was inoculated directly in concentrated hydrolysates, negligible sugar
consumption and very little growth was observed, as shown in Figure 2. Therefore, we
prepared 50% diluted hydrolysates for further testing. Under these conditions, more than
90% of glucose and xylose conversion was observed in both hydrolysates, and the cells
were able to grow and produce bisabolene (Figure 2). This result suggests that there is some
degree of toxicity present in these hydrolysates. The utilization of hydrolysate with higher
concentrations is beneficial for the economically feasible biorefinery development [34,35].
Therefore, other strategies such as hydrolysate culture adaptation or detoxification may be
required to improve biocompatibility [36].
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Figure 2. (A) sugar conversion and (B) cell density and bisabolene titer after fermentation of as-

prepared hydrolysates from (i) hemp hurd and (ii) packaging material, and 50% diluted hydrolysates
from (iii) hemp hurd and (iv) packaging material.

As shown in Figure 2B, the cell growth in 50% diluted hemp hurd hydrolysates
(OD600 = 20) was higher than the growth observed in 50% diluted hydrolysates from
packaging material (OD600 = 16). Nevertheless, the bisabolene titer produced in 50%
diluted hydrolysates from the packaging was higher than 50% diluted hydrolysates from
hemp hurd hydrolysates (1400 mg/L in 50% diluted hydrolysate from packaging vs.
600 mg/L in 50% diluted hydrolysate from hemp hurd). These results show that the
hydrolysate with higher initial sugars resulted in higher bisabolene concentration, as
expected, and the lower cell biomass in hydrolysates from the packaging material may be
caused by growth inhibitors produced by mycelial growth during the packaging process.

2.4. Effect of Process Parameters on Sugar Yield and Optimization of Pretreatment Conditions

To optimize the pretreatment condition and investigate the effect of the process factors
such as reaction time, ionic liquid loading, and reaction time, we employed a response
surface methodology (RSM) (Table 2).

Table 2. Experimental variables and their code levels in the Box-Behnken design.

Variables Factor Code Level of Factor
—1 0 1
Temperature (°C) X1 100 120 140
Time (h) X2 1 2 3

Ionic liquid loading

X3 5 7.5 10
(%)
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Tables S1 and S2 show the glucose and xylose yield from hemp hurd and packaging
materials obtained from Box—Behnken-designed experiments. The glucose yield from hemp
hurd ranged from 28.2% to 81.6%, and the packaging material ranged from 51.2% to 75%.
Xylose yields from hemp hurd and packaging materials varied in the range of 22.7-90.5%
and 51.8-80%, respectively. The quadratic regression models for glucose yield and xylose
yields from hemp hurd and packaging materials are shown as Equations (1)—(4) below:

Yﬁiﬁ’é’éﬁ”m = 0.68 4 0.14X; +0.053X; — 0.073X; — 0125X, X, + 005X, X5,
—0.01X,X3 + 0.11X% — 0.14X3 — 0.18X3
Yy M7 = 0,69 + 017X, + 0.036X; — 0.055X5 — 0.099X; X5 + 0.043X; X 2
0.025X, X3 + 0.14X7 — 0.14XZ — 0.20X3
Yé’ﬁfc"jfg"”g = 0.74+0.051X; +0.024X; — 001X —0.038X,Xo + 0015X1 X5
—0.01X, X5 — 0.072X% — 0.052X3 — 0.04X3
nyﬂfoks”egi"g = 0.80 + 0.05X; + 0.028X, + 0.027X3 — 0.035X; X, — 0.021X; X3 @

—0.03X3 — 0.055X7 — 0.086X3 — 0.055X3

As shown in Figure 3 and summary of fit in Tables 53-56, the models fitted well with
experimental data with R2.
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Figure 3. Actual yield versus predicted yield of glucose and xylose from (A,B) hemp hurd and
(C,D) packaging material.

The optimum levels of parameters for glucose and xylose yields from packaging
materials recommended by the model were: reaction temperature of 126 and 128 °C,
reaction time of 2.1 and 2.0 h, and ionic liquid loading of 7.3% and 7.9%, corresponding to a
predicted glucose and xylose yield of 74.6% and 81.7%. However, this optimal condition did
not significantly improve the yields compared to the center point, even though the reaction
conditions required a 4% higher temperature than the center point, a rather small difference
in temperature. This result suggests that other process parameters such as agitation and
biomass solid loading percentage should be tested for further improvement in the yield.

The model for hemp hurd found a saddle point instead of optimum levels, which
means that the optimum process condition was not aligned within the current experimental
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conditions [37]. Further investigation into the different range of reaction conditions such as
higher reaction temperature is required to optimize the reaction condition for hemp hurd.
If operating with a limited budget and time, the reaction condition having the highest
glucose and xylose yield can be chosen [37]. The highest glucose yield (81%) in the current
reaction condition was obtained from hemp hurd at 140 °C, 1 h reaction time and 7.5%
ionic liquid loading, which has higher severity in reaction condition than the optimized
reaction condition of packaging materials. This result indicates that the reaction parameter
affects the sugar yield differently according to the biomass type, implying that the biomass
properties change by mycelium growth.

Regarding the packaging materials, the combined effects of reaction temperature,
reaction time and ionic liquid loading on glucose yields are illustrated in Figure 4(A-I-A-III)
and xylose yields in Figure 4(B-I-B-III). Response surface plots show that the glucose yield
increased with the reaction temperature up to 133 °C with subsequent decrease in yield
at a higher temperature. The xylose yields showed a similar trend. Additionally, the
glucose and xylose yield increased with the reaction time up to 2 h and 7.5% ionic liquid
loading. After those points, the glucose and xylose yield decreased, probably due to the
loss of enzyme activity caused by the higher ionic liquid concentration [38]. Additionally,
the longer reaction time and the higher ionic liquid concentration might facilitate the
production of other compounds such as furan derivatives or organic acids, which inhibits
the enzyme activity during the pretreatment [2,39]. Moreover, the production of other
components probably led to a decrease in accessible carbohydrates to the enzyme [40].
Further tests may be necessary to improve the sugar yield. ANOVA results shown in
Table S5 indicate that reaction temperature and reaction time has statistically significant
effects on glucose yield (p < 0.0008 and 0.025, respectively), while ionic liquid loading was
not significant (p > 0.2134). Additionally, the statistically significant interaction effects of
reaction temperature with reaction time and ionic liquid loadings (p < 0.0012 and p < 0.0153)
were confirmed. ANOVA results associated with xylose yield (Table S6) show that reaction
temperature had a significant effect on the yield (p < 0.0318), while reaction time and ionic
liquids had no effect (p > 0.1702 and 0.1768). Additionally, the interaction effect of reaction
temperature with reaction time and ionic liquid loading was not significant, while the
interaction effects of reaction time with ionic liquid were significant (p < 0.0185).
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Figure 4. Surface response plot for the combined effect of (I) reaction time and temperature, (II) ionic
liquid loading and temperature and (III) ionic liquid loading and reaction time on (A) glucose and
(B) xylose yield from packaging material.
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Process parameter effects on the glucose yield and xylose yield of hemp hurd examined
the combined effects of reaction time with ionic liquid loading and the combined effect of ionic
liquid with reaction time on glucose (Figure 5(A-I-A-III)) and xylose yield (Figure 5(B-I-B-1II)).
We can observe that the glucose and xylose yields increased with the increased temperature.
However, the glucose and xylose yield increased with higher reaction time and ionic liquid
loading up to 2 h and 7.5 wt%. After those points, the glucose and xylose yield decreased
with the increased reaction time and ionic liquid loading, as observed in the hemp hurd
test. ANOVA results shown in Tables S3 and 54 confirmed that reaction temperature had
a significant effect on the glucose yield (p < 0.0049) and xylose yield (p < 0.0024). The
interaction effect of reaction temperature with ionic liquid loading and reaction time with
ionic liquid loading had a significant effect on glucose yield (p < 0.0318 and p < 0.0199), while
the interaction effect of reaction temperature with reaction time had no statistically significant
effect on glucose yield (p > 0.0520). Additionally, xylose yields were significantly affected by
the combined effect of reaction temperature with reaction time and reaction time with ionic
liquid loading (p < 0.0278 and p < 0.0261). Quadratic effects of ionic liquids on glucose yield
and xylose yield were confirmed (p < 0.0091 and 0.0065).
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Figure 5. Surface response plot for the combined effect of (I) reaction time and temperature, (II) ionic
liquid loading and temperature and (III) ionic liquid loading and reaction time on (A) glucose and
(B) xylose yield from hemp hurd.

In summary, these results demonstrate that the process parameters have different
effects on the fermentable sugar yield of hemp hurd compared to the packaging material
and implies that mycelium growth affects the hemp hurd material properties. However,
no significant improvement in the sugar yield was observed from packaging materials
compared to hemp hurd. Even though packaging materials had higher sugar yield in
less severe reaction conditions, the highest sugar yield was confirmed from hemp hurd
in the harsher reaction condition. Therefore, economic evaluation combined with the
evaluation of the reaction condition severity needs to be performed to determine which
process parameter condition will be more beneficial. One important consideration is that
the packaging materials were less dense than hemp hurd, possibly affecting the degree
of mixing of the materials with ionic liquids during pretreatment. Therefore, further
investigation of other process parameters such as biomass loading and agitation method is
required [34,41,42].
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3. Materials and Methods
3.1. Materials and Chemicals

Hemp hurd and packaging materials were donated by Ecovative Design LLC (Green
Island, NY, USA) for evaluation. Both materials were sundried for 24 h and knife-milled
with a 2 mm screen (Thomas-Wiley model 4, Swedesboro, NJ, USA). For biomass pre-
treatment, cholinium lysinate [Ch][Lys] was obtained from Proionic (Grambach, Styria).
Commercial cellulase (Cellic CTec3) and hemicellulase (Cellic HTec3) were provided by
Novozymes (Franklinton, NC, USA). Sulfuric acid (72% and ACS reagent, >99%), glucose
(>99.5%), xylose (>99%), and arabinose (>98%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

3.2. Compositional Analysis

The biomass composition analysis of the hemp hurd and packaging materials was
performed to determine glucan, xylan, lignin, and ash contents following the procedure
described by NREL [43]. In summary, 0.3 g of biomass was soaked with 3 mL of 72% w/w
H,SOy at 30 °C for 1 h, followed by secondary hydrolysis at 121 °C for 1 h after adding
84 mL of DI water. After the two-step acidic hydrolysis, the mixture was filtered to separate
glucan, xylan, and acid-soluble lignin from acid-insoluble lignin through filter crucibles.
Acid-insoluble lignin was determined by subtracting the weight of residual solids dried
in the oven at 105 °C and the weight of ash formed after burning at 575 °C. Acid-soluble
lignin was determined by UV-VIS at 240 nm using a Nanodrop spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Monomeric sugars (glucose and xylose) were determined by
HPLC using an Agilent 1200 series instrument (Agilent Technologies, Santa Clara, CA, USA)
equipped with a refractive index detector and an HPX-87H column (Bio-Rad, Hercules,
CA, USA). The instrument was operated at 0.6 mL/min flow rate using 4 mM H,SOy as
mobile phase and 60 °C column oven temperature. Extractives in the hemp hurd and
packaging materials were removed through a water and ethanol extraction process using
Dionex ASE 350 (Thermo Scientific, Waltham, MA, USA) following a procedure described
by NREL [44]. The extractive content was determined by the dry weight differences before
and after the extraction.

3.3. Biomass Pretreatment and Enzymatic Hydrolysis

For the comparison between hemp hurd and packaging materials, biomass pretreat-
ment was carried out at a 20 wt% biomass loading in a one-pot (separation-free) configura-
tion. An amount of 1 g of the biomass was mixed thoroughly with 5 g of solvent (10 wt%
[Ch][Lys], and 90 wt% water) in a pressure tube (15 mL, Ace Glass Inc., Vineland, NJ,
USA). The mixture was heated in an oil bath at 120 °C for 3 h. After pretreatment, the pH
of biomass slurry was adjusted to 5 by adding 10 M HCl and 2 M NaOH in preparation
for enzymatic hydrolysis. Subsequently, 20 mg of a commercial enzyme mixture (Cellic
CTec3 and HTec3, 9:1 v/v) per g of biomass was added to the biomass slurry. Enzymatic
hydrolysis was conducted at 50 °C for 72 h at 50 rpm in a rotary incubator. After hydrolysis,
samples were collected and centrifuged at 4500 rpm for 10 min followed by the filtration
of the supernatant with 0.45 um centrifuge filters before sugar analysis by HPLC. All the
pretreatment experiments were performed in triplicate and the standard deviation was
estimated to represent errors.

3.4. Process Optimization

A Box-Behnken design (JMP Pro 14, SAS Institute, Inc., Cary, NC, USA) was used to
explore the effect of each pretreatment process parameter on the saccharification yield and
to optimize the pretreatment conditions. A preliminary test was conducted at a temperature
of 120 °C, 10% ionic liquid loading and 3 h reaction time, which is the harshest pretreatment
condition in our setup. To determine the severity of each process parameter on the yield and
identify milder reaction conditions for potentially improving the economic viability of the
process, three levels for the factors such as temperature (X;), ionic liquid loading (X;) and
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pretreatment time (X3) were selected to 100-140 °C, 5-10%, and 1-3 h, respectively (Table 2).
Low and high levels of each factor were coded as —1 and +1. A total of 14 experiments
were designed and performed in duplicate. Three center points were used to determine the
experimental error and reproducibility of the responses. Glucose yield and xylose yield
were selected as the response. A secondary-degree polynomial Equation (5) was fitted to
the experimental results as a function of the factors for optimizing pretreatment conditions
and investigating the effect of parameters, as follows:

Y = Bo + B1Xy + BaXo + B3Xs + B1aX1Xa + B13X1 Xz + B2aXoXs + B11Xa? + BXo? + BazXa?  (5)

where Y is the response, 3 is the intercept, 31, B2, B3 and B12, B13, B23 and P11, P22, B33
are linear, interaction and quadratic effect regression coefficients, respectively. The J]MP
statistical package was used to formulate the design and analyze the obtained data.

3.5. Yeast Strain and Cultivation Conditions

An engineered Rhodosporidium toruloides strain called GB2 that produces the sesquiter-
pene bisabolene was used in the bioconversion experiments. Details on strain construction
and characterization have been previously reported [33], and the strain is deposited in the
Agile BioFoundry public registry https:/ /public-registry.agilebiofoundry.org (accessed on
29 January 2023) under the ID number ABFPUB_000319.

For microbial growth experiments, the pretreated and saccharified hydrolysates were
pH-adjusted to 7.5 using 10 N NaOH, supplemented with ammonium sulfate to reach a
final concentration of 5 g/L, and filtered through 0.45 pm surfactant-free cellulose-acetate
membranes. A fraction of the hydrolysates was diluted 50% by adding water, before pH
adjusting, nitrogen supplementation and filtering. For fermentations, cultures were started
by adding 1 mL of a frozen glycerol stock to 49 mL of yeast peptone dextrose broth (YPD)
in a 500 mL baffled flask and grown at 30 °C and 200 rpm for 24 h. 20 pL of cells in
the grown cultures were combined with 780 uL of hydrolysate per reaction in 48-well
FlowerPlates (m2p labs, Aachen, Germany). A dodecane overlay (200 uL per well) was
added to capture bisabolene from the aqueous phase throughout the fermentation. The
plates were covered with sterile AeraSeal films (Excel Scientific, Victorville, CA, USA) and
incubated for 7 days in a humidity-controlled incubator with orbital shaking at 999 rpm. At
the end of the fermentation, the entire contents of each well were collected in 1.5 mL tubes
and centrifuged to separate the overlay, supernatant, and cell fractions. The cell pellets
were resuspended in 800 uL of water, diluted with water, and 100 uL per sample were
transferred to a Costar black 96-well plate with a flat, clear bottom (Corning, Glendale, AZ,
USA) to measure optical density at 600 nm with a SpectraMax Plus 384 reader (Molecular
Devices, San Jose, CA, USA). Substrates in the supernatant were analyzed by HPLC with
the same method described in Section 3.3. Bisabolene was quantified by GC-MS using
previously published methods [39]. The bisabolene concentrations reported here represent
the concentrations that would be present in the aqueous phase of the cultivations.

4. Conclusions

This work demonstrates the feasibility of hemp hurd and packaging materials made
of mycelium grown on hemp hurd to be used as feedstocks for bioconversion to a jet-fuel
precursor using a one-pot ionic liquid technology. During the initial test (120 °C, 7.5 wt%
ionic liquid loading and 2 h reaction time), the packaging materials produced higher sugar
concentrations (43 g/L of glucose and 19.3 g/L of xylose) and yield (80.4% for glucose
and 87.1% for xylose) than the hemp hurd (35.2 g/L of glucose and 16.2 g/L of xylose
and 66.4% and 68.3% glucose and xylose yield, respectively). However, the Box-Behnken
experimental design showed that the reaction conditions for the maximum sugar yields
from each material was different and that the significance of the process parameter effect
on the fermentable sugar yield was dependent on the biomass properties, suggesting that
the mycelial growth affected the deconstructability of the hemp hurd. Furthermore, the fer-
mentation test to convert fermentable sugar into bisabolene showed that hydrolysates from
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the packaging material resulted in a higher bisabolene titer (1400 mg/L) than hydrolysates
from the hemp hurd, probably due to the higher sugar concentrations generated form the
packaging material.

To fully take advantage of these packaging materials to produce biofuels after they
are used and discarded, a more detailed correlation study between the fermentable sugar
yield and physicochemical properties of biomass and packaging materials or packaging
process parameters is required by testing different hemp material sources. In addition,
methods to overcome hydrolysate toxicity will need to be employed to enable utilization of
concentrated hydrolysate for increased product titers and a reduction in water consumption.
Finally, further investigation into other process parameters such as agitation and biomass
loadings are merited to fully optimize the pretreatment conditions, as well as performing
pilot scale tests to generate data that can help assess the economic feasibility of this new
conceptual process. Overall, this study indicates that it is possible to produce lignocellulosic
supply chains for production of biofuels and biochemicals that include both raw biomass
and biomass that has been first processed and valorized as commercial products, such as
packaging materials, enabling the carbon in these lignocellulosic products to generate value
multiple times in their life cycle.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28031427/s1. Table S1: Glucose yields from hydrolysis
of one-pot pretreated hemp hurd and packaging material under different experimental conditions.
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under different experimental conditions. Table S3: ANOVA, summary of fit and significance of
regression coefficients for glucose yield model of hemp hurd. Table S4: ANOVA, summary of fit
and significance of regression coefficients for xylose yield model of hemp hurd. Table S5: ANOVA,
summary of fit and significance of regression coefficients for glucose yield model of packaging
material. Table S6: ANOVA, summary of fit and significance of regression coefficients for xylose yield
model of packaging material.
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Abstract: Ionic liquids (ILs) have received considerable attention as a promising green solvent
for extracting metal ions from aqueous solutions. However, the recycling of ILs remains difficult
and challenging because of the leaching of ILs, which is caused by the ion exchange extraction
mechanism and hydrolysis of ILs in acidic aqueous conditions. In this study, a series of imidazolium-
based ILs were confined in a metal-organic framework (MOF) material (UiO-66) to overcome the
limitations when used in solvent extraction. The effect of the various anions and cations of the ILs
on the adsorption ability of AuCl;~ was studied, and 1-hexyl-3-methylimidazole tetrafluoroborate
([HMIm]*[BE4]~ @UiO-66) was used for the construction of a stable composite. The adsorption
properties and mechanism of [HMIm]*[BF,]~ @UiO-66 for Au(Ill) adsorption were also studied.
The concentrations of tetrafluoroborate ([BF;] ™) in the aqueous phase after Au(Ill) adsorption by
[HMIm]*[BE4]~ @UiO-66 and liquid-liquid extraction by [HMIm]*[BF4]~ IL were 0.122 mg/L and
18040 mg/L, respectively. The results reveal that Au(Ill) coordinated with the N-containing functional
groups, while [BF4]~ was effectively confined in UiO-66, instead of undergoing anion exchange in
liquid-liquid extraction. Electrostatic interactions and the reduction of Au(IIl) to Au(0) were also
important factors determining the adsorption ability of Au(Ill). [HMIm]*[BFs]~ @UiO-66 could be
easily regenerated and reused for three cycles without any significant drop in the adsorption capacity.

Keywords: ionic liquids; UiO-66; gold recovery; regenerability; selective adsorption

1. Introduction

Ionic liquids (ILs) represent a class of environmentally friendly “green” solvents with
unusual physical and chemical properties, such as a low vapor pressure and the absence
of volatilization, and they can be used for the extraction of metal ions from aqueous
solutions [1-9]. The most commonly proposed mechanism for the extraction of metal ions
into the hydrophobic ionic liquid phase is ion exchange [2-9]. The simultaneous release of IL
ions to the aqueous phase (resulting in IL losses and aqueous phase pollution) when metal
ions are extracted into the IL phase has been reported in many cases. Moreover, the chemical
stability of ILs has already aroused attention. The hydrolysis of fluorine-based anions of
ILs has been reported. Fernandes and co-workers found that the hydrolysis of [BF4]~ even
occurred at room temperature [10]. The hydrolysis of fluorine-based anions generates an
abundance of toxic hydrofluoric acid (HF), which results in environmental pollution.

Supported ionic liquids (SILs) are a new type of solid material prepared through physical
adsorption, chemical bonding, or loading of ILs onto porous supports, and they have the
characteristics of both ILs and carriers. The process can significantly improve the utilization of
ILs, solve the problems of the high viscosity, separation, and mass transfer of ILs, and expand the
application field of ILs. Various porous materials have been used as supports, such as covalent
organic frameworks [11], porous celluloses [12,13], molecular sieves [14], magnetic materials [15],
resins [16], porous silica [17], and biopolymers [18]. SILs have been widely used in various
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applications, such as catalysis [19], adsorption separation [12,13,15-18], gas storage [14,20], and
electrode materials [11]. However, the ion exchange mechanism is responsible for the adsorption
of metal ions in SILs in many cases [13,16-18].

Immobilizing ILs in metal-organic frameworks (symbolized as IL@MOFs) is favorable
for the adsorption of metal ions from the aqueous phase because of the strong bond
between ILs and MOFs, as reported in [19,21,22]. UiO-66 is a porous crystalline material
with Zr?* as the excess metal ion and terephthalic acid as the organic ligand. The Zr4
cluster ([ZrsO4(OH)4]) has 12 terephthalic acids (H,BDC), the maximum number of organic
ligands and metal coordination clusters in MOFs. Compared with other MOFs, the dense
structural unit and Zr-O property make UiO-66 the most stable porous material in aqueous
solutions and other common solvents [23-27]. It possesses high thermal and mechanical
stability, as well as good resistance to strong acids [28,29]. Moreover, UiO-66 contains
tetrahedral and octahedral pore cages, and this 3D pore structure facilitates the dispersion
of ILs [30]. The [ZrsO4(OH)4] metal ion clusters of UiO-66 are easily approached by the
spherical anions of ILs, such as [BF;]~ and hexafluorophosphate ([PF¢] ") [31]. Therefore,
UiO-66, with a stable and well-defined structure, becomes a promising host material for
immobilizing IL anions.

Gold is valuable, and the recovery of Au(Ill) from waste CPUs has become attractive
due to the limited availability of gold. Gold can be extracted from electronic waste tech-
nology via pyrometallurgy and hydrometallurgy [32]. The selectivity of pyrometallurgy is
poor, the process is complex, the cost is high, and the generation of volatile metals and dust
causes environmental pollution. Therefore, hydrometallurgy is the main method used to
leach metals from e-waste [33]. Currently, commonly used methods for gold recovery from
e-waste leaching solutions include solvent extraction [4,34], chemical precipitation [35],
membrane separation [36], and adsorption [37-39]. In contrast, adsorption has the advan-
tages of mild conditions, simple operation, low cost, and recyclability. Adsorption is the
most economical and practical method for gold recovery, with great potential. Additionally,
in solvent extraction, it is worth noting that ILs themselves extract [AuCly]~ through anion
exchange. Based on the above, a study of gold recovery from waste CPUs using composite
materials composed of ILs encapsulated in UiO-66 (ILs@UiO-66) was conducted. The
composites combine the excellent physicochemical properties of ILs and the advantages
of the high surface area and high porosity of UiO-66. However, the investigations on
ILs@UiO-66 composites available thus far are mainly focused on examining the effect of
the loading of ILs on their extraction performance, while the effects of stronger interactions
of IL anions with UiO-66 are rarely explored. Therefore, in the current study, an effort was
made to address this issue. We expect that the knowledge gained will not only contribute
to a better understanding of the properties of ILs@UiO-66 composites for gold recovery,
but will also be beneficial in providing guidance on how to overcome the limitations of ILs
used in acidic conditions.

2. Results
2.1. IL Dependence of Adsorption Ratio

In this study, UiO-66, originally synthesized by Lillerud and co-workers [40], was
used as a support for ILs. Previous studies have shown that UiO-66 is one of the most
stable MOFs. It possesses high thermal and mechanical stability, as well as good resistance
to strong acids [28]. The unique robustness of UiO-66 derives from the 12-coordinated Zrg
clusters that constitute the framework. It is built up from [ZrsO4(OH)4] units interlinked via
terephthalate linkers, leading to a 3D porous framework with two types of cages, namely,
tetrahedral and octahedral cages, with diameters of 8 and 11 A, respectively [22].

In order to select ionic liquids with an appropriate structure, the influence of the anions
and cations of ILs on the Au(III) adsorption ability of ILs@UiO-66 was examined at first. Sev-
eral ILs were transported into UiO-66, and their Au(Ill) adsorption ability was investigated,
including [HMIm]*-based ILs with different anions (tetrafluoroborate [BF;]~, hexafluo-
rophosphate [PFg]~, acetate [OAc] ™, and bistrifluoromethane sulfonimide [NTf;] ™) and
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Adsorption ratio, %
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[BE4]~-based ILs with different cations (1-ethyl-3-methylimidazolium [EMIm]*, 1-butyl-3-
methylimidazole [BMIm]*, [HMIm]*, and 1-octyl-3-methylimidazolium [OMIm]*). The
results are shown in Figure 1a, b.
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Figure 1. (a) IL cation dependence of adsorption ratio; (b) IL anion dependence of adsorption
ratio (¢ Ay =60 mg/L, V auqm) = 10 mL, m pyvim)+(BF4]-@Uio-66 = 10 mg, t = 6 h, T=35°C, pH =2);
(c) mass ratios of [HMIm]*[BF4]~ (¢ auqm) = 60 mg/L, V Ay = 10 ML, M [tivim]+[BFa]—@Uio-66 = 10 mg,
t=6h,T=35°C,pH=2).

According to the reported studies, the composition of ILs is an important factor
that affects the extractability of AuCly;~ when ILs are used in solvent extraction or
immobilized on solid supports. The extractability of AuCl;~ was found to be greater
for ILs composed of more hydrophilic anions and more hydrophobic cations [13,41].
In this work, with the [HMIm]* cation, the Au(IIl) adsorption ability of ILs/UiO-66
was in the order of [BF4]™ > [OAc]™ > [PFy]™ > [NTf,]~, while with the [BF4] ™ anion,
it was in the order of [HMIm]* > [OMIm]* > [BMIm]* > [EMIm]*. These results
are roughly related to the hydrophilicity of the anions and hydrophobicity of the
cations. The hydrophilicity of the used anions in our work decreased in the order of
[OAc]™ > [BF4]™ > [PFg]™ > [NTf,] 7, and the hydrophobicity of the cations decreased
in the order of [OMIm]* > [HMIm]* > [BMIm]* > [EMIm]*. Therefore, ILs composed
of more hydrophilic anions and hydrophobic cations are more conducive to adsorbing
Au(Ill), except for [OAc]~, [BF4], [OMIm]*, and [HMIm]*.

For [OAc]™ and [BF4]~, the quasi—spherical structure of the [BF4]™ anion allows
it to fit more closely in the Zr sites of UiO-66 than [OAc]~, which has a chain-like
structure [31]. As a result of this, the Au(lll) adsorption ability showed the order of
[HMIm]*[BF4]~ @UiO-66 > [HMIm]*[OAc]~ @UiO-66. Hence, the effect of anions on the
adsorption ratio of Au(Ill) resulted from the hydrophilic effect in combination with the
anionic structure.

For [OMIm]* and [HMIm]*, considering the very large [OMIm]* cation transported
into UiO-66 cavities, it is possible to block the pores of UiO-66, resulting in difficult Au(III)
adsorption [42]. Thus, the effect of cations on the adsorption ratio of Au(Ill) was caused by
the hydrophobic effect in combination with the cationic size. Since [HMIm]*[BF,]~ @UiO-66
showed the best adsorption result, the rest of the study was carried out with this adsorbent.

Subsequently, the influence of [HMIm]*[BF4]~ IL loading on the adsorption ratio of
Au(IIT) was investigated (by conducting experiments on the synthesis of [HMIm]*"[BF4]~@UiO-
66 with different mass ratios of [HMIm]"[BF4]~ to UiO-66). UiO-66 was loaded with
[HMIm]*[BF4]~ from [HMIm]*[BF4] ™ -ethanol solutions. As reported, the IL mass in the
solution is essentially proportional to the IL loading in the MOF pores [43]. Thus, the
investigations of the effect of [HMIm]*[BF,]~ loading were conducted by varying the mass
ratio of [HMIm]*[BF4]~ to UiO-66 in ethanol solutions. As shown in Figure 1c, with an
increase in the mass ratio of [HMIm]*[BF,]~, the adsorption ratio of Au(Ill) increased
at first and then decreased when the mass ratio was higher than 40%. The maximum
adsorption ratio maintained above 95% was achieved at medium loadings, when the mass
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ratio of [HMIm]*[BF4]~ was 40%. Atlow [HMIm]*[BF,]~ loadings, incorporating more ILs
into UiO-66 provided more sites that can interact with Au(Ill); thus, the adsorption ability
increased. At high [HMIm]*[BF4]~ loadings, where the percentage of the free volume of
the adsorbent decreased when more ILs were transported into UiO-66, the pore blockage
hindered the passage of gold ions [16,43].

2.2. Characterization of [HMIm]*[BF ]~ @UiO-66

The resulting immobilized [HMIm]*[BF4]~ in UiO-66 was characterized by various
microscopic and spectroscopic techniques, such as scanning electron microscopy (SEM),
Fourier transform infrared spectra (FT-IR), and X-ray diffraction spectrometry (XRD). The
specific surface area and porous structures of UiO-66 and [HMIm]*[BF;]~ @UiO-66 were in-
vestigated via nitrogen adsorption—-desorption isotherms and pore size distribution curves.

The surface morphology of UiO-66 before and after IL loading was observed via SEM.
Figure Sla, b show the SEM images of UiO-66 and [HMIm]*[BE;]~ @UiO-66, indicating that
no detectable IL phase formed on the surface of UiO-66 [42]. A large number of irregularly
rounded particles can be found closely attached to the characterized surfaces of UiO-66
and [HMIm]*[BF;]~@UiO-66, and this rough surface can enhance the adsorption capacity.
This is the same form as previously reported for UiO-66 [25]. At the same time, many pores
and voids can be observed in Figure S1, and this porous tertiary structure is beneficial
for the following adsorption performance. The dimensions of both samples are the same,
indicating that the morphological characteristics of the samples are the same before and
after synthesis.

To confirm the successful immobilization of [HMIm]*[BF4]~ in UiO-66, FI-IR was per-
formed. The FT-IR spectra of UiO-66 and [HMIm]*[BF,;]~ @UiO-66 are shown in Figure 2a.
The band at 1581 cm ™! in the spectra of UiO-66 and [HMIm]*[BF,]~ @UiO-66 is due to
the stretching vibration of the C=0O bond on the BDC, the appearance of the characteristic
band at 1398 cm ! indicates the typical framework vibration of the benzene ring, and the
stretching vibrations of the Zr-O and Zr-O, bonds are indicated by the bands at 747 cm™~!
and 663 cm ™! [26,27], which indicate the successful synthesis of UiO-66. The strong band at
1105 cm™~! can be attributed to C-N stretching, and the band at 1296 cm~ ! can be attributed
to the imidazole ring stretching [42], which indicates the successful sequestration of IL onto
UiO-66.
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Figure 2. (a) FT-IR spectra of UiO-66 and [HMIm]*[BF,]~ @UiO-66; (b) PXRD patterns of UiO-66 and
[HMIm]*[BF4]~ @UiO-66.

The powder XRD patterns of UiO-66 and [HMIm]*[BE;] @UiO-66 are shown in
Figure 2b. The prominent characteristic peaks of UiO-66 are located at 20 = 7.5°, 8.5°,
and 25.8°, which are consistent with the UiO-66 patterns in the literature [20,26,29,42]. In
addition, [HMIm]*[BE4]~ @UiO-66 has the same typical peaks and intensities, indicating
that the IL-supported UiO-66 crystal pore cage structure remains intact. However, there are
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no characteristic peaks of [HMIm]*[BF4]~ in the XRD pattern of [HMIm]*[BF,;]~ @UiO-66,
probably because [HMIm]*[BF4]~ is entrapped in the framework of UiO-66 and there is no
crystalline phase of [HMIm]*[BF4] ™ to be detected.

The N, adsorption—desorption isotherms of the adsorbent materials are shown in
Figure 3a. The characteristics of UiO-66 and [HMIm]*[BF;]~@UiO-66 both follow an
I-shaped curve [27], characteristic of microporous materials, proving the existence of
microporosity in the materials. IL curing can still maintain the microporous properties
of UiO-66, and the stable microporous structure benefits the diffusion of Au(Ill). The
pore size distribution parameters were obtained based on the Brunauer-Emmett-Teller
(BET) pore size distribution curves. The BET surface area and pore volume of UiO-66
and [HMIm]*[BFy]~@UiO-66 were 1211.178 m? /g and 0.455 cm®/g, and 1207.26 m?/g
and 0.442 cm® /g, respectively. Before and after IL curing, the high specific surface area
possessed by UiO-66 can provide more adsorption sites for Au(IIl). In addition, the pore
diameters of [HMIm]*[BF,;]~ @UiO-66 are mainly distributed around 0.94 nm and 1.51 nm.
These diameters are much larger than those of gold species. Thus, this facilitates the
diffusion of gold ions from the surface of the material into the pores, so that there are
enough adsorption sites on the surface to adsorb gold ions. The reduction in the specific
surface area and pore volume of UiO-66 before and after loading also confirms that the IL
was successfully transported into UiO-66.
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Figure 3. (a) Nitrogen adsorption—desorption isotherms of UiO-66 before and after [HMIm]*[BF,]~
modification; (b) aperture distribution curve of UiO-66 before and after [HMIm]*[BF4]~ modification.

2.3. Adsorption Mechanism
2.3.1. The Anion Influence on Adsorption

In liquid-liquid extraction, ILs extract [AuCly]~ through the anion exchange mech-
anism [3-8,44]. A series of SILs as adsorbents have been developed; however, the anion
exchange mechanism is responsible for the adsorption of [AuCl4]~ [13,16,18]. The loss of
IL anions not only leads to water pollution, but also challenges the regeneration of ILs.

By introducing an IL into the porous framework of an MOF, it has been reported
that the interionic interactions become stronger due to the interaction of the anions of the
IL with the metal sites of the MOF, and the direct interaction between the imidazolium
ring of the IL with either the MOF or the anion of the IL [21]. Another computational
study concluded that anions of ILs ([NTf,]~, [PFs]~, [BF4]~, and [SCN] ™) have a stronger
interaction than [BMIm]* cations with MOFs. Thus, UiO-66 possesses application potential
in avoiding the anion exchange mechanism because of the interactions between IL anions
and the Zr atoms of UiO-66.

ILs with [PF4]~ or [NTf;]~ anions are more widely used in the liquid-liquid extraction
of metal ions, despite their higher cost compared to ILs with [BF4]™ anions [1,2,4-8]. The
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applications of [BF4]™ ILs in the extraction of metal ions are limited due to the higher water
miscibility compared to ILs with [PFs]~ or [NTf,]~. To figure out whether UiO-66 can
effectively confine [BF4]™ to restrain the exchange process of [BF4]~ with [AuCl4]~ and
the dissolution of [HMIm]*[BF4]~ in water, the concentrations of [BF,]~ in the aqueous
phase after [AuCly]~ adsorption or liquid-liquid extraction were quantified. An amount
of 150ppm of [AuCly]~ at pH = 2 was used for the study at first. The adsorption of
[AuCly]~ by [HMIm]*[BF4]~@UiO-66 and the liquid-liquid extraction of [AuCl4]~ by
[HMIm]*[BF,] ™ IL itself were performed under the same conditions (c puqm = 60 mg/L,
V aum =10 mL, T =35 °C, t = 6 h). The ion chromatograms for [BF4]™ in the aqueous
phase are shown in Figure S3. When the adsorption and extraction ratios of Au(Ill) were
78.85% and 96.84%, the [BF4]™ concentrations in the aqueous phase were 0.122 mg/L and
18,040 mg/L, respectively. Although [HMIm]*[BF4]~ IL has a higher enrichment efficiency
for Au(lIl), there was almost a 45% loss of the IL composed of [BF4]~ from the IL phase
into the aqueous phase, leading to serious environmental pollution and difficult reuse
of [HMIm]*[BF4]~. Meanwhile, there were only ultra-trace amounts of [BF4]~ found in
the aqueous phase after the adsorption of Au(Ill) by immobilizing [HMIm]*[BF4]~ on
UiO-66. Obviously, the loss of [BF4] ™ was restrained because [BF4] ™ anions were effectively
confined in UiO-66 cages as we initially expected.

To further explore the stronger interaction between UiO-66 and the anions of [BF4]~
IL, the effect of [BF4]~ concentrations on Au(lll) adsorption was investigated. As shown in
Figure 4, the adsorption ratio of Au(IIl) decreased significantly from 83.72% to 17.10% with
increasing [BF4]~ concentrations from 0 to 0.01 mol/L. The effect of [BF4]~ concentrations
can be understood by considering the stronger interaction between the [BF4]~ anions and
Zr** metal sites in UiO-66. The adsorbent preferred to adsorb [BF4]~ rather than [AuCls]~,
which was mainly affected by the anion radius. [BF4]~ with a smaller anionic radius (0.232
nm) is more conducive to transport into the pores of UiO-66. The increased amount of
[BF4]™ in the adsorbent occupied adsorption sites and pore channels in UiO-66; thus, the
adsorption of Au(Ill) on [HMIm]*[BF;]~@UiO-66 was significantly reduced.
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Figure 4. Effects of different concentrations of BF,~ on Au(Ill) adsorption (¢ aumr = 60 mg/L,
V au(mny = 20 mL, M [gnvim]+[BR4]—@Uio-66 = 10 mg, t =6 h, T =35 °C, pH = 2).

99



Molecules 2023, 28, 2165

Adsorption ratio, %

100

Since the results confirm that [HMIm]*[BF;]~ @UiO-66 adsorbed Au(IIl) certainly
without ion exchange, to further explore the adsorption mechanism of Au(Ill), the effect
of pH on adsorption was investigated, and the X-ray photoelectron spectroscopy (XPS)
analyses of [HMIm]*[BF,;]~ @UiO-66 before and after adsorption were examined.

2.3.2. Effect of pH

The pH effect on the surface charge of the adsorbent and metal ions is one of the
fundamental factors affecting the adsorption rate. Here, the effect of pH varying from 1
to 9 on Au(lll) adsorption was evaluated. The adsorption ratio of Au(lll) was in the
range of 88.28% to 94.37% when the pH was 1 to 2. Meanwhile, it decreased from
94.37% to 73.48% with increasing pH from 2 to 9. As far as we know, the species of
Au(Ill) in solutions at pH 1-9 have negative charges, such as [AuCly]~, [AuCl3(OH)]~,
[AuCl,(OH);]~, [AuCl(OH)3]~, and [Au(OH)4]~ [38—40]. As shown in Figure 5, the zero
point charge (pHpc) of [HMIm]*[BF4]~@UiO-66 is 5.3, indicating that the surface charge
of [HMIm]*[BE4]~ @UiO-66 is positively charged when the pH is lower than 5.3. The posi-
tively charged [HMIm]*[BF,]~ @UiO-66 is conducive to the adsorption of the negatively
charged Au(Ill) species. The decrease in the zeta potential of [HMIm]*[BF,]~@UiO-66
with the increase in the pH value is consistent with the lower pH value, facilitating Au(III)
adsorption [45-47]. Thus, electrostatic interaction plays an important role in the adsorption
process, and a pH of 2.0 was chosen in the following adsorption experiments. However, the
adsorption ratio of Au(IIl) is 73.48% when the surface charge of [HMIm]*[BF,]~@UiO-66
is negatively charged at pH =9, which indicates that [HMIm]*[BF;]~ @UiO-66 has other
attractions to Au(III).
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Figure 5. Effects of pH and zeta potential of [HMIm]*[BF;]~ @UiO-66.
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2.3.3. XPS analysis of [HMIm]*[BF,;]~ @UiO-66

To investigate the adsorption mechanism of Au(Ill), [HMIm]*[BF]~ @UiO-66 be-
fore and after the adsorption of Au(Ill) was analyzed via XPS. The complete XPS spec-
tra of [HMIm]*[BE4]~ @UiO-66 and [HMIm]*[BF;]~ @UiO-66/ Au are shown in Figure 6.
Compared to the spectrum of [HMIm]*[BE4]~ @UiO-66, a new Au4f peak was found for
[HMIm]*[BF4]~@UiO-66/Au. This indicates that Au(IIl) was successfully adsorbed by this
material. The peaks in the high-resolution Au4f spectrum of the gold adsorbent can be
divided into Au4f 7/2 and Au4f 5/2, as shown in Figure 6b. The two peaks at 87.54 eV
(Au4f 5/2) and 83.87 eV (Au4f 7/2) correspond to Au(0), while the two peaks at 88.12 eV
(Au4f 5/2) and 84.47 eV (Au4f 7/2) correspond to Au(l) [25,45,46,48]. The results suggest
that Au(II) was reduced to Au(0) and Au(I) by [HMIm]*[BF;]~ @UiO-66, and that a redox
mechanism exists during the adsorption process. The Au(0) area ratio is 64.68%, and the
size of the peak area ratio indicates that gold mainly exists on the adsorbent in the form
of Au(0) [46].
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Figure 6. XPS spectra: (a) full spectra of [HMIm]*[BF;]~ @UiO-66 and [HMIm]*[BE;]~ @UiO-66/Au;
(b) Au 4f spectra of [HMIm]*[BF;]~@UiO-66/Au; (c,d) N1s spectra of [HMIm]*[BF4]~ @UiO-66 and
[HMIm]*[BF,]~@UiO-66/Au.

To understand the interactions between the gold and N atoms, the XPS N1s spectra
of [HMIm]*[BF,;]~@UiO-66 and [HMIm]*[BF,]~ @UiO-66/ Au were studied. In Figure 6c,
the N1s spectra can be divided into C=N and -NH. The peak of the C=N binding energy
changes from 398.57 eV to 398.47 eV, while the peak of the -NH binding energy changes
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from 399.88 eV to 400.2 eV, after adsorption. The peak area of C=N decreases while the peak
area of NH increases relatively after adsorption. The results indicate that the electrons were
transferred from N to Au(III). The N-containing functional groups were bound to Au(III)
through complexation, and Au(Ill) was reduced to Au(I) and Au(0) [47,48]. The results
prove the mechanism of Au(Ill) adsorption after IL immobilization, which not only avoids
ion exchange in solvent extraction, but also provides a new adsorption site for Au(III).

In summary, the mechanism of the adsorption of Au(IlI) by [HMIm]*[BF;]~@UiO-66
has three parts: electrostatic interaction, coordination between Au(Ill) and N-containing
functional groups, and a reduction of Au(III) to Au(I) and Au(0). The loss of [HMIm]*[BF4]~
IL in the aqueous phase caused by the miscibility of the water and anion exchange was
effectively restrained because of the strong interaction between the IL and UiO-66.

2.4. Adsorption Kinetics

The adsorption equilibrium time is one of the critical indicators for the evaluation of
adsorbents. The effect of time on the adsorption of Au(Ill) by UiO-66 and [HMIm]*[BF,]~ @UiO-
66 was investigated. The results are shown in Figure 7a. It can be seen that the adsorption curve
maintains the same trend. The adsorption of Au(Ill) by UiO-66 and [HMIm]*[BF,]~@UiO-66
increased rapidly from 0 to 10 min, reaching 61.09% and 92.60%, respectively, and as time
increased, the adsorption ratio reached equilibrium at 50 and 25 min, respectively. Au(Ill) was
rapidly adsorbed in the first 10 min. The adsorption ratio of Au(Ill) by [HMIm]*[BF,]~@UiO-66
was much higher than that of UiO-66. This indicates that the sequestration of the IL not only
inhibited the exchange and decomposition of [BF4]~, but also provided a large number of
adsorption sites for Au(Ill).
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Figure 7. (a) Effect of adsorption time; (b) effect of the initial Au(III) concentration on the adsorption
capacity of [HMIm]*[BF,]~ @UiO-66.

The data obtained were further fitted using pseudo-first-order (PFO, Equation (1)),
pseudo-second-order (PSO, Equation (2)), and intraparticle diffusion (Id, Equation (3)) mod-
els to describe the adsorption behavior. The pseudo-first-order kinetic model assumes [49]
that the adsorption process is physical adsorption, and its rate-limiting step is related to
pore diffusion. The pseudo-second-order kinetic model assumes [39] that the adsorption
process is chemical adsorption, and its rate-limiting step is a chemical reaction. The intra-
particle diffusion model assumes [50] that the external mass transfer process leads to either
rapid intraparticle diffusion or rate control steps.

In(ge — q:) = Inge — Ky, 1)
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where g, and ¢q; (mg/g) are the metal amounts when adsorption equilibrium is reached and
at time t, respectively, K; (1/min) is the pseudo-first-order rate constant, K, (mg/g-min)
is the pseudo-second-order rate constant, K3(mg/g-min %) is the particle diffusion rate
constant, and C is the intercept, representing the thickness of the boundary layer.

The experimental data were analyzed using pseudo-first-order, pseudo-second-order,
and intraparticle diffusion models, and the parameters obtained are shown in Figure 8 and
Table 1. For UiO-66 and [HMIm]*[BF,]~ @UiO-66, the pseudo-second-order model has the
highest correlation coefficient (R%1i0-66 = 0.9998 and Rz[HMIm]Jr[BM],@UiO_éG =0.9934), mean-
ing it has a good linear correlation. In addition, the experimental values of Q in the PSO
kinetics are closer to the theoretical values, which further demonstrates that the adsorption
process of Au(III) can be better reflected by the PSO kinetic model. This suggests that the
rate-limiting step of the Au(III) adsorption behavior of UiO-66 and [HMIm]*[BF4]~@UiO-
66 is a chemical reaction. In contrast, the adsorption capacity of [HMIm]*[BF4]~ @UiO-66 is
positively correlated with the number of adsorption sites [51-53].
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Figure 8. The fitting curves of UiO-66 and [HMIm]*[BF,]”@UiO-66: (a—c) UiO-

66; (d-f) [HMIm]*[BF4]” @UiO-66; (a,d) pseudo-first-order; (b,e) pseudo-second-order;
and (c,f) particle diffusion.

Table 1. The kinetic parameters of pseudo-second-order model.

Pseudo-Second-Order

R? qe(fit) Qel(exp)
UiO-66 0.9998 39.326 39.541
[HMIm]*[BF4]~ @UiO-66 0.9934 64.185 59.844

103



Molecules 2023, 28, 2165

2.5. Isotherm Study

The adsorption isotherm is an important indicator to evaluate the maximum adsorp-
tion capacity of the adsorbent. The variation in the adsorption capacity with the initial
Au(IIl) concentration at three temperatures (25, 30, and 35 °C) is shown in Figure 7b. Fur-
thermore, the adsorption capacity increases with increasing initial Au(Ill) concentration.
It can be adsorbed entirely at low concentrations because a sufficient number of adsorp-
tion sites are provided by the adsorbent. Due to the limited number of adsorption sites,
the adsorption capacity tends to increase gradually and slowly with increasing Au(III)
concentration, which leads to adsorption saturation. The obtained data were fitted and
analyzed with the Langmuir model (Equation (4)), Freundlich model (Equation (5)), and
Dubinin-Radushkevich (D-R) model (Equation (6)). The Langmuir model assumes [54]
that adsorption is monolayer adsorption on a uniform surface, and that the adsorption
and desorption are in dynamic equilibrium. The Freundlich isotherm model assumes [55]
that adsorption is multilayer adsorption and occurs on heterogeneous surfaces. The D-R
isotherm model assumes [56] that the adsorption process is not layer-by-layer adsorption
on the adsorbent surface but related to the micropore volume.

Ce 1 Ce
— = —, 4)
de KLqm Im
1
Ing, = InKg + Hce, 5)
5 1
Ing, =Inq,, — B¢, e=RTIn 1+C— , 6)
e

where Ky (L/mg) is the Langmuir constant related to the affinity of the binding site,
Kr((mg/g)/(L/mg)'/™) shows the Freundlich constant associated with the adsorption
strength, q,; (mg/g) and n express the highest adsorption capacity and the coefficient of
the Freundlich model, respectively, 3 represents the D-R isotherm constant, R represents
the universal gas constant (8.314 J/mol-K), and T represents the temperature (K).

The separation factor (Ry) describes the basic characteristics and feasibility of the

Langmuir isotherm:
1

Ry = ————
L 14+ Kreo

@)

The experimental results were analyzed using the Langmuir, Freundlich, and D-R
models, and the parameters obtained are shown in Figure 9a—i and Table 2. The results
show that the adsorption isotherms of Au(Ill) were more consistent with the Langmuir
model (R = 0.995, 0.91634, 0.92302), and the theoretical maximum adsorption amounts of
Au(IlI) at the three temperatures were 109.89, 142.05, and 279.33 mg/g, which are very close
to the actual maximum adsorption amounts of 111.57, 160.77, and 284.64 mg/g, indicating
that the adsorption of Au(Ill) is monolayer adsorption at a specific homogeneous location
on the adsorbent surface [47,48,57]. Moreover, the R} values of Au(lll) in the Langmuir
model were all below 1, which indicates that the adsorption is appropriate [53]. In addition,
the maximum adsorption of [HMIm]*[BF]~ @UiO-66 (284.64 mg/g) was higher than that
of UiO-66 (203.42 mg/g) (see SI for detailed results).

Table 2. The parameters of the Langmuir model.

Langmuir
KL qm RZ
25°C 0.11685 109.89 0.995
30°C 0.05213 142.05 0.91634
35°C 0.02790 279.33 0.92302
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Figure 9. Isotherm fitting: (a) Langmuir model at 25 °C; (b) Freundlich model at 25 °C; (c¢) D-R
model at 25 °C; (d) Langmuir model at 30 °C; (e) Freundlich model at 30 °C; (f) D-R model at 30 °C;
(g) Langmuir model at 35 °C; (h) Freundlich model at 35 °C; and (i) D-R model at 35 °C.

2.6. Thermodynamic Study

The influence of the adsorption temperature on the adsorption process is significant
and explains the adsorption thermodynamics with relevant thermodynamic parameters.
The data obtained were evaluated with the following equations (Equations (8)—(10)) con-
taining classical thermodynamic parameters [25]:

e
K .=
C Cg, (8)
AG = —RTInK,, 9)
AS AH
InKe =%~ R1 (10)

where K., T (K), and R (8.314 ] /mol-K) are the thermodynamic equilibrium constant, the ad-
sorption temperature, and the gas constant, respectively, AS (J/mol/K), AH (KJ/mol), and
AG (KJ/mol), respectively, are the changes in the entropy, enthalpy, and Gibb’s free energy.

As shown in Figure 10, the Au(III) adsorption of [HMIm]*[BF,]~ @UiO-66 was en-
hanced with increasing temperature. The thermodynamic parameters at different temper-
atures are summarized in Table 3. The increase in temperature favors the increase in the
number of active molecules. Thus, the adsorption of Au(Ill) by the adsorbent is promoted,
indicating that the adsorption process is heat absorption. It was found that AG was negative
at different temperature conditions, indicating that the reaction process is spontaneous
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and feasible [20,58]. Additionally, the negative value of AG was increased with increasing
temperature, indicating that the higher the temperature, the more spontaneous and favor-
able the adsorption of Au(Ill). The positive value of AH indicates that the adsorption is a
heat-absorbing reaction. On the contrary, a positive value of AS indicates that the system'’s
degrees of freedom and disorder are increased, which favors an increase in the frequency
of collisions between Au(Ill) and the adsorbent [42,45,48,59].

90 1.4
)
1.2k y=-4446.9x+15.795
X80 R2=0.96105
g o/§
K I_— o 1.0 °
£ / ? £
& § 0.8}
Z oo}
0.6 F 9
S0 708 303 308 0.00325  0.0033  0.00336  0.00341
T (KD T
(a) (b)
Figure 10. (a) Effect of temperature; (b) plot of In Kc versus 1/T.
Table 3. The thermodynamic parameters at different temperatures.

T(K) Kc AG (kJ/moL) AH (kJ/moL) AS (kJ/moL)

293 1.7473 —1.3594

298 2.5965 —2.3641 36.971 0.13132

303 3.1197 —2.8662

308 3.7279 —3.3695

2.7. Selectivity and Practical Application

E-waste containing Au(Ill) coexists with other metal ions; therefore, the adsorption
selectivity of Au(Ill) was studied to better evaluate the adsorbent’s performance. Mg(Il),
Cu(II), Zn(1I), Pb(Il), Fe(Il), and Ni(II) were chosen as background ions to study the selec-
tivity of [HMIm]*[BF4]~@UiO-66. As shown in Figure 11a, when the concentration ratio
of Au(lIll) to other coexisting ions was 1:1, Au(Ill) adsorption on the adsorbent reached
98.5%. In contrast, almost no other metal ions were adsorbed. Considering that the concen-
tration of coexisting ions in e-waste leachate is several times higher than that of Au(IlI),
the adsorption of Au(lIll) with other coexisting ions at a concentration ratio of 1:150 was
investigated. The results show that the adsorption of Au(Ill) remained unaffected by the
high concentration of coexisting ions, and that Au(Ill) could be 100% adsorbed by the
adsorbent. The excellent Au(III) adsorption performance of the adsorbent can be attributed
to the physicochemical properties of the metal atoms, such as the ionic radius (R), elec-
tronegativity (Xm), and covalent index (Xm?r). The Xm?r (5.48) and Xm (2.54) of Au(III)
are higher, which allows Au(IIl) to be preferentially adsorbed [46]. Additionally, according
to hard—soft acid-base (HSAB) theory, Au(Ill) can form strong bonds with N-containing
functional groups, which may also contribute to its high adsorption [46,60]. In addition,
at a lower pH, other coexisting ions may exist as cations or neutrals. Therefore, the co-
existing ions are not adsorbed by [HMIm]*[BF4]~@UiO-66 due to electrostatic repulsion
with positively charged [HMIm]*[BF;]~@UiO-66 on the surface [61]. In addition, some
anions will be inevitably introduced into the system during the leaching of Au(IIl) from
e-waste. Therefore, the effect of several representative anions (Cl~, S04, PO43~, and
NO3 ™) on Au(Ill) adsorption at different concentrations (0, 0.001, 0.01, and 0.1 mol/L) was
investigated. As can be seen in Figure 11b, the adsorption of Au(Ill) was inhibited to a
greater extent by PO43~ as the anion concentration increased. When PO,3~ was 0.1 mol/L,
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the adsorption of Au(Ill) was only 36%. On the contrary, the adsorption of Au(Ill) was
slightly inhibited by SO42~. When SO4%~ was 0.1 mol/L, the adsorption of Au(IIl) was
still above 85%, while CI~ and NO3;~ hardly affected the adsorption of Au(Ill). In the
presence of different C1~ and NO3; ™~ concentrations, Au(IlI) adsorption remained at around
95%. Therefore, leaching agents containing CI~ and NO3;~ media are preferred in the
Au(III) leaching process. When the commonly used aqua regia ablates e-waste to extract
Au(IlI), the adsorption of Au(Ill) on the composites is not affected. In addition, the aqua
regia—based leaching of e-waste is a flexible and low-cost method. At present, it is also a
widespread process in the industry [62,63].

Di
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Figure 11. (a) Effect of coexisting metal ions on Au(IIl) adsorption (¢ Ay and coexisting ions = 100 mg/L,
¢ Auam = 10 mg/L and ¢ coexisting ions = 1500 mg/L); (b) effect of acid radical ions on Au(Ill) adsorption.

The practical application value of [HMIm]*[BF;]~@UiO-66 was further evaluated to
recover precious metals from discarded CPU motherboard pins. The main metal elements
in CPU pins are shown in Figure 12a, and the adsorption rate of each metal ion is shown in
Figure 12b. In the figure, it can be seen that the total percentage of the primary metals Ni(II),
Cu(Il), and Zn(II) in the CPU is more than 99%. In the presence of high concentrations of
coexisting ions, it is clear that Ni(II), Cu(Il), and Zn(Il) are hardly adsorbed. In contrast, up
to 96% of Au(Ill) is adsorbed on the adsorbent at low concentrations. The high selectivity of
[HMIm]*[BF4]~@UiO-66 for Au(Ill) in practical applications is consistent with the results
of previous selectivity studies, further demonstrating that [HMIm]*[BF;]~@UiO-66 has
practical application value.
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Figure 12. (a) Percentage of major metal elements; (b) adsorption rate of each metal ion.
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2.8. Reusability

In order to understand the recyclability of the adsorbent and to judge whether it has
practical value, the reusability of the composite was investigated. The Au(lll) adsorption
rate of [HMIm]*[BEF4]~ @UiO-66 in the reusability experiments is shown in Figure 13. After
three consecutive cycles, the removal of Au(Ill) was greater than 95%, and there was no
obvious decrease. However, no subsequent experiments were performed due to the large
material loss during adsorption resolution. The results show that [HMIm]*[BEF4]~ @UiO-66
has relatively stable adsorption properties and can be used as an excellent adsorbent for
separating Au(Ill) from aqueous media.

100

Adsorption ratio, %
& c\ %
S S S

[ )
<
T

2 3
Cycle times

Figure 13. Reusability of [HMIm]*[BF4]~ @UiO-66.

3. Discussion

[HMIm]*[BF4]~@UiO-66 was prepared as an adsorbent material for Au(III) recov-
ery from acidic solutions, and it effectively avoided a series of contamination problems
associated with the dissolution of ILs in water due to ion exchange. A series of charac-
terizations, including SEM, FTIR, XRD, and N, adsorption and desorption experiments,
confirmed the successful sequestration of ILs, and the maximum adsorption of Au(IIl) by
[HMIm]*[BF,]~@UiO-66 at pH 2.0 and 35 °C was 284.64 mg/g. In the kinetic and thermo-
dynamic studies, the adsorption process was found to be an endothermic, feasible, and
spontaneous reaction, while the rate-limiting step of adsorption was found to be a chemical
reaction. In the isotherm studies, the adsorption processes at different temperatures were
consistent with the Langmuir model. [HMIm]*[BF,;]~@UiO-66 showed good selectivity
for Au(Ill) adsorption and successfully recovered Au(Ill) from e-waste. The effect of the
pH on Au(lll) adsorption and the XPS results indicated that the Au(IlI) adsorption mech-
anism was either an electrostatic, redox, coordination, or complexation mechanism. The
results indicate that [HMIm]*[BF,]~ @UiO-66 successfully enclosed ILs. As an advanced
adsorptive material for gold recovery from e-waste, [HMIm]*[BF,]~@UiO-66 can be reused
for three cycles without any significant decrease in the adsorption rate. It has a simple
synthesis, appropriate adsorption kinetics and adsorption capacity, and excellent selectivity
and regeneration, and it can successfully recover gold in practical applications. The results
of the present work show that the material has application value and practicability in
industry.

4. Materials and Methods
4.1. Materials and Chemicals

The standard stock solution of Au(IIl) (1000 mg/L) was obtained from the Shandong
Metallurgical Research Institute. The working solutions were prepared daily by diluting
the standard stock solution with deionized water. Zirconium chloride (ZrCl,, 99.5%) and
terephthalic acid (TPA, 99.0%) were obtained from Shanghai McLean Biochemical Tech-
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nology Co., Ltd, Shanghai, China. All of the ILs, including 1-ethyl-3-methylimidazole
tetrafluoroborate ([EMIm]*[BF4]~, >98%), 1-octyl-3-methylimidazole tetrafluoroborate
([OMIm]*[BF4]~, >98%), 1-butyl-3-methylimidazole tetrafluoroborate ((BMIm]*[BF,] ",
>98%), 1-hexyl-3-methylimidazole tetrafluoroborate ((HMIm]*[BF4]~, >98%), 1-hexyl-3-
methylimidazole hexafluorophosphate ((HMIm]*[BF¢] ~, 99%), 1-hexyl-3-methylimidazole bis tri-
fluoromethylsulfonimide salt ((HMIm]*[NTf,]~, 99%), and 1-hexyl-3-methylimidazole acetate
((HMIm]*[OACc]~, >98%) were provided by the Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences. Other chemicals were of analytical grade and obtained from Sinopharm Chem-
ical Reagent limited corporation. All reagents and solvents were used without additional purification.

4.2. Synthesis of Adsorbents
4.2.1. Synthesis of UiO-66

The synthesis process of UiO-66 was based on a previously reported method [64]. The
details are reported in the Supplementary Materials.

4.2.2. Synthesis of IL/UiO-66

Amounts of 1.5 g UiO-66, 1 g ILs, and 3 mL C;HsOH were mixed in a glass bottle
and stirred at room temperature for 15 h. Then, the composite was filtered, washed with
C,H50H, and dried in a vacuum oven overnight at 80 °C.

4.3. Characterization

The remaining contents of Au(Ill) in water and other metal ions (Mg(II), Cu(II),
Zn(II), Pb(1l), Fe(Ill), and Ni (II)) were determined using a flame atomic absorption spec-
trometer (TAS990, Beijing Purkinje General Instrument Co., Ltd., Beijing, China) (for
specific experimental details, see the SI). The concentration of [BF;]™ in the aqueous
phase was determined using a high-pressure ion chromatograph (Integrion, Thermo
Fisher Scientific, Massachusetts, US) with an ion Dionex IonPac AS 11-HC chromatog-
raphy column with 20 mM KOH mobile phase at a flow rate of 1.0 mL/min (the sam-
ple injection volume was 25 pL, and the column oven temperature was 30 °C). The
FT-IR spectra of UiO-66 and [HMIm]*[BF;]~@UiO-66 were investigated in the range
of 400-4000 cm ™! via Fourier transform infrared spectroscopy (FT-IR) (IRAffinity-15, Shi-
madzu production Institute, Kyodo, Japan) with KBr pellets. The morphologies of UiO-66
and [HMIm]*[BF4]~@UiO-66 were recorded using a scanning transmission electron micro-
scope (SEM) (STEM, FEI Tecnai G2 TF20, Frequency Electronics, Inc. Hillsboro, US). The
zeta potential of [HMIm]*[BF,;]~ @UiO-66 was measured using a nanometer particle size
and zeta potential analyzer (Malvern Nano ZS, Malvern, UK). The powder X-ray diffraction
spectrometry (PXRD) patterns of UiO-66 and [HMIm]*[BF;]~@UiO-66 were captured by
a D/max-2500 diffractometer (Rigaku, Tokyo, Japan) using CuKa radiation (A = 1.5418
A). The Brunauer-Emmett-Teller (BET) surface area and pore size distribution were calcu-
lated using N; adsorption—desorption methods with an ASAP 2020 V4.00 G instrument
(Micromeritics Instrument Crop., Norcross, GA, USA) at 77 K. The X-ray photoelectron
spectroscopy (XPS) analysis was conducted using a ThermoFisher scientific spectrometer
(Nexsa base, Thermo Fisher Scientific, Massachusetts, US) equipped with a micro-focused
monochromatic Al Ko source (hv = 1486.6 eV).

4.4. Batch Adsorption Experiment

The batch adsorption experiments were performed to study the Au(Ill) adsorption
performance of [HMIm]*[BF,]~ @UiO-66. Generally, 10 mg [HMIm]*[BF4]~ @UiO-66 was
added into a 50 mL plastic centrifugal tube containing 10 mL Au(Ill) solution with different
concentrations at pH 2. The solution was shaken in a constant oscillator at 170 rpm for the
desired duration, and then the mixture was filtered through a 0.45 um filter membrane to
separate the adsorbent from the aqueous phase.

Adsorption experiments were performed under optimized parameters (oscillation
frequency: 170 rpm; t: 6 h; pH: 2; T: 35°C; V oy qmy: 10 mL) unless otherwise indicated. The
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effect of pH was studied in the pH range of 1-9 (adjusted by adding diluted NaOH or HCl
solutions). The experiment of the adsorption kinetics was carried out at different adsorption
times ranging from 0 to 360 min. In contrast, the experiment of the adsorption isotherms
was evaluated at different initial Au(Ill) concentrations ranging from 0 to 600 mg/L. The
thermodynamic experiment was studied by controlling the temperature (from 298 to 308 K).
The selectivity of the adsorbent for Au(Ill) was studied with different concentrations of
Au(IIl) in the hybrid solution prepared by dissolving HAuCly, MgCl,, CuCl,, ZnCl,, PbCl,,
FeCls, and NiCl, in DI water. With initial Au(IIl) concentrations of 10 and 100 mg/L, the
mass ratios of Au(III) to coexisting ions were 1:150 and 1:1, respectively. The effect of anions
was examined in the presence of C1™, 50,427, PO,43~, and NO;~, and the concentrations
were set to 0, 0.001, 0.01, and 0.1 mol/L.

Liquid-liquid extraction experiments were performed by adding 1 mL [HMIm]*[BF4]~
to 10 mL of 150 mg/L Au(lIl) solution for 6 h with shaking under optimized parameters.
After centrifugation (3000 r/min) of the mixed solution for 5 min, the aqueous was taken
for measurement.

The regeneration experiment of [HMIm]*[BF,]~ @UiO-66 was implemented as follows:
20 mg [HMIm]*[BF;]~ @UiO-66 was mixed to 20 mL Au(III) aqueous solution (60 mg/L) at
pH 2. Then, the mixed solution was shaken for 6 h at 35 °C and was separated by high-
speed centrifugation (8000 r/min). The supernatant was tested to obtain the remaining
Au(III) concentration. The residual solid was immersed for about 12 h with 20 mL 1 mol/L
HCI and 5% thiourea solution (the gold was eluted into an acid thiourea solution), rinsed
three times with DI water, and executed to the second time of adsorption—desorption cycle.
The adsorption capacity and ratio of Au(Ill) were calculated using the following equations:

(co —ce) v

v, a

q:

Adsorption ratio = COC;CE % 100%, (12)
0

where g (mg/g) is the Au(Ill) adsorption capacity, ¢y and ¢, (mg/L) are the initial and
equilibrium concentrations of Au(IIl) in solution, respectively, m (mg) is the mass of the
adsorbent used, and V (mL) is the volume of the Au(IlI) solution.

4.5. Recovery of Au(Ill) from Waste CPUs

The waste CPUs we used had an array of pins. The pins were detached from the
CPU and immersed in aqua regia solution for 2 h (magnetically stirred for 1 h at room
temperature and then 1 h at 75 °C) until the pins were wholly dissolved without residue.
The obtained solution was diluted 10 times with DI water. Then, 10 mL of the diluted
solution and 10 mg of adsorbent were added into a centrifuge tube, shaken for 6 h, and
then filtered through a filter membrane.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28052165/s1.
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Abstract: We report a series of calculations to elucidate one possible mechanism of SO, chemisorption
in amino acid-based ionic liquids. Such systems have been successfully exploited as CO, absorbents
and, since SO;, is also a by-product of fossil fuels” combustion, their ability in capturing SO, has been
assessed by recent experiments. This work is exclusively focused on evaluating the efficiency of the
chemical trapping of SO, by analyzing its reaction with the amino group of the amino acid. We have
found that, overall, SO; is less reactive than CO,, and that the specific amino acid side chain (either
acid or basic) does not play a relevant role. We noticed that bimolecular absorption processes are
quite unlikely to take place, a notable difference with CO,. The barriers along the reaction paths are
found to be non-negligible, around 7-11 kcal /mol, and the thermodynamic of the reaction appears,
from our models, unfavorable.

Keywords: SO, capture; amino acids; ionic liquids

1. Introduction

SO; is a colorless and poisonous gas and represents one of the main atmospheric
pollutants generated by anthropic activities. Each year, around 150 million tons of SO, are
produced by various human activities, mainly burning fossil fuels, industrial processes, and
energy production [1-3]. The anthropic SO, is mainly produced by fossil fuel processing
since SO, is typically removed from liquid fuels before usage. Atmospheric SO, can be
oxidated to SO3, which reacts with water to form HySOy, leading to the appearance of
corrosive agents in the atmosphere. The ensuing soil and water acidification has been an
environmental problem that has fortunately decreased its impact in recent years due to the
adoption of measures aimed at a strong reduction of SO, emissions, especially from gas
exhaust due to the automotive compartment [4,5].

A reduction in SO, pollution is achieved either by removing the gas from fuel prior to
combustion or removing the gas after combustion by treatment of the flue gas (FDG, flue
gas desulfurization) [6,7].

In FGD, different chemistries can be used to remove SO,, among others the most
notable involve the use of limestone, magnesium oxide, and ammonia [8]. Most, if not
all, of these absorption processes are irreversible and do not allow for SO, recycling
despite it being a useful chemical in industry. The only reversible absorption processes are
those based on the use of amine solutions (in the same way they are employed for CO,
absorption [9]), but the process is far from being optimal due to the loss of amines in the
stream gas.

Due to their low vapor pressure and their intrinsic ability to be functionalized for
specific purposes [10], ionic liquids (ILs) have been proposed as possible green absorbing

Molecules 2022, 27, 3604. https:/ /doi.org/10.3390/molecules27113604 114

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



Molecules 2022, 27, 3604

agents for CO, and SO, removal from gasses in industrial settings [8,11,12]. The absorption
of SO, in ILs can be physical [8,13,14] or chemical [15-18]. Our interest, in the present work,
is the chemical absorption process whereby an SO, molecule reacts with a specific group of
the IL molecular ions and gives rise to a new chemical specie.

In analogy with what has been seen for CO; [19,20], we explore the reaction mecha-
nisms between an amino acid (AA) anion and SO,. Amino acid-based ILs (AAILS) have
attracted the interest of a part of the research community because of their intrinsic bio-
compatibility [21-29] and, in particular, have been implemented as efficient chemisorbing
media for CO; absorption from flue gas [30-36].

A possible mechanism of the chemical reaction has already been proposed in [37],
where the products have been characterized using FTIR spectroscopy. In [38], it has
been shown how aqueous solutions of AAILs are efficient absorbent media and how SO,
can be regenerated after absorption by heating at 100 °C. In [39], a guanidium-based IL
has been shown to undergo chemical reaction by means of its NH, group to yield an
-NH-SO, structure.

This work is focused on understanding the mechanisms of the reaction between an
AA anion and the SO, molecule using ab initio calculations. We do not consider the
problem of the diffusion of the SO, molecule inside the fluid, nor do we include water in
the calculation, but we shall assume an anhydrous IL and that the SO, is already in the
proximity of the reactive terminal of the AA anion, which is the NH, group. To maintain
generality, we had to adopt a simplified model that produces universal results, possibly
independent of the many variables at play in real systems: we treat environmental effects
using an approximate, continuum solvent model, and we do not include a cationic partner.
While the latter sounds like an oversimplification, it is the only way to maintain the widest
generality. While the cation does play a role in the reaction, it appears very difficult to
assess it using ab initio modeling, since the binding motif and energy of an ionic couple in
the bulk phase would be inevitably different from those that we can obtain in an isolated
system. We also point out that the study of the effect of the cationic partner on the reaction
mechanisms would require a different computational strategy and a systematic study of
its presence upon varying coordinating properties, size, and steric shape. Such study
lies outside the scope of the present work, which focuses exclusively on the reactivity of
the anions.

Finally, to support our choice, we mention the data reported in [32,40] for the analo-
gous reaction with CO,, that show how different cations have a limited effect in modifying
both the reaction profile and the energetic barriers associated with the proton transfer step,
especially when compared to the effect of a change in the AA anion.

2. Methods

The calculations have been performed using the gl6 program [41] and the B3LYP
functional combined with the 6—311+G(d,p) basis set, and corrected for dispersion inter-
action using the empirical GD3 approach of Grimme [42]. All structures have been fully
optimized without constraints. Each stationary point has been further characterized by
a harmonic frequency calculation, and the zero-point-energies (ZPE) have been added
to the electronic energy. Thermodynamic functions such as the Gibbs free energy have
been computed under room conditions. The uniqueness of the transition state has been
verified using a suitable IRC (intrinsic reaction coordinate) calculation for all the structures
presented. Electronic density and population analysis has been performed using Janpa [43].

All calculations have been performed in gas phase and in the solvent phase using the
SMD, the universal solvation model based on solute electron density [44], with parameters
of the acetonitrile solvent that can be used as representative of the dielectric screening
acting in these liquids [19]. When possible, the SMD model has been modified to account
for the measured dielectric constant of the IL.

The three AA anions that have been used to study the SO, absorption process are:
glycine (Gly), cysteine (Cys), and lysine (Lys), which have different chemical motifs on
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their side chains and could be representative of the variety of AA. The generic chemical
reaction [37] between SO, and the AA anion proceeds as reported in Scheme 1: Initially,
there is a non-covalent complex, R, between the two molecules. This complex evolves
through a transition state, TS, where a proton transfer occurs to produce the product,
P. The specific mechanism depends on the type of AA anion and, in particular, in which
way the proton transfer proceeds; for example, it can also take place between the -NH,*—
and the SO, ™ groups, thus producing, first, a sulfinic acid derivative, which undergoes
an isomerization to the carboxylic acid form P. In addition, and as we shall see below,
a second basic functional group of the AA can be, at least in principle, involved in the
proton transfer step.

coo- OO O, AQH
)\ SO, — jv\ /H 0 —> 0
R™ 'NH; R”ON*—g” R N‘S//
H o H O
R TS P

Scheme 1. Generic reaction for the addition of SO, to an AA anion.

3. Results
3.1. The Glycinate Reaction

We begin our presentation by looking at the results on the simplest AA anion, i.e., Gly,
that serves here as an exemplar case for all aliphatic AA anions. The optimized structures
along two possible reaction paths (that differs from the nature of the proton transfer) are
reported in Figure 1. The top one involves a transition state with a 5-member ring (Gly-TS5)
structure, and the bottom one a 4-member ring (Gly-TS4). In the former, the proton transfer
involves the carboxylate, and in the latter the SO, group. Both transition states require
the formation of a positive charge formally located on the tetravalent nitrogen atom and of
a negative charge on the oxygens of the -S5O, group.

W dpr Lep L7

R

Gly-TS5 Fi Ps

i o ogdely oJfrf

R

Gly-TS4 P> Ps

Figure 1. Stationary point geometries along the reaction of [Gly]™ with SO,. (Top): Path with a
5-mamber transition state that sees the transfer of a proton toward the carboxylate. (Bottom): Path
involving a 4-member ring with proton transfer on the SO,. The last two structures in the top
sequence are conformers, while those of the bottom sequence are isomers.
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While for a CO;, molecule the pre-reaction complex has a strong zwitterionic character,
for SO,, the appearance of a charge separation takes place only when the process has
already significantly evolved through the reaction coordinate [19]. Our calculations show
that for SO,, there is almost no trace of zwitterion formation in the pre-reaction complex.
This is already a clear sign of a diminished propensity of SO, to react with the amino group.

The path involving Gly-TS5 terminates to the product Py that has the proton on the
carboxylate, as expected, and the final product P¢ is only a more stable conformer of the
same structure. The path involving Gly-PT4 produces a structure that has the proton on
the -SO, group that evolves to the same P¢ product of the first path by isomerization. The

energetic path is in accordance with the expected acidity of the -SO,H and -CO,H groups.
The energies of the Gly-TS5 path in the gas phase are reported in Figure 2. With respect
to the isolated reactants (IR), the reaction is highly exothermic with a A;H of —26.4 kcal /mol
and a A;G of —13.0 kcal/mol. The reduced value of the reaction free energy is due to the
unfavorable entropic contribution that emerges in an association reaction. If the initial
reaction complex, R, is efficiently quenched by the environment, the addition reaction of
SO; to the AA anion is almost isoergonic, with little or no thermodynamic propensity.

5

1
n
T

Relative energy (kcal mol )

-30

Reaction coordinate

Figure 2. Reaction energies of the Gly-TS5 path with respect to isolated reactants as computed using
ZPE corrected electronic energies.

The energies of the Gly-TS4 reaction path are reported in Figure 3. This path is
hindered by a substantial activation barrier of about 27 kcal/mol that is due to the strain
in the 4-member ring that characterizes the transition state. This path is obviously very
inefficient, especially in an environment that can quench the initial reactant energy.
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Figure 3. Reaction energies of the Gly-TS4 path with respect to isolated reactants as computed using
ZPE corrected electronic energies.

117



Molecules 2022, 27, 3604

The same calculations performed in a solvent model with a dielectric constant of 35.8
(acetonitrile) produced the numbers shown in Figure 4, where we report only the Gly-TS5
path since the Gly-TS4 path remains hindered by a barrier of 28.8 kcal/mol. The addition of
the solvent has the effect of lowering the energy of the isolated reactants and to reduce the
overall enthalpic gain to 14.82 kcal/mol and the corresponding A;G to only —0.5 kcal/mol.
The barrier with respect to the quenched reactants R is increased to 7.1 kcal/mol, a value
that still allows the reaction to proceed quite efficiently at moderate temperatures.
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Figure 4. Reaction energies of the Gly-TS5 path with respect to isolated reactants as computed using
ZPE corrected electronic energies in the SMD solvent model.

Notably, the glycinate reaction with SO, in a solvent medium becomes slightly en-
doergic if the pre-reaction complex R is sufficiently long-lived to be quenched by the
environment. While this reduces the overall efficiency of the incorporation process, it also
indicates that the above reaction can be reversible and that the AA anions can serve as a
temporary storage of SO;.

The final product is characterized by an unusual NH-5O,~ bond that is the sulfur
equivalent of the N-C bond in carbamates. The N-S bond is significantly weaker than its
N-C counterpart. Its bond distance (from our calculations) is large and is 1.8 A for all three
AA derivatives. The lowest energy dissociation path in vacuo is heterolytic and leads to
negative -NH™ and neutral SO,. The adiabatic bond dissociation energies with respect to
this fragmentation are 25.4, 22.2, and 24.0 kcal/mol for Gly, Cys, and Lys, respectively. This
is a much lower bond energy when compared to that of the C-N bond in carbamates, which
is about 100 kcal/mol [45]. In the sulfinic derivative, both the NH group and the SO, are
negatively charged with roughly half an electron each, as computed from natural orbital

populations. The Wiberg-Mayer bond indices of the S-N bond for the three AA derivatives
are 0.85, 0.72, and 0.70 for Gly, Cys, and Lys, respectively, again pointing to a weak single
bond. The N-S bond can be described by the localized molecular orbital (CLPO) arising
from the combination of two optimally paired hybrids [43], where the contribution of the
N hybrid is the dominant one, as shown in Figure 5 for the Gly derivative.
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Relative energy (kcal mol l)

a b c

Figure 5. Localized molecular orbitals characterizing the N-S bond in the Gly derivative, Ps.
(a,b): Optimized atomic hybrids (LHOs) centered on S and N, respectively. (c): CLPO responsi-
ble for the bond, where the LHO centered on N accounts for 0.64% of the linear combination.

3.2. The Cysteinate Reaction

The reaction with a cysteinate anion proceeds substantially in the same way. A first
possible path (Cys-TS5) for the reaction with SO, requires a 5-member transition state and
a proton migration toward the carboxylate group. This path in the gas phase, as in the Gly
case, has a low activation barrier of 5.1 kcal/mol, and the A;H and A,G are —23.19 and
—9.65 kcal/mol, respectively. The same calculation repeated in the SMD model, with the
dielectric constant of 9.5 (which is the measured dielectric constant for the [Ch][Cys] IL
reported in [46]), yields a A;H of —14.4 kcal/mol and a A;G of —1.0 kcal/mol. The reaction
paths in vacuo and in solvent are reported in Figure 6, along with the geometries of the
stationary points.
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Figure 6. Reaction energies of the Cys-TS5 path with respect to isolated reactants as computed using

R P,

ZPE corrected electronic energies. (a): Reaction in the gas phase. (b): Reaction in the SMD solvent
model. (c): Optimized geometries in the gas phase of the stationary points along the reaction path.

As we have shown in [47], the cysteinate anion can present itself in an isomeric form,
where the proton of the thiol group has migrated onto the carboxylate. The result is that
this isomeric form of the AA anion can bind the SO, molecule only via the reaction path
that requires a proton transfer from the -NH; group through the highly unstable transition
state characterized by a 4-member ring. Needless to say, this path is hindered by a large
activation barrier of 27.1 kcal/mol. In addition, the overall reaction free energy becomes
positive and equal to 5.8 kcal/mol, thus rendering this reaction channel extremely unlikely
to be of any relevance for the pollutant absorption.
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We tried to locate a possible reaction path that involved a proton transfer toward the
thiolate group, but none of our attempts were successful. In other words, it appears that
the —SH group does not play an active role in the SO, absorption processes.

3.3. The Lysinate Reaction

A third set of calculations were repeated on the Lys anion, where it can be argued
that the additional basic NH; group on the side chain could play a role in the reaction
mechanism or even give rise to a bimolecular absorption path, in which both amino groups
are converted to sulfinic acids.

The analogous of the Gly-TS5 and Cys-TS5 mechanisms is also active for Lys and
is reported in terms of energies and structures in Figure 7. The barriers in the gas phase
and in the model solvent (with a dielectric constant of 9.8 [46]) are 6.8 and 11.2 kcal/mol],
respectively. For the gas phase, the A;H and A.G are —26.4 and —11.8 kcal/mol, respec-
tively. These values are reduced to —15.6 and —2.4 kcal/mol in the solvent model.
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Figure 7. Reaction energies of the Lys-TS5 path with respect to isolated reactants as computed using
zero-point energy-corrected electronic energies. (a): Reaction in the gas phase. (b): Reaction in the
SMD solvent model. (¢): Optimized geometries in the gas phase of the stationary points along the
reaction path. The Py product is a high-energy isomer of P;.

We have tried to trace a possible reactive path that involved the side chain NH,, but
this group seems impervious to the SO, attack. This is probably due to its higher basicity
and to the absence of the carboxylate in 3 that can activate the reaction. This result, albeit
negative, is important because the SO, molecule appears less reactive than CO,, especially
toward the AA side chains. It therefore appears unlikely that a single AA anion would be
able to capture more than one SO, molecule unless its molecular structure is purposedly
engineered by placing more than one “activated” amino group. In comparison, we defer
the reader to our study in [20], where we had shown how efficient a bimolecular reaction
of the same AA can be when CO; is involved.

4. Conclusions

This study attempted to elucidate a possible reaction mechanism based on the chemisorp-
tion of SO, in biobased ionic liquids, namely, its reaction with the amino group of the
AA anion. The model employed here did not account for the problem of SO, diffusion in
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the liquid, and instead only focused on the reactive step once the SO, had the chance to
attack the amino group of the AA anion. Solvation and stabilization due to a dielectric has
been nevertheless considered by using an approximate continuum solvent model. This
approach, albeit quite simplified, has already been successfully used by us to illustrate the
mechanisms at the basis of the quite efficient absorption of CO; in these liquids [19,20].

In comparison to CO,, where a set of reaction mechanisms were found to be essentially
barrierless and strongly exoergic with negative A:G, SO, was less reactive towards the AA
anions. This reduced reactivity substantially prevents SO, from taking advantage of the
presence of specific functional side chains, and the only mechanism that is viable is a direct
addition of it to the amino group next to the carboxylate, a reactive path that should be
common to all AA anions.

The mechanism involves passing through a cyclic transition state, where one of the
protons initially belonging to NH; is transferred to the carboxylate, neutralizing it. The
resulting deprotonated sulfinic acid derivative is the final product. We have tried to find
other mechanisms that involve the side chain, but we were unable to find any other efficient
route. In contrast with the case of CO,, where the slightness or even absence of kinetic
barriers makes the reaction extremely efficient, SO, appears less prone to chemisorption due
to the appearance of non-negligible barriers and to a much less exoergic thermodynamic of
the involved reactions. In general, the barrier to the chemisorption reaction appeared to lie
in the 7-11 kcal/mol interval, while the reaction free energies were only slightly negative,
with values between —0.5 and —2 kcal/mol. The reason for this behavior lies in the relative
weakness of the N-S bond when compared to its analogous in carbamates (the result of
the CO; reaction). The bond tends to break heterolytically, leading to neutral SO,, and
its dissociation requires only 22-25 kcal/mol. This last aspect, albeit reducing the overall
reaction rate, did however indicate a facile reversibility of the absorption reaction, thus
pointing to a possible use of these materials as temporary storage for SO,.

While in the case of CO, the overall absorption process, due to the high rate of the
absorption reaction, seemed to be dominated by the rate of diffusion of the molecule in
the liquid, for SO,, the chemical step is very likely to be much slower (especially at room
temperature) and thermodynamically inefficient. This means that the absorption of SO, in
these liquids can easily be dominated by physisorption, with chemisorption being only a
minor factor contributing to their overall intake capacity.
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Abstract: The presence of triclosan in water is toxic to human beings, hazardous to the environ-
ment and creates side effects and problems because this is an endocrine-disturbing water pollutant.
Therefore, there is a great need for the separation of this notorious water pollutant at an effec-
tive, economic and eco-friendly level. The interface sorption was achieved on synthesized ionic
liquid-based nanocomposites. An N-methyl butyl imidazolium bromide ionic liquid copper oxide
nanocomposite was prepared using green methods and characterized by using proper spectroscopic
methods. The nanocomposite was used to remove triclosan in water with the best conditions of time
30 min, concentration 100 pg/L, pH 8.0, dose 1.0 g/L and temperature 25 °C, with 90.2 ug/g removal
capacity. The results obeyed Langmuir, Temkin and D-Rs isotherms with a first-order kinetic and
liquid-film-diffusion kinetic model. The positive entropy value was 0.47 k] /mol K, while the negative
value of enthalpy was —0.11 kJ/mol. The negative values of free energy were —53.18, —74.17 and
—76.14 kJ /mol at 20, 25 and 30 °C. These values confirmed exothermic and spontaneous sorption of
triclosan. The combined effects of 3D parameters were also discussed. The supramolecular model
was developed by simulation and chemical studies and suggested electrovalent bonding between
triclosan and N-methyl butyl imidazolium bromide ionic liquid. Finally, this method is assumed as
valuable for the elimination of triclosan in water.

Keywords: ionic liquid nanocomposite; water treatment; endocrine-disturbing triclosan; simulation;
thermodynamics; kinetics

1. Introduction

Nowadays, new-generation water pollutants are getting more attention for their re-
moval. These are personal-care products, medicinal and pharmaceutical residues. Among
many residues, triclosan has been found as a water pollutant in some places in the world [1].
Further, this compound has been reported in some aquatic animals [2,3]. Basically, triclosan
is used as an antimicrobial agent with a wide range of activities. It is used as oral medicine
in some countries [4]. It is mixed with many personal products during their preparation.
Most commonly, triclosan is mixed with sanitizers, soaps, skin creams, etc. [5]. It is also
used in houses, hotels and hospitals to maintain hygiene [6-11]. In addition, it is also
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used as an additive in polymer production, such as polyethylene and polyolefin polymers.
Consequently, there are great chances of water contamination by triclosan. It is a pollutant
of high concern because of its endocrine-disturbing nature. A good value of log Ko, of
4.8 octanol-water partition coefficient made it capable to be bioaccumulative in fatty tissues,
which is responsible for toxicity. In addition, the hormonal activity of these pollutants is
studied in vitro and in vivo (animals) and showed serious effects [12-15]. These effects may
affect human beings. The most notorious effect is that triclosan may enter the human body
through the skin [16,17], which may be a dangerous sign for health. Briefly, triclosan is a se-
rious and toxic pollutant and its detailed health hazards are discussed by Olaniyan et al. [1].
Chemically, triclosan is known as 5-Chloro-2-(2,4-dichlorophenoxy)phenol (Figure 1) with
C12H7Cl30;, molecular formula and 289.54 g as molecular mass.

Cl OH
O

Cl Cl

Figure 1. Structure of triclosan.

Due to the above discussion, it is very clear that there is an urgent need for fast,
economic, reproducible and reliable methods for the removal of triclosan in water. Among
many materials, nanomaterials are gaining utility in a wide range of applications, including
water treatment [18-22]. Some papers are available on the removal of triclosan. Brose
et al. [23] defined triclosan removal in influents, effluents and biosolids. Wu et al. [24]
defined the subtraction of triclosan using clay and sandy soils with maximum sorption at a
high concentration of 0.05 mg/L. In addition, the maximum sorption was at low pH, which
is not the pH of natural water. Moreover, the authors reported maximum sorption in days,
which is a high time for fast and economic processes. Tonga et al. [25] described the removal
of triclosan using biosolid-derived biochar. The authors reported high sorption at low pH.
Khori et al. [26] reported the removal of triclosan by using activated carbon prepared from
waste biomass. Although the equilibrium achieved was within 20 min, the adsorption
capacity was low, i.e., 80.77%. Fard and Barkdoll [27] reported the removal of triclosan on
magnetic nanoparticles. The authors reported maximum removal in 47 min. Yi et al. [28]
reported the removal of triclosan using core-shell Fe;0,@COFs nanoparticles. The removal
was good but the adsorbent is costly and it is difficult to use on a large scale. Triwiswaraa
et al. [29] reported the removal of triclosan by using char obtained from palm kernel. The
authors reported maximum sorption from 6 to 12 h, which is a high time period for a fast
and economic process. Jiang et al. [30] reported the removal of triclosan on a silica—zeolite
sorbent. The authors reported the removal of triclosan at a high concentration of about
2.0 mico mole. It is clear from the above-cited literature that no one can be used to remove
this pollutant on a large scale economically. The reason is that almost all methods took a
longer time, which is not feasible in natural water treatment on a large scale. Moreover,
mostly, methods are applicable at high concentrations of triclosan while it is present at the
microgram level in the water. Taking these facts into consideration, a new N-methyl butyl
imidazolium bromide ionic-liquid-based copper oxide nanocomposite was prepared using
a facile and green method. The nanocomposite was characterized and used for the removal
of triclosan. The sorption mechanism was developed by simulation and chemical methods.
The results of the findings are discussed in this article.
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2. Experimental

Details of the chemicals, reagents, instruments used and experimental protocol are
given in the Supplementary Information. However, some important information is pro-
vided herein.

2.1. Preparation of N-Methyl Butyl Imidazolium Bromide CuO Nanocomposite

Copper nanoparticles were prepared using green methods by utilizing the appropriate
amount of copper acetate and Acacia arabica leave extract. Thus, 50 g leaves of Acacia arabica
was dried in shade, ground in the form of water paste and heated in 1000 mL distilled water
at 80 °C for 2 h followed by cooling at room temperature and filtration through Whatman
filter paper number 1. Next, 250 mL solution of copper acetate of 0.1 M concentration
was prepared and the leaf extract (500 mL) was mixed slowly with constant stirring. The
pH of the solution was adjusted to 10 by using dilute sodium hydroxide solution. The
solution was stirred for 5 h and kept standing undisturbed at room temperature. The solid
part of the solution was centrifuged and washed with water following its activation in a
furnace at 500 °C for 5 h. The so-formed nanoparticles of CuO were used to prepare the
composite with N-methyl butyl imidazolium bromide. Further, 0.5 g CuO nanoparticles
was suspended in 100 mL of water and after that, a solution of N-methyl butyl imidazolium
bromide in 50 mL of the concentration of 1.0 g/L was added to a suspension of CuO
nanoparticles. The suspension was stirred 2-3 h with constant heating. A blackish product
was obtained which was washed with hot water and ethanol. Finally, the product was
dried in an oven at 100 °C (yield = 99.5%) and used for further sorption studies.

2.2. Characterization of N-Methyl Butyl Imidazolium Bromide Nanocomposite

The obtained N-methyl butyl imidazolium bromide ionic liquid copper oxide nanocom-
posite was characterized by FI-IR, XRD, SEM and TEM spectroscopic techniques. These
methods were utilized as per the typical protocol.

2.3. Sorption Study

The uptake capability of N-methyl butyl imidazolium bromide ionic liquid copper
oxide nanocomposite was determined by the typical measures of batch mode. Several
factors were optimized and these were the amount of triclosan, sorbent dose, medium
pH, time of contact and temperature. The variables used were 20-120 ng/L triclosan;
0.1-1.5 g/L for N-methyl butyl imidazolium bromide copper oxide nanocomposite dosage;
3-12 medium pHs; time of 540 min with a temperature of 20-30 °C. The lasting triclosan
was detected by HPLC as described in the Supplementary Information. The different
models are also given in Supporting Information to analyze the results. The equilibrium
capacity of sorption was fixed by the following equation.

Qe (1g/g) = (C; — Ce) x v/m (1)

where C; and Cg are starting and equilibrium amounts of triclosan in pg/L whilst m is the
weight of N-methyl butyl imidazolium bromide copper oxide nanocomposite in g/L. The
solution volume (v) was in milliliters. Triclosan dismissal efficacy was measured by the

given equation.
Elimination (%) = [(C; — Cy)/Cp] x 100 (2)

2.4. Kinetic Study

The kinetic study of triclosan removal by N-methyl butyl imidazolium bromide copper
oxide nanocomposite was fixed at 5 to 40 min by taking a known quantity of N-methyl butyl
imidazolium bromide copper oxide nanocomposite with triclosan solution in a water bath
which was temperature controlled. The experiments were performed until the equilibrium
was achieved. The amount of triclosan was determined at dissimilar time periods. The
trials were completed in a similar method as for the sorption ones.
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2.5. Thermodynamics Study

This study of triclosan was performed by using 20, 25 and 30 °C temperatures. The
adjusted quantities of triclosan were utilized under these conditions.

2.6. Analysis of Triclosan by HPLC

The residual quantities of the triclosan were estimated by the HPLC procedure as
given in the Supplementary Information (SI). The mobile phase used was 2.5 pH acetic acid
buffer-acetonitrile (30:70) with 1.0 mL/min flow rate. The column used was Sunniest RP
Aqua Cpg (25 cm x 4.6 mm id) and detection was achieved at 280 nm. The identification of
triclosan was determined by equating the retention time of the standard with sample ones.
The retention time of triclosan was 11.35 min.

2.7. Simulation Study

The simulation docking of triclosan uptake was performed as per the typical method
given in Supplementary Information.

3. Results and Discussion
3.1. Characterization

N-methyl butyl imidazolium bromide copper oxide nanocomposite was characterized
by FT-IR, which shows the presence of Cu-O in CuO. No peak was seen in the 600 to 610 re-
gion; confirming the non-availability of Cu,O [31]. The results are in agreement with Wu
et al. [32] findings. The crystallinity of the prepared N-methyl butyl imidazolium bromide
copper oxide nanoparticles was ascertained by XRD studies and confirmed monoclinic
hexagonal crystalline CuO. The crystal size was calculated by the following formula.

D = KA/dcos6

where, d, 6, K and D are full width at half maximum, reflection angle and constant, usually
taken as 0.94. A = 0.154 nm for Cu-K«, 3. The particle sizes calculated were from 50 to
98.5 nm.

The morphology of the prepared N-methyl butyl imidazolium bromide copper oxide
nanoparticles was ascertained by SEM and the two photographs at 10,000 and 2,00,000 mag-
nifications, showing the crystalline and rough surface. The shapes of the particles were
irregular and spherical. Another study for characterization was TEM and the picture is
shown in Figure 2, confirming the round and irregular shape of nanoparticles with sizes
ranging from 50 to 99.5 nm. These results are in agreement with the XRD results. Based
on the above argument, the following N-methyl butyl imidazolium bromide copper oxide
nanoparticle structure (Figure 3) was developed, in which four molecules of N-methyl
butyl imidazolium bromide are found on the exterior of CuO. This structure has a positive
charge and a very good sorbent for negatively charged species.
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Figure 2. TEM images of spectrum of N-methyl butyl imidazolium bromide copper oxide nanocom-
posite: (a) at 10,000 and (b) 2,00,000 magnifications (ranging from 50 to 99.5 nm).
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Figure 3. The structure of N-methyl butyl imidazolium cation copper oxide nanocomposite.

3.2. Sorption Study

The uptake of triclosan was optimized by numerous parameters. The improved
parameters were 20-120 nug/L triclosan; 0.1-1.5 g/L for N-methyl butyl imidazolium
bromide copper oxide nanocomposite dosage; 3-12 medium pHs; time of 5-40 min with
a temperature of 20-30 °C. The results of all these sets of experiments are given in the
following sections.

3.2.1. Concentration of Triclosan

The concentration of triclosan was optimized by taking 10 to 130 pug/L. The other
variables controlled were contact time of 30 min, pH 8.0, dose 1.0 and 25 °C temperature.
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The results of these sets of experiments findings are graphed in Figure 4a and it is clear from
this figure that the triclosan removal incased from 10 to 100 g/L concentration while further
augment in the concentration could not result in more triclosan uptake. The sorption of
triclosan were 9, 18.7, 28, 36, 45, 53.4, 63, 71.5, 80.5, 90.2, 90.3, 90.3 and 90.3 pg/g at 10,
20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120 and 130 pg/L concentrations. The percentage
calculations were conducted and the percentage removal at equilibrium was 90.2. These
data are a confirmation of the fact that 100 ug/L concentration was the optimized one at
equilibrium. Therefore, 100 pg/L concentration of triclosan was considered as the best one
in this set of experiments.

3.2.2. Contact Time

The contact time for triclosan removal was optimized by taking 5 to 40 min. The
other variables controlled were starting concentration 100 pg/L, pH 8.0, dose 1.0 and 25 °C
temperature. The results of these sets of experiments findings are graphed in Figure 4b and
it is clear from this figure that the triclosan removal increased from 5 to 30 min time while
further augment in the contact time could not result in more triclosan uptake. The sorption
of triclosan were 13.6, 27.9, 42.5, 57.15, 72.90, 90.2, 91.3 and 91.3 pug/g at 5, 10, 15, 20, 25,
30, 35, and 40 min. The percentage calculations were done and the percentage removals
were 13.6,27.9,42.5,57.15,72.90, 90.2, 91.3 and 91.3. These data are a confirmation of the
fact that 30 min of contact time was the optimized one at equilibrium. Therefore, 30 min
contact time for triclosan was considered the best one in this set of experiments.

3.2.3. pH of the Solution

The solution pH for triclosan removal was optimized by taking 3 to 12 units. The other
variables controlled were starting concentration 100 pg/L, contact time 30 min, dose 1.0
and 25 °C temperature. The results of these sets of experiment findings are graphed in
Figure 4c and it is clear from this figure that the triclosan removal increased from 3 to 8 pH
while further augment in the pH could not result in more triclosan uptake. The sorptions
of triclosan were 22.3,32.4, 41.5, 574, 83.6,91.2,93.2,93.3,94.5 and 94.4 ng/gat3,4,5,6,7,
8,9,10,11 and 12 pH. The percentage calculations were done and the percentage removals
were 22.3,32.4,41.5,57.4,83.6,91.2,93.2,93.3,94.5 and 94.4. These data are a confirmation
of the fact that 8.0 pH was the optimized one at equilibrium. Therefore, 8.0 pH for triclosan
was considered the best one in this set of experiments. It is important to emphasize that
many natural water resources have 7-8 pH and, therefore, it may be concluded that the
given method may be highly useful to natural water systems.

3.2.4. Dose of the Nanocomposite

The nanocomposite dose for triclosan removal was optimized by taking 0.1, 0.25, 0.50,
0.75, 1.0, 1.25 and 1.5 g/L concentration. The other variables controlled were starting
concentration 100 pug/L, contact time 30 min, pH 8.0 and 25 °C temperature. The results of
these sets of experiment findings are graphed in Figure 4d and it is clear from this figure
that the triclosan removal increased from 0.1 to 1.0 g/L while further augment in dose
could not result in more triclosan uptake. The sorptions of triclosan were 35.6, 55.4, 72.8,
81.7,91.2,91.2 and 92.4 png/g at 0.1, 0.25, 0.50, 0.75, 1.0, 1.25 and 1.50 g/L. The percentage
calculations were done and the percentage removals were 35.6, 55.4, 72.8, 81.7,91.2,91.2
and 92.4. These data are a confirmation of the fact that 1.0 g/L dose was the optimized one
at equilibrium. Therefore, 1.0 g/L dose for triclosan was considered as the best one in this
set of experiments.

3.2.5. Temperature of the Solution

The experimental temperature for triclosan removal was optimized by taking 20, 25
and 30 °C. The other variables controlled were starting concentration 100 pug/L, contact
time 30 min, 1.0 g/L dose and pH 7.0. The results of these sets of experiment findings are
graphed in Figure 4e and it is clear from this figure that the triclosan removal decreased
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from 20 to 30 °C while the experiments that further increased or decreased temperature
were not conducted because these are not the temperatures of natural water resources. The
sorptions of triclosan were 9.0, 18.7, 28.5, 37.0, 46.4, 54.7, 64.2, 72.8, 82.2, 91.5, 92.3 and
92.3 ng/g at 20 °C while these values at 25 °C were 9.0, 18.7, 28.0, 36, 45, 53.4, 63, 71.5, 80.5,
90.2,90.3, and 90.3 pug/g. The values at 30 °C were 9.0, 18.7, 26.8, 35, 43.6, 51.5, 60.4, 70.1,
79.5, 88.5, 88.3 and 88.2 ng/g. These data are a confirmation of the fact that the sorption
was in the order of 20 > 25 > 30 °C, confirming the exothermic sorption of triclosan on the
reported nanocomposite.
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Figure 4. Sorption of triclosan (a) amounts, (b) time, (c) pH, (d) dose and (e) temperature.

3.3. Combined Effect of the 3D Parameters

pH is one of the most important factors for determining the applicability of a method
in the treatment of water in real-life problems. Therefore, efforts were made to study the
combined effect of pH with initial concentration, time, dose and temperature. The results
are given in Figure 5. A look at Figure 5a indicates that the best removal was 90.2% at
100 pg/L concentration and pH 8. A further increase in both concentration and pH could
not augment the removal of triclosan. Similarly, a look at Figure 5b indicates that the
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best removal was 90.0% at 30 min and pH 8. A further increase in both contact time and
pH could not augment the removal of triclosan. A look at Figure 5c¢ indicates that the
best removal was 91.0% at a 1.0 g/L dose and pH 8. A further increase in both dose and
pH could not augment the removal of triclosan. In addition, the effects of %removal vs.
temperature vs. pH are shown in Figure 5d, which indicates that the best removal was
91.5% at 20 °C temperature and pH 8. A further increase in pH could not augment the
sorption of triclosan. It is interesting to mention that the adsorption decreased at high
temperatures. Therefore, it was decided to select 25 °C temperature throughout this study
because this is the temperature of most of the water resources. Finally, 25 °C temperature
was selected to carry out all the experiments and the maximum sorption of triclosan was
91.0% at pH 8. The experiments were conducted five times (n = 5) and the percentage errors
were calculated. The percentage error values were in a range of 2.5 to 4.5. These values

clearly showed the approval of the experiments.

% Remmoygy

% Remwa,

(c) (d)

Figure 5. Three-dimensional plots for triclosan removal: (a) %removal vs. Ci vs. pH, (b) %removal
vs. time vs. pH, (¢) %removal vs. dose vs. pH and (d) %removal vs. temperature vs. pH.
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3.4. Modeling

The data obtained after experiments were used to run the models and the most
significant isotherms used were Langmuir, Freundlich, Temkin and Dubinin-Radushkevich.
The findings after running these models are given below.

3.4.1. Langmuir

The equation for the Langmuir model is given in the Supplementary Information
(Table S1) and this equation was used to model the experimental data. The Langmuir
model parameters were determined and expressed by b (L/ug) and X (ng/g). The
magnitudes of these parameters were exploited by the intercept and slope of the plot
drawn between 1/Q; and 1/C; (Figure 6a). These values are presented in Table 1, which
confirmed 0.087, 0.015 and 0.008 pg/g values of Xmax at 20, 25 and 30 °C, respectively, while
the values of b were 188.68, 625 and 833.33 L/ g at these temperatures. The magnitude of
regressing constants was 0.929, 0.967 and 0.901.

Table 1. The adsorption isotherm parameters of triclosan.

Temperatures
Isotherms
20.0 °C 25.0 °C 30.0 °C
Langmuir
Xmax (1g/8) 0.087 0.015 0.008
b (L/ug) 188.68 625 833.33
R? 0.929 0.967 0.901
Freundlich
kp (ng/g) 17.64 10.11 5.08
n (ug/L) 1.38 1.09 0.89
R? 0.949 0.968 0.885
Temkin
Kr (L/ng) 5.55 2.99 1.86
Bt (kJ/mol) 3.35 2.70 2.23
R2 0.949 0.968 0.885
Dubinin—-Radushkevich
Qm (ug/g) 128.83 158.48 177.83
K,q (mol?/KJ?) 1.22 3.20 5.38
E (kJ/mol) 0.53 0.42 0.36
R2 0.901 0.954 0.849

Xmax and b = Langmuir; kg and n = Freundlich constants; kt and Bt = Temkin constants; Qm, Kad and E = Dubinin—
Radushkevich constants and R? = Regression coefficient.

3.4.2. Freundlich

The equation for the Freundlich model is given in the Supplementary Information
(Table S1) and this equation was used to model the experimental data. The Freundlich
model parameters were determined and expressed n (ug/L) and kg (ng/g) (Figure 6b). The
magnitudes of these parameters were exploited by intercept and slope of the plot drawn
between logQt and logCt. These values are presented in Table 1, which confirmed 17.64,
10.11 and 5.08 pg/g values of kg at 20, 25 and 30 °C, respectively, while the values of n were
1.38, 1.09 and 0.89 L/ pg at these temperatures. The magnitude of regressing constants was
0.949, 0.968 and 0.885. The outcome of the experimental data by Freundlich and Langmuir
models was studied. A comparison can be seen in Table 1 and it is clear that the regression
constants for Langmuir are close to unity in comparison to the Freundlich. It means that
the experimental data followed the criterion of the Langmuir model rather than Freundlich
one. Finally, it was concluded that the sorption process proceeded through the Langmuir
model.
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3.4.3. Temkin

The equation of the Temkin model is given in the Supplementary Information (Table S1)
and this equation was used to model the experimental data. The Temkin model parameters
were determined and expressed by Kr (L/pg) Bt and (k] /mol) constants. The magnitudes
of these parameters were exploited by slope and intercept of the plot drawn between logQt
and logCt (Figure 6¢). These values are presented in Table 1, which confirmed 5.55, 2.99
and 1.86 L/ug of Ky at 20, 25 and 30 °C, respectively, while 3.35, 2.70 and 2.23 were the
values of Bt at 20, 25 and 30 °C, respectively. The magnitude of regressing constants was
0.949, 0.968 and 0.885 at Kt at 20, 25 and 30 °C, respectively. These values are approaching
unity, which is the confirmation of the validity of the data by the Temkin model.

3.4.4. Dubinin—-Radushkevich

The equation for the Dubinin—-Radushkevich model is given in the Supplementary
Information (Table S1) and this equation was used to model the experimental data. The
Dubinin—-Radushkevich model parameters were determined and expressed by Qn, (1g/g),
Ka.g (mol?/kJ?) and E (k] /mol). The values of Qm, (1g/g) and E (kJ/mol) were determined
by the intercept and slope of the plot drawn between the graph of 1/Q; and 1/C; (Figure 6d).
The degrees of K,q (mol? /kJ?) were computed by exploiting an equation as given below.

InQe = InQm — Kog-E? )

where Qe, Qm and E have the usual meaning.

The values of different constants are presented in Table 1, which confirmed 128.83,
158.48 and 177.83 ug/g of Qm at 20, 25 and 30 °C, respectively, while 1.22, 3.20 and
5.83 mol? /kJ? were the values of K,q at 20, 25 and 30 °C, respectively. The degrees of
E were 0.53, 0.42 and 0.36 kJ/mol at 20, 25 and 30 °C, respectively. The magnitude of
regressing constants was 0.901, 0.954 and 0.849 at Kt at 20, 25 and 30 °C, respectively. These
values are approaching unity, which is the confirmation of the validity of the data by the
Dubinin—Radushkevich model.
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Figure 6. Models for triclosan: (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin-Radushkevich.
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3.5. Kinetic Study

First, second and Elovich’s kinetic models were exploited for computing the kinetics
of the triclosan sorption process. The equations used for these models are given in the
SI (Table S2). First, second and Elovich’s kinetic models’ graphs are plotted between
log(Qe-Qyt), t vs. Qt and t, Int vs. Qt, respectively. The slopes and intercepts of these
plots were exploited to compute the degrees of the various constants. The values of
these different constants are presented in Table 2. Taking the example of first order, the
value of the rate constant was 0.073 1/min with 90.2 experimental and 124.11 theoretical
values of the equilibrium concentration of triclosan. These values varied from each other
by 33.91, confirming their closeness. The value of the regression constant was 0.995,
approaching unity. Taking the example of second order, the values of rate constant were
3.26 x 107° g/ ng min with 90.2 experimental value and 909.09 theoretical value. These
values varied from each other by 818.89%, confirming their non-closeness. The value of h
was 2.70 pug/g min, confirming the good value of the initial rate of the sorption. The value of
the regression constant was 0.994. The data of the first- and second-pseudo-order reaction
models were matched. It was observed that the experimental and theoretical degrees of
the sorbed triclosan amount were in agreement in the first-pseudo-order reaction, rather
than in the second-pseudo-order reaction model. Further, the degrees of the regression
constants of triclosan were slightly higher in the case of first order in comparison to the
second-order reaction. Consequently, it was decided that the investigational data obeyed
the first-pseudo-kinetic reaction. The degrees of adsorption (x) and desorption (f3) rates
were computed by Elovich’s kinetic model and the computed values are presented in
Table 2; it is clear that o was 9.37 ug/g min while 3 was 0.28 g/ug, confirming faster
sorption than desorption. The degree of the regressing coefficient was 0.939, approaching
unity. These data confirmed the applicability of Elovich’s kinetic model.

Table 2. Kinetic parameters of triclosan.

Kinetic Models and Parameters Numerical Values

First-second-order

k1 (1/min) 0.073
The experimental Qe (1g/g) 90.2
The theoretical Qe (ug/g) 124.11
R? 0.995
Pseudo-second-order
ky (g/pg min) 3.26 x 1076
The experimental Qe (ug/g) 90.2
The theoretical Qe (1g/g) 909.09
h (ug/g min) 2.70
R? 0.994
Elovich
« (1g/g min) 9.37
B (5/ng) 0.028
R? 0.939

3.6. Thermodynamics Study

Triclosan sorption thermodynamics of the adsorption phenomenon was ascertained
by the thermodynamics equations, which are given in the Supplementary Information. The
thermodynamics were estimated in terms of entropy, enthalpy and free energy. The degrees
of entropy and enthalpy were 0.47, —0.11 and —5.43 x 10~2, respectively. The degrees of
free energy at 20, 25 and 30 °C were —53.18, —74.17 and —76.14, respectively. The negative
values of enthalpy, free energy and entropy are an indication of impulsive sorption and
exothermic process.
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3.7. Adsorption Mechanism

In scientific discoveries, the mechanism of any phenomenon is very important and it is
also true with this manuscript. The mechanism of triclosan sorption on N-methyl butyl im-
idazolium bromide copper oxide nanocomposite was studied by exploiting the liquid-film
diffusion kinetic model and the intra-particle diffusion kinetic models (Figure 7a,b). The
equations for the liquid-film diffusion kinetic model and the intra-particle diffusion kinetic
models are given in the Supplementary Information (Table S2) and these equations were
used to model the experimental data. The liquid-film diffusion kinetic model parameters
were determined and expressed by the rate constant (1/min), intercept and regression
constant. The magnitude of the rate constant was exploited by the slope of the plot drawn
between t and In(1—F). This value is presented in Table 3, which confirmed 0.073 1/min.
The magnitude of regressing constant was 0.946 with 0.32 as the intercept value. This
information shows that the graph is approaching its origin. Contrarily, the intra-particle
diffusion kinetic model parameters were determined and expressed by the rate constant
(kipq1), intercept and regression constant. The magnitude of this constant was exploited by
the slope of the plot drawn between Qt and t*° (Figure 7a,b). The values are presented in
Table 3, which confirmed 23.37 kip41. The magnitude of regressing constant was 0.976 with
—43.72 as the intercept value. This information shows that the graph is not going through
the origin. By comparing both models, it was found that the graph of the liquid-film
diffusion kinetic model is passing closer to the origin in comparison to the intra-particle
diffusion kinetic model. Moreover, the value of the regression constant was greater in the
former model in comparison to the latter. These findings are clear proof of the applicability
of the liquid-film diffusion kinetic model in the present sorption process.

0 ¥ 100 -
l 30 bt
80 -
-0.5 -
~ N 60 7
=
= -l © 4 - o
£
20 -
-1.5 - e
L 0 ¥ ¥ ¥ 3
o 2 3 4 5 6
Time (min) t0.5
(a) (b)

Figure 7. Mechanism of the sorption: (a) liquid-film diffusion and (b) intra-particular diffusion models.

Table 3. The values of the uptake mechanism parameters of triclosan.

The Kinetic Models and Parameters Numerical Values

The intraparticle diffusion kinetic model

kiq (ug/g min®?) 23.37
Intercept —43.72
R? 0.976
Liquid film diffusion kinetic model
kg (1/min) 0.073
Intercept 0.32
R? 0.946
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3.8. Supramolecular Mechanism of Uptake

In addition to using the sorption mechanism model, it is also interesting if the sorption
mechanism is developed and this is possible by a simulation study and triclosan and
N-methyl butyl imidazolium bromide ionic liquid chemistry. The procedure for simulation
between triclosan and N-methyl butyl imidazolium bromide is given in the Supplementary
Information. The outcomes of the binding were calculated in terms of bonding and residues
involved. The model developed after simulation between triclosan and N-methyl butyl
imidazolium bromide and by chemical methods is shown in Figure 8. This figure indicates
bonding between the hydroxyl group of triclosan and imidazole ring of N-methyl butyl
imidazolium bromide. The maximum adsorption was observed at pH 8.0 and it can be
explained at the supramolecular level by considering the model presented in Figure 8. The
pKa value of N-methyl butyl imidazolium bromide is 7.0-7.4 and it means that N-methyl
butyl imidazolium bromide ionizes at pH 7.0-7.4, leading to the formation of a cation
of N-methyl butyl imidazolium bromide. On the other hand, the pKa value of 7.9-8.1
means that triclosan ionizes at 7.9-8.1 pH, leading to the formation of the anion of triclosan.
Finally, the cation and anion interacted by electrovalent bonding and formed a complex
structure, as shown in Figure 8. Further, it is important to mention that the pKa value of
triclosan is controlling sorption because the pKa value of triclosan is higher than the pKa
value of N-methyl butyl imidazolium bromide. The residues involved in the formation
of the complex structure are the phenoxide group of triclosan and imidazolium ring of
N-methyl butyl imidazolium bromide. These interpretations are in a good arrangement
for supporting the adsorption behavior of triclosan. Finally, the uptake mechanism at the
supramolecular scale is developed and established.

Electrovalent bond \ ' \

V)

Figure 8. Interacting model of triclosan with N-methyl butyl imidazolium bromide.

3.9. Regeneration of Sorbent

The regeneration of any sorbent is one of the important issues in developing economic
water treatment methods. The regeneration was tried with water of different pHs, buffers
of different pHs, acids, bases and organic solvents. The maximum desorption (98.6%) was
obtained with acetone and the efficiency of the regenerated sorbent was not good, as it
could remove further triclosan to 73%. On the other hand, the ethanol could desorb 96.8%
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triclosan and the removal capacity of the sorbent was good, i.e., 90.0%, which decreased to
85.6% after five cycles of regeneration.

4. Conclusions

Copper oxide nanoparticles were synthesized using green methods and the nanocom-
posite was prepared by using N-methyl butyl imidazolium bromide ionic liquid. The
nanocomposite was characterized by using proper spectroscopic methods. The nanocom-
posite was used to remove triclosan in water and the percentage removal was 90.2% at pH
8.0, which is an asset for using this method in natural water conditions. In addition, 30 min
is the fast time to apply the method in natural situations. The conditions developed for
this method were time 30 min, concentration 100 pg/L, pH 8.0, dose 1.0 g/L and 25 °C
temperature. The results were verified by Langmuir isotherm. In addition, Temkin and
and D-Rs models were followed well by the data. The sorption mechanism was through
the liquid-film diffusion kinetic model. The enthalpy and free energy values were nega-
tive while the entropy of the value was positive, which confirmed the natural sorption
phenomenon at all the working temperatures. In addition, these results also confirmed
the exothermic elimination of triclosan. The supramolecular simulation study confirmed
electrostatic interaction between triclosan and N-methyl butyl imidazolium bromide ionic
liquid. This method is green in nature and economical in behavior, giving 90% elimination
of triclosan. Finally, this method is considered worthwhile for the elimination of triclosan
in water.
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Abstract: The current work was aimed at the development of a topical drug delivery system for
azelaic acid (AzA) for acne treatment. The systems tested for this purpose were deep eutectic systems
(DESs) prepared from choline chloride (CC), malonic acid (MA), and PEG 400. Three CC to MA
and eight different MA: CC: PEG400 ratios were tested. The physical appearance of the tested
formulations ranged from solid and liquid to semisolid. Only those that showed liquid formulations
of suitable viscosity were considered for further investigations. A eutectic mixture made from MA:
CC: PEG400 1:1:6 (MCP 116) showed the best characteristics in terms of viscosity, contact angle,
spreadability, partition coefficient, and in vitro diffusion. Moreover, the MCP116 showed close
rheological properties to the commercially available market lead acne treatment product (Skinorin®).
In addition, the formula showed synergistic antibacterial activity between the MA moiety of the DES
and the AzA. In vitro diffusion studies using polyamide membranes demonstrated superior diffusion
of MCP116 over the pure drug and the commercial product. No signs of skin irritation and edema
were observed when MCP116 was applied to rabbit skin. Additionally, the MCP116 was found to be,
physically and chemically, highly stable at 4, 25, and 40 °C for a one-month stability study.

Keywords: Azelaic acid; ionic liquid; deep eutectic mixture; choline chloride; malonic acid

1. Introduction

Acne (also called acne vulgaris (AV)) is a common dermatological disorder that most
frequently affects adolescents, yet people from all age groups are candidates to be affected
at least once at some point in life [1,2]. The visible nature of acne, symptoms, and sequelae
all contribute physically and psychosocially to the overall burden of the disease, as do the
costs required for management [3]. Sebum production, accumulation of dead skin cells in
follicles, and hormonal factors are the endogenous factors that contribute to acne formation;
however, the major cause of acne pathogenesis is the microorganisms [4]. Among these
microorganisms, Gram-positive Propionibacterium acnes (P. acnes) has been the primary
cause, whereas microorganisms such as Staphylococcus aureus (S. aureus) and Staphylococcus
epidermidis (S. epidermidis) are known to increase the severity of this disease [5,6]. The
widespread and prolonged use of antibiotics introduces a potential added burden through
resulting antimicrobial resistance [7]. Amongst the most commonly used antibiotics, Azelaic
acid (AzA, Figure 1) is a naturally occurring saturated dicarboxylic acid that has therapeutic

Molecules 2023, 28, 6927. https:/ /doi.org/10.3390/molecules28196927 140

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



Molecules 2023, 28, 6927

relevance in the management of several dermatological conditions. AzA is reported to
possess keratolytic and comedolytic properties, and is reported to be effective in the
management of hyperpigmentation disorders like lentigo maligna and melasma [7-9].
AzA is also reported to possess antibacterial, specifically bactericidal, activity against
Cutibacterium acnes and Staphylococcus epidermidis, and is therefore commonly used in the
management of acne vulgaris [10-12].

O 0]

0 9 |

HOWOH /N+ Cl- )J\)J\
[ oH HO OH

Azaleic acid Choline chloride Malonic acid

Figure 1. Chemical structure of Azelaic acid, Malonic acid, and Choline chloride.

AzA is regarded as a problematic drug to formulate; it is sparingly soluble in water,
and is reported to possess limited skin permeability [13]. Several formulation strategies
have been investigated to facilitate the intradermal delivery of AzA, including microemul-
sions [14], ethosomes [15], liposomes [16], foam formulations [17], hydrogels [18], and
chitosan-loaded nanoparticles [19], among others.

Of the various strategies to enhance drug solubility and skin penetrability, Ionic Lig-
uids (ILs) and deep eutectic systems (DESs) have recently gained considerable interest as
green solvents with unique tunable physiochemical properties, most interestingly their
superior solvation properties, wide liquid ranges, safety, non-toxicity, non-flammability,
non-volatility, thermal stability, sustainability, biodegradability, skin penetration enhance-
ment, antibacterial activity, and low cost [20-22]. Plenty of recently published research
showed the potential antibacterial activity of some DESs [23]. It was reported that choline
chloride (CC, Figure 1) with urea or glucose DESs did not inhibit bacterial growth, while
the DES made from CC and malonic acid (MA, Figure 1) had an inhibitory effect, indicating
its potential application as an antibacterial agent [24] (Marcel et al., 2022). Recently, DES
made from choline and geranic acid has been shown to exhibit excellent antimicrobial
activity against a broad variety of pathogens [25]. Further, these DESs have been shown
to exhibit deep penetration into the skin, thus suggesting their ability to treat pathogens
residing in the skin [26].

From the literature, DESs based on CC and dicarboxylic acids (such as MA) are one of
the most commonly used representatives of these fluids that at certain molar ratios are room-
temperature liquid low-melting mixtures [24,27]. One of the critical drawbacks of DESs is
their relatively higher viscosity compared to molecular solvents [28]. The high viscosity of
these DESs limits their pharmaceutical applicability as solubilizers and drug vehicles. To
overcome their high viscosity, one efficient way is to use an appropriate co-solvent such as
propylene glycol, polyethylene glycol, or glycerol. Moreover, the suggested components of
the DES utilized in the current study have been reported as suitable vehicles for topical
applications and are generally recognized as safe (GRAS) when used in accordance with
good manufacturing practices [29]. To the best of our knowledge, the pharmaceutical
application of a DES made from MA and CC as a solubilizing and drug delivery vehicle
for AzA was not reported before. Therefore, the present work describes an investigation
into the feasibility of the use of a DES formulation consisting of MA, CC, and PEG 400
as a vehicle for the intradermal delivery of AzA to treat acne. The prepared DES will be
evaluated in terms of viscosity, spreadability, pH, partition coefficient, contact angle, and
solubilization power.

2. Results and Discussion
2.1. Rheological, Solubility, and Contact Angle Studies

The acceptability and efficacy of topically applied products require that they have
optimal mechanical properties, adequate rheological behavior, spreadability, and appro-
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priate skin adhesion. Rheological evaluation is mainly to ensure the suitability of product
manufacturing, uniformity, extrudability, stability, and suitability with respect to rubbing
on the human skin. The rheological study (Figure 2) was conducted at temperatures that
could represent product storage in the refrigerator (5 to approximately 10 °C), room tem-
perature (22 to 25 °C), and skin temperature (32 °C). For temperatures in the range from 8
to 20 °C, the order of viscosity was MC21 > MC12 > MC11. The extremely high viscosity
of MC21 hinders its application as a suitable solvent and drug carrier system, and it was
therefore excluded from further investigations [30]. At room temperature (22 to 25 °C) and
skin temperature (32 °C), formulation MC11 showed significantly lower viscosity readings
than MC12. To further decrease the viscosity, PEG 400 was added as a co-solvent at dif-
ferent ratios to MC11 and MC12 and was compared with a reference commercial topical
product for acne treatment (Skinoren®, 20% AzA, Leo laboratoreies Ltd., Maidenhead,
UK). PEG 400 addition resulted in a significant reduction in the viscosity readings of the
DESs. The MCP116 showed the lowest viscosity reading among the tested DESs (Table 1).
MCP116 viscosity value was closer to that of the commercial product (340 & 7.1 MPa and
380 =+ 5.1 MPa for MCP116 and Skinoren®, respectively). PEG400 has hydrophilic polymer
chains with the availability of many terminal hydroxyl groups that may possibly improve
the hydrophilicity of biomaterials. In the current study, the addition of PEG 400 to MC11
and MCI12 resulted in an increase in the partition coefficient parallel with a decrease in
the contact angle on the hydrophobic glass surface. The increased hydrophobicity with
increased PEG addition suggests possible interruptions of MA and CC interactions. In
addition, PEG400 is less polar as compared to ionic liquids and DESs [31]. Therefore, the
PEG addition resulted in a significant decrease in the DES contact angles, with MCP116
being the lowest. The low contact angle of MCP116 indicates its good hydrophobicity.
Although AzA contains hydrogen bond donors and acceptors, AzA (pKa = 4.6) in the
ionized form has a small diffusivity through the stratum corneum [32]. The pH of the DESs
(2.60 to 3.13, acidic pH) renders AzA mostly in the unionized form. Therefore, AzA alone
and AzA in the DESs partitioning properties were evaluated. AzA’s apparent solubility
in octanol was (45 £ 4) mg/mL at 22 °C. The estimated Octanol/water log p value of
AzA was approximately 2 &= 0.02. The Octanol/water log p value of AzA is comparable
to 1.42 £ 0.06 [33]. Increasing the ratio of PEG with resulted in an increase in log p with
MCP116 being the highest. Such an increase in partitioning coefficient values could be due
to the existence of the drug in the unionized form in the DESs system. Such results could be
due to the availability of many (OH) groups for hydrogen bonding with the AzA and the
decrease in the viscosity of the DESs with PEG addition. A decrease in viscosity, a reduction
in contact angle, and an elevated partitioning coefficient collectively promote the spread-
ability of the formula, with MCP116 achieving the highest value, as indicated in Table 1.
Additionally, the incorporation of PEG400 in the DESs was observed to have no impact on
the pH. This outcome is to be expected, as PEG represents a nonionizable polymer, devoid
of proton-donating or proton-accepting attributes. Most importantly, the results presented
in Table 1 showed an increase in drug solubility in the DES formulations compared to that
of pure water. Among the tested DESs, MCP116 showed the highest solubility, with about
80 times the solubility of the drug in water (AzA solubility in water is 2.4 mg/mL) [13]. The
high-required concentration (20%) of AzA to guarantee its availability in the skin increases
the incidence of side effects, most likely skin irritation. Moreover, such a high required
drug concentration increases the need for a drug carrier system with high loading capacity,
acceptable skin tolerability, and good penetration enhancement ability. DESs were shown
to be a possible solution to overcome these challenges. The pH values of the formulations
in the range of 2.6 to 3.11 are generally lower than the typical pH range of healthy skin,
which falls between 4 and 6. Lower pH values can make formulations more acidic, which
could potentially lead to skin irritation, dryness, or disrupt the skin’s natural pH balance.
However, the suitability of these pH values depends on various factors, including the
specific ingredients in the formulation, the intended use (e.g., as a spot treatment or all-over
application), and individual skin sensitivities. Since the current formulation is intended for
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short-term and localized use (acne treatment), a slightly lower pH might be acceptable and
justifiable as it can help solubilize AzA, and enhance its effectiveness and intradermal pen-
etration. Furthermore, it is worth noting that the components comprising the formulation,
namely CC, MA, and PEG400, are generally considered “green” components. They have
a well-documented history in skin and cosmetic formulations, demonstrating acceptable
levels of skin irritation and tolerability. These attributes can further support the justification
for the pH range chosen in the formulation. Because of the high viscosity of PEG-free DESs
(MC11, MC12, and MC21) solubility of AzA was not possible to perform.
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Figure 2. Rheogram of the binary deep eutectic system from malonic acid and choline chloride at
different molar ratios (A) and malonic acid and choline chloride with PEG400 (B) at temperatures

from 8 °C to 32 °C.

Table 1. The solubility of AZA, pH of the DESs, partition coefficient of AzA in the DESs, viscosity,

Temperature ['C]

spreadability and contact angle of the DESs.

AzA Solubility Viscosity Spreadabilit Contact
DESs mg/g IL pH=£SD Logp (mPa.s) = SD Cmp(Mean n S}],)) Angle
Mean £+ SD at30°C (©)
MC11 NM NM NM 15,872 +20.1 291 £0.13 NM
MC12 NM NM NM 51,950 + 25.1 291 +£0.13 NM
MC21 NM NM NM 403,000 £ 25.1 291 £0.13 NM
MCP111 1565+ 7.1 3.01 + 0.01 2.12 1504 £ 12.1 52 +£0.01 75+34
MCP112 172.25 £ 8.2 3.11 £ 0.02 2.40 1076 £ 7.2 8.0+ 0.12 70£29
MCP114 178.0 £ 6.8 3.00 £ 0.01 2.65 721 +5.1 9.2+0.21 65+24
MCP116 194.1 +10.1 3.13 £ 0.01 291 340 £ 7.1 114 £0.31 53+21
MCP121 920+7.6 2.60 £ 0.01 212 5120 £19.1 3.01+0.13 79+34
MCP122 130.5 + 8.9 2.61 £ 0.02 2.21 4440 +10.2 5.5+0.16 76 +£29
MCP124 1455 £ 8.1 2.62 £ 0.01 221 822 +£9.2 7.7 £0.12 72+24
MCP126 152.6 +10.1 2.62 +0.015 2.45 646 £7.1 8.3+0.21 69 £21
Skinorin® - - - 380 £ 5.1 73 +£0.11 -
Azelaic acid ~0.24g/100 g - 2.01 - - -

NM: the reading was not possible to perform due to the high viscosity.

143



Molecules 2023, 28, 6927

2.2. Attenuated Total Reflectance—Fourier Transformed Infra-Red (ATR-FTIR)

FTIR studies were successfully implemented for the elucidation of the possible interac-
tions between DES components [33]. The ATR-FTIR results of MA, CC, AzA, PEG, and the
optimal candidate formulation MCP116 are shown in Figure 3. AzA exhibited characteristic
peaks at 1706 cm !, likely corresponding to the C=0 stretching peak. The peak centered
around 3000 cm ™! likely corresponds to the carboxylic acid dimer structure of AzA. The
peaks observed between 2800 and 2950 cm ! are among the specific peaks of the aliphatic
chains of AzA [34]. CC exhibited characteristic peaks at 3391 cm~!, and 1086 cm~!, likely
corresponding to the -OH stretching, and C-N stretching peaking, respectively. PEG ex-
hibited a characteristic -OH stretching peak at 3374 cm~!. MA exhibited a characteristic,
aggregated peak centered on 1695 cm !, likely corresponding to C=O stretching; it also
exhibited the carbonyl dimer ring centered on 3000 cm~!. The spectra of both the blank
(placebo DES) and the drug-loaded DES (MCP116) appear nearly identical; the carbonyl
dimer is seen shifted to 2900 cm !, with the peak appearing broader in the drug-loaded
MCP116 formulation. Furthermore, there is a clear shifting of the C=0O stretching peak MA,
indicative of hydrogen bonding. Both the peaks corresponding to a carbonyl functional
groups and the -OH stretching peak are seen to be more intense (relative to % transmittance)
in the drug-loaded formulation than in the placebo, but the characteristic peaks of AzA
were not visible, likely due to the penetration depth limit of the ATR crystal.
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Figure 3. FTIR spectra of MA, CC, AzA, PEG, and the optimal candidate formulation MCP116.

2.3. Differential Scanning Calorimetry (DSC) Study

The solid materials analyzed (Figure 4) exhibited typical thermal behavior and melting
endotherms at 105 °C, 151 °C and 325 °C for raw AzA, MA and CC, respectively (Figure 4).
Such results are consistent with those reported in the literature [35,36]. Concerning PEG, a
substance that remains in a liquid state at room temperature, thermal analysis was initiated
at —40 °C when it was in a solid phase. The thermogram revealed an exothermic peak
at —30 °C, signifying solidification, and an endothermic peak at 5 °C, indicating melting.
Furthermore, Figure 4 illustrates the thermogram of MCP116 in combination with AzA.
Notably, this thermogram displays a minor peak at —20 °C, another minor peak at 150 °C,
and a broad peak at 260 °C. The findings indicated the absence of the characteristic peaks
associated with MA and AzA, replaced by a broad peak at 260 °C, indicative of a lowered
melting point for CC. These results substantiate the formation of a DES between MA and
CC, the complete miscibility of PEG400, and the full solubilization of AzA within the
resultant DES.
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Figure 4. DSC thermogram of choline chloride (CC), malonic acid (MA), Azelaic acid (AzA, PEG400,
and the eutectic formulation MCP116, with AzA.

2.4. High-Performance Liquid Chromatography (HPLC)

A singular, sharply defined peak corresponding to AzA, displaying remarkable resolu-
tion, emerged at a retention time (RT) of 4.278 min, as depicted in Figure 5. The analytical
method exhibited robust linearity, substantiated by a high correlation coefficient (R? = 0.9997),
and demonstrated good selectivity by virtue of the absence of any discernible interference
from the excipients with the model drug.
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Figure 5. Chromatogram of blank formulation and formulation with Azelaic acid.

2.5. Diffusion Study

Based on the results regarding partitioning coefficient, contact angle, spreadability,
and rheology, MCP116 was chosen as the candidate DESs and MCP114 was tested for
comparative purposes. To assess the permeation characteristics, equivalent quantities of
AzA were investigated from both formulations, alongside a pure drug solution and a
commercially available product, using a Franz diffusion cell. Previous studies established
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the successful use of polyamide membranes as an in vitro model for SC [37,38]. Therefore,
the diffusion of AzA and the selected formulations through polyamide membranes was
studied. The concentration of AzA in the donor phase was the same in all diffusion studies.
As anticipated, due to its higher lipophobicity, the MCP116 formulation exhibited greater
diffusion compared to the parent drug.

The findings depicted in Figure 6 indicate that all formulations exhibited comparable
flux during the initial 5 h. However, the flux demonstrated a consistent linear augmentation,
characterized by a high R? value of 0.99, reaching values of 23.5 4 4.1, 16.7 + 2.0, and
75+ 1.01 mg.cm2.h for MCP116, MCP114, and Skinorin®, respectively, after 24 h.
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Figure 6. Diffusion study of Formulation MCP116, MCP114, AzA suspension and commercial
product (Skinorin) through polyamide membrane, temperature 37 °C.

The cumulative amount released (as an average of three readings) was equal to
approximately 100 =+ 7%, 75 £ 8%, and 16.5 £ 3%, from MC116, MC114, and Skinorin®,
respectively. These results showed the superiority of MC116 over MC114 and the reference
product Skinorin®. The pure drug showed only low diffusion through the tested membrane.

2.6. Microbiological Study

Recently many reports indicated the potential application of organic acid-based MA:
CC DESs as an antibacterial agent due to their inhibitory effect [23]. A recent study
investigated the DES composed of a 2:1 ratio of MA and CC along with its individual
component, MA, for their antifungal properties against notable fungal species, including
Aspergillus niger, Lentinus tigrinus, Candida cylindracea, and Cyprinus carpio fish. The study’s
findings concluded that the MA present in the DES exhibited lower toxicity when com-
pared to its isolated counterpart, MA. [39]. AzA inhibits protein synthesis inside bacterial
cells [40]. In the current study, the low pH offered by the DES (pH 3.13 = 0.01), renders
AzA mostly in the unionized form; thus, enhancing its uptake through the bacterial cell
wall as also proposed by a study by Al-Marabeh et al. [41]. Table 2 showed an inhibitory
effect on the growth of tested microorganisms with an inhibition zone of 28.62 £ 0.85 mm,
13.03 + 0.90 mm, and 21.50 4 0.81 mm for MCP116 with AzA, MCP116 without AzA (blank
DES), and Skinorine®, respectively. Such results indicate that the drug alone showed an
inhibitory effect higher than the blank DES. MCP116 with AzA showed a significantly
higher inhibitory effect against P. acnes, mostly due to the additive effect between the
drug and MA of the DES. While the effectiveness of the MCP116 with AzA compared
to the marketed product was statistically significant (p < 0.05), no statistical difference
was detected between the inhibition zones of MCP116 without AzA and the commercial
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product (p > 0.05). The relatively small inhibition zone diameter observed for MCP116 in
the absence of AzA is likely attributable to MA, a phenomenon previously documented in
several references [42,43]. This effect could be a result of the additive interaction between
MA and AzA. Such formulation (i.e., MCP116 with AzA) exhibited higher efficacy than the
marketed product, since they yielded a larger inhibition zone diameter, which might be
explained by the fact that MCP116 with AzA scattered faster in the medium due to its high
spreadability and diffusion characteristics.

Table 2. Inhibition zone diameters of the DES and Skinorine® against C. acnes at theend of 72 h (n = 3;
* p <0.05 for MCP116 vs. Skinorine®; p < 0.05 for MCP116, with AzA vs. MCP116, without AzA).

Formulation Inhibition Zone (mm) + SD
MCP116, with AzA 28.62 +0.85*
MCP116, without AzA 09.03 £ 0.90
Skinorine® 21.50 £ 0.81

The assessment of skin irritation or corrosive potential was based on the Draize Dermal
Irritation Scoring model, following a methodology consistent with prior findings [44].
The results are summarized in Table 3, and skin responses were consistently observed
throughout all stages of the dermal testing process.

Table 3. Dermal responses observed in individual rabbits for the formulation MCP116.

Erythema
Evaluation after removal of the test substance
Rabbit 3 .
0 min 60 min 24 h 48 h 72 h
1 (Initial) 0 0 0 0 0
2 (Confirmatory) 0 0 0 0 0
Edema
Evaluation after removal of test substance
Rabbit . .
0 min 60 min 24 h 48 h 72 h
1 (Initial) 0 0 0 0 0
2 (Confirmatory) 0 0 0 0 0

The results obtained (zero erythema and zero edema) indicate that the application of
the formula on rabbit skin, serving as a model for human skin, did not exhibit any signs of
irritation for a duration of 72 h. This suggests that both the DES and the formula can be
safely applied to the skin without a significant risk of irritation.

2.7. Stability Results

The physical appearances of all formulations at all tested storage conditions were
unchanged in terms of phase separation and transparency, demonstrating that the AzA
in the DES system is thermodynamic stable. Moreover, the drug did not show any sign
of precipitation. After storage at 25 °C for 30 days, the AzA content was 98.2 £ 2.2%
and the rheological behavior of the formulation did not change, indicating that the tested
AzA-loaded in DES formulations were considered stable.

In summary, this formulation represents a pioneering approach to AzA delivery for
acne treatment, utilizing DES. It offers several advantages, including safety, environmental
friendliness (as it is free of organic solvents), and simplicity in preparation. Anti-acne
studies demonstrated that the DES formulation exhibited inhibition zones comparable to
those of the commercially available cream and previously reported formulations [15,34,45].
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3. Materials and Methods
3.1. Materials

Azelaic acid was purchased from UFC Biotechnology, USA, Choline Chloride 99.2%
and Malonic Acid 99.1% (Xi’an Gawen Biotechnology company (Xi'an, China), Sodium
dihydrogen phosphate, Potassium dihydrogen phosphate and Phosphoric acid (Merck,
Germany), Formic acid (HPLC grade), Hydrochloric acid 33% (HPLC grade), Polyethy-
lene glycol 400 and Dimethyl sulfoxide (TEDIA, Fairfield, OH, USA), Acetonitrile, 99%
(VWR chemicals, BDH®, Radnor, PA, USA), Dialysis tubing (Medical International Ltd.,
London, UK).

3.2. Preparation of Deep Eutectic Systems (DESs)

DES formulations consisting of different ratios of MA and CC, either with or without
the addition of PEG 400, are presented in Table 4. One gram of each eutectic system was
prepared by mixing the components in a glass bottle with continuous stirring at room
temperature. The temperature was gradually increased from 25 °C to 100 °C, and stirring
was continued until a clear liquid was achieved. Each mixture was then degassed using
an Ultrasonic Cleaner (Elma Sonicator, Sign, Germany). Finally, each eutectic formulation
was equilibrated in a shaking water bath (SB-12L Shaking Water Baths) for 12 h at 190 rpm
and 25 °C.

Table 4. Combinations of the composition of DESs.

Code Components Ratio (MA:CC: PEG (MCP)

Respectively)

MC11 MA: CC 1:1

MC12 MA: CC 1:2

MC21 MA: CC 2:1
MCP111 MA:CC: PEG400 1:1:1
MCP112 MA:CC: PEG400 1:1:2
MCP114 MA:CC: PEG400 1:1:4
MCP116 MA:CC: PEG400 1:1:6
MCP121 MA:CC: PEG400 1:2:1
MCP122 MA:CC: PEG400 1:2:2
MCP124 MA:CC: PEG400 1:2:4
MCP126 MA:CC: PEG400 1:2:6

3.3. pH Measurement of DESs

The pH of each of the prepared DESs was measured using a pH meter (Jenway 3510 pH
meter). A total of 1 mL from each eutectic system was transferred into a beaker then diluted
with distilled water up to 20 mL, and the pH was measured using a pH meter (Jenway
3510 Standard Digital pH Meter Kit; 230 VAC/UK). Each measurement was conducted in
triplicate, and is reported as the mean + standard deviation.

3.4. Solubility Study

The solubility of AzA in the DESs was measured by adding 200 mg of AzA to 2 gm
of each of the DESs in small glass bottles. Each glass was then sealed and transferred
to a vortex mixture for 15 min, and then equilibrated in a shaking water bath for 24 h
at 190 RPM and 25 °C. Each sample was then centrifuged (Stuart SCF1 Mini Centrifuge
Spinner) at 14,000 x ¢ RPM for 5 min. The supernatant was assayed for AzA present. The
results are reported as the percent dissolved relative to the original 200 mg placed in each
container. Solubility measurements were conducted for samples that showed good viscosity
compared to water. Each measurement was conducted in triplicate, and is reported as the
mean =+ standard deviation.
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3.5. High-Performance Liquid Chromatography (HPLC)

HPLC was used to quantify the presence of AzA in the DESs. A Supelcosil LC-18-DB
(5 pm, 15 cm X 4.6 mm) column was used. The mobile phase consisted of a 75% Phosphate-
Buffered Saline (PBS) at pH 3.5, and a 25% acetonitrile mixture at a flow rate of 1 mL/min.
The injection volume was 20 uL, the column temperature was set to 40 °C, and the UV
detector was set to 206 nm. The total run time was 10 min. The quantification of AzA was
performed against a standard calibration curve that was previously prepared in the region
of 22-280 png/mL.

3.6. Attenuated Total Reflectance—Fourier Transformed Infra-Red (ATR-FTIR) Study

ATR-FTIR spectra of AzA, CC, MA, and DES MCP116 (both with and without the
presence of the drug), were carried out using (Perkin Elmer Spectrum Two UATR FT-IR
spectrometer, Waltham, MA, USA). Scan resolution was set to 4 cm ™!, with 32 samples per

scan. Spectra were acquired over a range of 4000-450 cm ™!,

3.7. Differential Scanning Calorimetry (DSC) Study

DSC was performed on AzA, MA, CC, PEG 400, and MCP116. Each test was performed
by weighing an approximate amount between 5 and 8 mg of solid samples and an amount
of 20-30 mg of liquid samples into an aluminum DSC crucible. Analysis was performed
using the Mettler Toledo DSC 1 Star system. The temperature limit for the samples was
between —60 and 320 °C, depending on the sample. All measurements were performed at
a heating rate of 10 °C/min.

3.8. Rheology Study

The viscosity of different prepared DESs was studied using a rheometer (Physica MCR
302, Anton Paar, Graz, Austria) that offers different geometries (concentric cylinder, cone-
and-plate, and parallel-plate) with Cp 50 double gap concentric cylinder measurement
system to determine the viscosity. After the calibration of the instrument, each DES
was loaded between the concentric cylinders at a volume of approximately 5-10 mL.
Measurement conditions were: shear rate (0.1-100), temperature set (—10-30 °C), cone
angle 1, and zero-gap 0.1.

3.9. Measurement of Partition Coefficient

The partition coefficient of AzA was measured in the selected DES formulations. For
measurement, 20 mL octanol was placed in a flask, to which 0.5 g of the sample to be tested
was accurately weighed and added, followed by the addition of 30 mL of deionized water.
The mixtures were then placed in a shaking water bath and mixed at 190 RPM and room
temperature for 24 h. Each mixture was then transferred to a separatory funnel and allowed
to equilibrate. The octanol was then carefully decanted using the separatory funnel. A total
of 2 mL of each phase was then diluted with the mobile phase and assayed for drug content
the HPLC method. The partition coefficients of the tested samples are reported as the ratio
of octanol content to water content, respectively.

3.10. Spreadability

The spreadability of the DESs was investigated by placing 1 g of the DES preparation
to the center of a 20 cm x 20 cm glass plate. It was then covered with an identical slide and
waited for a minute. The diameter of the spread area (cm) of three triplicates was measured
as the mean =+ SD [46].

3.11. In Vitro Drug Release with Franz Diffusion Cells

AzA diffusion was investigated using standard Franz diffusion cells (SES GmbH-
Analyse Systeme/Fridhofstr 7-9D 55234 Bechenheim/Germany), using a polyamide mem-
brane, 0.2 um pore size (Sartolon Polyamide, Germany) as the diffusion barrier with a
cross-sectional area of 1.7 cm?. The acceptor compartment consisted of 12 mL Phosphate-
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Buffered Saline (PBS) pH 7.4 with 30% ethanol as a cosolvent to maintain sink condition
(Arpa et al., 2022). The receptor cell was stirred at 550 rpm by a magnetic stirrer, and
maintained at 37 °C by circulating water with a thermostatic pump. Pure AzA (200 mg)
and a suitable amount of selected DES formulations, and a commercially available AzA
formulation (equivalent to 200 mg AzA) were added to the donor compartment. A drug
solution in PBS pH 7.4 with 30% ethanol was also tested as a control. Aliquots of 0.5 mL
were withdrawn from the acceptor compartment and replaced with equal volumes of the
respective PBS pH 7.4 with 30% ethanol for 24 h. The withdrawn samples were analyzed
using an HPLC method.

3.12. Contact Angle Measurements

The contact angles of a drop of the DES were measured on a polyethylene plastic
surface using the contact angle goniometer (OCA 15 EC, Data Physics instruments GmbH,
Filderstadt, Germany) running SCA20 Software (https:/ /sca20.software.informer.com/)
for OCA and PCA. For each measurement 500 ng Hamilton syringe was filled with the
sample and anchored on the device. The dosing volume of each drop was 4 pg, with
a dosing rate of 1 ug/s. High-resolution images of each drop were captured by a fixed
camera. Analysis of images was carried out by two baselines, a curve, and the tangent
angle drawn by the software.

3.13. Microbiological Study

The microbiological activity of the selected formula (200 mg AzA in MCP116) against
Propionibacterium acnes was tested. The sensitivity test to the formula was assessed by
the disc diffusion method. AzA was taken as a positive control and the blank formula
as a negative control. The concentration of the bacteria was 108 CFU, the temperature of
incubation was 37 °C, and the type of media was blood agar and anaerobic jar. Four disks
were put in each Petri dish soaked with the diluted sample of formula MCP116 (2 disks),
blank formula MCP116 (without AzA), and AzA in the solvent. Dilutions were made by
taking 400 mg of both MCP116 and blank MCP116, which were diluted in 0.5 mL DMSO,
and 66.5 mg pure AzA was dissolved in 0.5 DMSO. A total of 20 uL of each sample was
pipetted and put on the sterilized disk and the disk was put in the specified place on the
Petri dish. The Petri dish was then put in the incubator for 72 h in anaerobic conditions.

3.14. Skin Irritation/Corrosive Potential Test

Healthy young albino female rabbits (2250 £ 150 g) were housed and acclimatized at
the Laboratory Animal Research Unit of the University of Petra Pharmaceutical Center. All
animal studies were conducted following the University of Petra Institutional Guidelines
on Animal Use. Rabbits were individually housed in rabbit racks (X-type, Techniplast,
Italy) and maintained under controlled conditions of temperature (20 £ 3 °C), humidity
(50 £ 15%), and photoperiod cycles (12 light/12 h dark) with a conventional laboratory diet
and unrestricted supply of drinking water. Assessment of skin irritation/corrosive potential
and the reversibility of dermal effects of a topical preparation of AzA. The presented test
was conducted according to the OECD Guideline for Testing of Chemicals, adopting
Guideline 404 for Acute Dermal Irritation/Corrosion.

A dose of 0.5 mL of both the formula and vehicle was applied to an area of approxi-
mately 6 cm? of the skin and covered with a gauze patch. According to the guideline an
initial test, using one animal was conducted by applying three patches sequentially on the
rabbit at different sites. Briefly, the first patch was removed after three min, then when no
serious skin reaction was observed, a second patch was applied and removed after one
hour. Thereafter, a third patch was applied and left for four hours only. Animals were
examined immediately after patch removal for signs of erythema and edema, and dermal
reactions were scored.

A confirmatory test was conducted after the initial test, since no corrosive effects were
observed. Thus, the negative response was confirmed using another animal for an exposure
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period of 4 h. Then, the dermal response was evaluated immediately after the removal of
the patch, after 60 min, and then at 24, 48, and 72 h from patch removal. Draize’s dermal
irritation scoring model was adopted for dermal assessment, as per OECD recommendation
shown in Table 5.

Table 5. Draize’s dermal irritation scoring model adopted for dermal assessment, as per OECD

recommendation.
Erythema and Eschar Formation Value Edema Formation Value

No erythema 0 No edema 0

Very slight erythema (barely . .
perceptible) 1 Very slight edema (barely perceptible) 1

. Slight edema (edges of area well

Well-defined erythema 2 defined by definite raising) 2
Moderate to severe erythema 3 Moderate edema (raised approximately 3

1 mm)

3.15. Stability Study of the Selected AzA Formula

A preliminary stability study was conducted on MCP116 to determine the physico-
chemical stability of storage in different environments. A fresh sample of MCP116 was
prepared as outlined previously, and the amount was divided into nine tubes; three tubes
were sealed and stored in a fridge at 4 °C. Another three tubes were sealed and stored
in an oven at 40 °C, and the last three tubes were sealed and stored at room temperature
conditions at 20-25 °C. Each sample was wrapped with aluminum foil to mitigate against
possible photosensitivity. The samples were tested at regular intervals (10 days, 20 days,
and 30 days), investigating for changes in both organoleptic properties and drug content.

4. Conclusions

The choline-based DESs are recently gaining great focus for many researchers in the
field of transdermal, topical and oral drug delivery. The work outlined herein is an ap-
plication of choline-based DESs as a topical delivery system of azelaic acid. The results
obtained indicate the suitability of the application of DESs technology as a solubilizing
and drug-delivery vehicle of azelaic acid for acne treatment. The method of preparation is
simple with high loading capacity, good stability, and higher permeability than the com-
mercial product. The DES itself showed antibacterial activity and synergetic antibacterial
effect with AzA. Such synergistic effect due to DES may allow for dose reduction and so
the study provides an added value for DES application as solubilizer and drug delivery
vehicle. The high reported viscosity of the DES was simply modified by the addition of
PEG 400, which showed excellent miscibility with the tested DES system. The DES and the
PEG aid in the enhancement of drug diffusion through the tested membrane.
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Abstract: In recent years, the chemical industry has put emphasis on designing or modifying chemical
processes that would increasingly meet the requirements of the adopted proecological sustainable
development strategy and the principles of green chemistry. The development of cyclic carbonate
synthesis from CO, and epoxides undoubtedly follows this trend. First, it represents a significant
improvement over the older glycol phosgenation method. Second, it uses renewable and naturally
abundant carbon dioxide as a raw material. Third, the process is most often solvent-free. However,
due to the low reactivity of carbon dioxide, the process of synthesising cyclic carbonates requires
the use of a catalyst. The efforts of researchers are mainly focused on the search for new, effective
catalysts that will enable this reaction to be carried out under mild conditions with high efficiency
and selectivity. Recently, deep eutectic solvents (DES) have become the subject of interest as potential
effective, cheap, and biodegradable catalysts for this process. The work presents an up-to-date
overview of the method of cyclic carbonate synthesis from CO, and epoxides with the use of DES
as catalysts.

Keywords: cyclic carbonates; deep eutectic solvent; carbon dioxide; epoxide; cycloaddition of CO,

1. Introduction

Cyclic carbonates, e.g., propylene and ethylene carbonates, are important compounds in
the chemical industry, and have attracted a lot of interest over the last decades (Figure 1) [1].
This is mostly due to their unique property sets: thermal stability, low toxicity and easy
biodegradability. Therefore, they have a broad spectrum of applications, mainly as solvents
in various products [2,3], e.g., in lithium-ion batteries, cleaning and degreasing agents [3],
industrial lubricants [4] and fuel additives [5]. They are also used to produce monomers [4]
and polymers such as polycarbonates [2], polyester resins, and polyurethanes [3]. Cyclic
carbonates have applications in the production of pharmaceuticals, agrochemicals [2], and
other fine chemicals [4]. They are also used as intermediates in many chemical processes,
e.g., to produce linear dialkyl carbonates [6], and can undergo chemical reactions such as
hydrogenation, transesterification and substitution [3,7].

Cyclic carbonates can be synthesized in many ways, for example from diols and phos-
gene, urea or carbon oxides [4]. There are also reports of methods using halo-alcohols [6]
or olefins with CO; [8]. Currently, processes utilizing carbon dioxide as feedstock are
gaining the most interest. This is mainly due to the increasing impact of the environmental
awareness related to the greenhouse effect, which is contributed to by the large amounts
of CO; released into the atmosphere [9]. It has become essential to capture and utilize
already produced carbon dioxide. This abundant compound can be a valuable source of
raw material for further syntheses in the chemical industry.
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Figure 1. Number of publications on cyclic carbonates in the last 30 years (CAS SciFinder database).

One of the most attractive approaches leading to the obtaining of cyclic carbonates is
the catalytic reaction of CO, with epoxides. This reaction has an atom economy of 100% and
is a greener and safer alternative to the toxic phosgene route [10]. As the reaction of carbon
dioxide and epoxide can only occur in the presence of a catalyst [11], many different catalytic
systems have been developed for this synthesis. The most common catalysts are quaternary
onium salts (including ammonium, phosphonium and imidazolium halides [10,12-14]),
Lewis bases [10,15,16], N-heterocyclic carbenes [17], ionic liquids (ILs) [18-21], deep eutectic
solvents (DES) [22-24], metal oxides (e.g., MgO, Nb,Os) [10,25], metal halides [10] and
metal-organic complexes [10,26], including metal-organic frameworks [27].

Using deep eutectic solvents as catalysts for the cycloaddition of CO; to epoxides is
particularly interesting due to their characteristics and high catalytic activity [28]. They
have properties similar to ionic liquids, such as being a liquid at room temperature, low
volatility, tuneability, non-flammability, chemical and thermal stability, and being a good
solvent. However, they have more advantages than ILs, such as lower price (resulting
from cheaper substrates and also ease of preparation and storage), lower toxicity, and also
good biodegradability and biocompatibility, which lead to fewer problems with waste
disposal [29,30]. Deep eutectic solvents are defined as mixtures with a melting point
significantly lower than the melting points of their constituents. They usually consist of
two components—a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA),
although ternary mixtures are also possible [31,32]. They can often be easily prepared
from natural and abundant components, such as dicarboxylic acids, urea, choline chloride
(ChCl), polyols, sugars, or amino acids [28,33-37]. The application of DESs in the synthesis
of cyclic carbonates is also beneficial due to the better solubility of CO, in them compared to
IL [38] and enhancement of the reaction rate by hydrogen bonds [39], which virtually create
this kind of solvent [33]. In addition, homogeneous catalysts are often difficult to separate
after the reaction, which is a significant drawback, especially in large-scale production,
while deep eutectic solvents are often easy to separate and recycle and can be used in many
consecutive reaction runs [40].

This article provides an overview of the up-to-date progress in DES-based catalytic
systems for the preparation of cyclic carbonates from CO, and epoxides. In this work, we
present the most important, interesting and noted examples of cyclic carbonate synthesis
to show the development of this issue over the last dozen or so years, and to present the
potential of this method with its advantages and problems. We also indicate the main
directions of development of the synthesis of cyclic carbonates involving DESs.
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2. Deep Eutectic Solvents as Catalysts for Cyclic Carbonates Synthesis from Epoxides
and CO,

2.1. General Information

Deep eutectic solvents generally consist of two compounds—a hydrogen bond donor
and a hydrogen bond acceptor [31]. They interact with each other through hydrogen bonds
and also through electrostatic and van der Waals forces. However, hydrogen bonds are
the dominant interactions and they have the main influence on the properties of DESs [30].
Based on the character of the components of which DESs are comprised, several types
of DES can be distinguished [29,31,41,42]: type I: quaternary salt + metal halide; type II:
quaternary salt + metal halide hydrate; type III: quaternary salt + HBD; type IV: metal
halide hydrate + HBD; and type V: non-ionic molecular HBAs + HBDs.

2.1.1. DES Synthesis

The preparation of DESs is simple. Normally, it requires both compounds (HBA and
HBD) to be mixed in an appropriate molar ratio, then heated to about 60-110 °C and stirred
until a homogenous liquid is formed. Usually, it takes about an hour. The components are
also often dried beforehand due to the influence of water on the properties of DESs, which
will be discussed in more detail in Section 2.1.3. of this review [22,28,36,43].

2.1.2. Mechanism of Cyclic Carbonate Synthesis from CO, and Epoxides in the Presence
of DES

The mechanism of CO; cycloaddition to epoxides in the presence of a deep eutectic
solvent as a catalyst, using the example of a choline chloride (ChCl)-based DES, is depicted
in Figure 2 [36]. A hydrogen bond is created between the hydrogen bond donor and the
oxygen of the epoxide, which activates the molecule and promotes the opening of its ring.
This is continued by the attack of a nucleophile, which leads to the formation of an alkoxide
intermediate. Then the CO, molecule is incorporated, the ring closes back, forming the
cyclic carbonate, and the catalyst is regenerated. Due to the formation of hydrogen bonds,
the HBD here helps to stabilize the intermediates involved in the reaction.
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Figure 2. Proposed mechanism for cyclic carbonate synthesis catalyzed by a ChCl-based deep eutectic
solvent [36].
2.1.3. The Influence of Water

Deep eutectic solvents are usually hygroscopic substances, and they usually cannot be
dried completely. Investigating the influence of water on DESs is important because it can
interact with each component of such a solvent. The addition of water can break the hydro-
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gen bonds existing between DES’s substrates. For example, water added to a ChCl:urea
mixture reduces the strength of the hydrogen bonds between these two components and
forms new ones between itself and urea. Even a very small amount of water added to DES
can change its physical properties and the mixture becomes ternary [44].

2.1.4. The Influence of Hydroxyl Groups, pK, and Acidity of DES

The coupling of HBDs with organic salts is a common method used for developing
new catalytic systems for the synthesis of cyclic carbonates. One of the most popular donor
classes are compounds that have one or more hydroxyl groups, e.g., alcohols, polyalcohols,
glycols or fluorinated alcohols and compounds with phenols and polyphenols. In the
2019 study carried out by Yingcharoen et al. [45], the question of whether the number of
hydroxyl groups in HBD influences their performance in the synthesis of cyclic carbonates
under ambient conditions was investigated. They did not observe a correlation between the
number of hydroxyl groups and HBD activity. However, it transpired that in some cases
the catalytic activity can be tuned by the presence of additional hydroxyl groups as long as
their presence does not influence the pK, of the donor. The researchers also showed that
an important correlation occurs between the catalytic activity of HBD and the pK, value
of its most acidic proton. The activity of HBD increases with the increase in pK, in the
range of 3 to 11, while pK, values over 12 have the opposite effect. Hydroxyl donors with a
pK; between 9 and 11 give the best results in obtaining cyclic carbonates from epoxides
and COs.

The influence of DES acidity on its activity in the synthesis of cyclic carbonates was
investigated by Wang et al. [32]. It was demonstrated that deep eutectic solvents with
higher acidity show stronger catalytic activity in the reaction of CO, with epoxides, leading
to the formation of cyclic carbonates. The description of these studies has been elaborated
in Section 2.2. of this paper.

2.1.5. The Influence of Temperature, Pressure and Reaction Time

An increase in temperature and pressure within a certain range usually has a beneficial
effect on the reaction of CO, with epoxide. In a paper from 2017, the influence of temper-
ature and pressure used during the reaction of cycloaddition of CO; to propylene oxide
(PO) epoxides in the presence of DES composed of L-proline (L-Pro) and propanedioic acid
(PA), was investigated [33]. It turned out that increasing the reaction temperature has a
positive effect on the yield, but only in a certain temperature range. When the temperature
exceeded 150 °C, the yield of the product decreased. This dependency is probably due
to the intensification of side reactions that occur under such conditions. A similar phe-
nomenon was observed in [28]. However, in the work of Liu et al., a decrease in product
yield was observed above 120 °C [46].

As for the pressure, in the reaction of CO, and PO catalyzed by L-Pro/PA, increasing it
up to 1.2 MPa had a positive effect on the yield of propylene carbonate (PC) [33]. However,
a further rise in pressure caused a drop in cyclic carbonate yield. Similar results were
observed in other works [28,42,46], although the pressure limit was different and depended
on the reaction system. For the reaction involving DES composed of choline chloride and
PEG, the product yield occurred after exceeding the pressure of 0.8 MPa [28]. It is worth
noting that the CO; solubility in DES increases with higher pressure, which results in a
better reaction outcome, but only up to a certain value. The further increase causes the
dilution of epoxide with carbon dioxide, which has a negative effect on the reaction.

The reaction time depends mainly on the reaction system and the reaction conditions
used. Usually, increasing the reaction time has a positive effect on the outcome. In the
reaction of CO, and PO in the presence of a L-Pro/PA catalyst, the product yield increased
when the time was extended to 5 h, but it started declining when the time was longer [33].
Similarly to using a too-high temperature, carrying out the reaction for too long causes a
rise in side reactions.
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During the process of synthesizing cyclic carbonates from CO, and epoxides, side
reactions such as isomerization and dimerization of epoxides and hydrolysis leading to the
formation of appropriate glycols may occur [36,46—48].

2.1.6. The Influence of Substrates

Many of the developed DES were tested in the synthesis of a wide variety of cyclic
carbonates from CO, and various epoxides. For example, Liu et al. used propylene oxide,
1,2-epoxybutane, 1,2-epoxyhexane, epichlorohydrin, epibromohydrin, styrene oxide and
cyclohexene oxide to synthesize the corresponding cyclic carbonates [40,43]. The highest
yields were obtained for epichlorohydrin (99%), epibromohydrin (97%), and propylene
oxide (96%), while the lowest yield was obtained for cyclohexene oxide (19%) [40]. In
contrast, styrene carbonate was obtained with a yield of 87%. Similarly, in the work of
Lii et al., the yield of the corresponding cyclic carbonates was the highest for propylene
oxide (98.6%) and the lowest for cyclohexene oxide (2.5%) [33]. Based on the research,
it can be concluded that terminal linear aliphatic epoxides without steric hindrance and
epoxides with electron-withdrawing substituents, such as epichlorohydrin, allow obtaining
cyclic carbonates with high yields. In epichlorohydrin, the presence of a chlorine atom
in its structure makes the exposed carbon atom in the epoxide ring more susceptible to
nucleophile attack [40]. In contrast, the use of 1,2-epoxycyclohexane with a steric hindrance
resulting from the presence of two rings in its molecule reduces its reactivity [24,40].

2.1.7. Recycling of the DES-Based Catalysts

The possibility of separating and reusing the catalyst is one of the key factors in
developing new synthetic methods for industrial applications. Therefore, in most works
on the use of DES as catalysts for the synthesis of cyclic carbonates, an attempt was made
to recycle them. Extraction was the most commonly used method of catalyst separation.
Vagnoni et al. added ethyl acetate with a small amount of water to the post-reaction
mixture, resulting in two phases: organic, containing the product and unreacted substrate,
and water with a dissolved catalyst [36]. After phase separation, the DES catalyst was
recovered by water distillation and used directly in the next process. DES retained its
activity in three consecutive cycles. The same method of catalyst separation was used,
for example, by Yang et al. [23]. In other works, ethyl acetate [24] or MTBE alone [40] or a
mixture of ethyl acetate and ether [49] were used for extraction. Wu et al., in turn, separated
the mixture after the reaction, distilled off the cyclic carbonate, and the remaining catalyst
was used directly for the next cycle [28]. In a similar manner, the catalyst was recovered by
Lii et al. [33]. In the case of a supported DES (e.g., on molecular sieves [50] or lignin [51]),
the catalyst can be separated by simple filtration.

2.2. DES-Based Catalytic Systems Used in the Synthesis of Cyclic Carbonates—An Overview

One of the first attempts to use deep eutectic solvents in the synthesis of cyclic carbon-
ates from CO, and epoxides was reported by Zhu et al. [50]. They applied a mixture of
ChCl:urea in a 1:2 molar ratio as a catalyst for the reaction of CO, and propylene oxide lead-
ing to propylene carbonate. The process was carried out in a 1.5 to 1.87 molar ratio of CO,
to epoxide, at 110 °C and for 10 h. The new catalyst transpired to be not only biodegradable,
but also active and selective in the studied reaction. The yield of propylene carbonate was
higher (99%) than in the reaction with choline chloride alone (85%). However, when the
DES was immobilized on molecular sieves (Si/Al 1:1, pores size 6.7 nm), the time was
decreased to only 4 h with unchanged yield. The authors assume that the synergistic effect
of the anion and the cation of ChCl, and the interaction of urea with CI~ have a major
impact on the activity and selectivity of DES. The developed catalytic system was used for
the reaction of other epoxides (such as epichlorohydrin, styrene oxide, cyclohexene oxide
and phenoxyoxirane) with CO,, affording the corresponding cyclic carbonates in yields
ranging from 80% to 99%. After the reaction, the catalyst constitutes a separate phase and
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can be easily regenerated and reused up to at least five times without a significant loss
in activity.

In 2016, Liu et al. developed a catalyst consisting of urea and different zinc halides, for
the synthesis of cyclic carbonates from epoxides and CO; [46]. The obtained eutectic-based
ionic liquids exhibited lower melting points than the melting points of the individual
components, which is a characteristic feature of DESs. In the case of the urea:Znl, mixture,
the lowest temperature was achieved for a molar ratio of 3:1 (Figure 3).
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Figure 3. Dependence of DES ([urea-Zn]l;) melting points on DES composition. Reprinted with
permission from Ref. [46].

Combinations of zinc chloride, bromide and iodide with urea were tested. At a
temperature of 120 °C, CO; pressure of 1.0 MPa and after 2 h, the selectivity to propylene
carbonate always reached 98%, but only in the presence of the [urea-Zn]I, catalyst, the
yield was also significant (84%). When the time was prolonged to 3 h, the yield was even
higher (95%). It is worth noting that if Znl, and urea were introduced separately into the
reaction, a lower yield was obtained (72%). Other epoxides were also tested in this reaction
and yields ranged from 81 to 97%. After the reaction, the catalyst could be recycled by
separating it through centrifugation, washing and drying, and used for four consecutive
runs, in which it retained its selectivity but the yield slowly diminished. The catalyst
was efficient, easy to prepare, reusable, and in comparison to pure Znl,, [urea-Zn]I, DES
was less sensitive to moisture. However, the main drawbacks are the separation of the
product requiring the use of dichloromethane and the necessity of applying relatively high
temperatures and pressure.

In 2016, Saptal and Bhanage introduced an efficient catalytic system consisting of an
ionic liquid and a quaternary ammonium salt for the synthesis of cyclic carbonates [52].
The tested ionic liquids were composed of amino acids (such as proline [Pro], glycine
[Gly], alanine [Ala], or histidine [His]) and choline chloride, while the ammonium salts
were tetrabutylammonium bromide (TBAB) or tetrabutylammonium iodide (TBAI). The
researchers chose ILs to be composed of inexpensive, natural, biodegradable, and non-
toxic compounds, hence the use of amino acids and choline chloride. In addition, the
presence of HBDs in ILs in combination with amine groups can form an active catalyst
for the synthesis of cyclic carbonates. It was also assumed that the amine groups of
amino acids could improve the absorption of CO; and thus the reaction parameters. The
model reaction in this study was the cycloaddition of CO, to epichlorohydrin (EP) under
ambient conditions—at room temperature and under atmospheric pressure. IL ([Ch][Pro])
alone turned out to be ineffective and no cyclic carbonate was formed. However, when
it was mixed with TBAB or TBAI, the catalyst gave a good performance—the selectivity
reached 99% and the conversion was around 60%. The authors observed the formation
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of low-viscosity DES from the ionic liquid [Ch][Pro] and quaternary ammonium salts. If
the pressure was increased to 1 MPa, the conversion was 73%, while after an additional
increase in temperature to 70 °C, the conversion reached 98% for the [Ch][His]/TBAI
catalytic system. The influence of potassium iodide instead of quaternary ammonium salt
was also investigated—it gave worse results than TBAI but similar results to TBAB. After
the reaction, the catalyst was regenerated and reused in the next 5 runs under two different
pressures. When the reactions were carried out under atmospheric pressure, the cyclic
carbonate yield diminished with each consecutive run, while for the reactions at 1 MPa, the
yield decreased only slightly. It was suggested that this may be the influence of the reaction
time on the activity of the catalyst—at the lower pressure the reaction time was 30 h, and at
the higher pressure only 2 h. The applied catalytic system gave satisfying results under
ambient conditions, but required a very long reaction time. However, when the pressure
and temperature were increased, the outcome was excellent.

Deep eutectic solvents based on amino acids as HBAs (such as alanine, glycine, L-
proline) and dicarboxylic acids as HBDs (oxalic acid and propanedioic acid, succinic acid)
in cycloaddition reactions of CO; to propylene oxide were investigated [33]. The DES based
on L-proline and propanedioic acid was the most active; however, to obtain satisfactory
results, it was necessary to use zinc bromide as a co-catalyst. The cyclic carbonates were
obtained in good yields (56.6-98%) and selectivity (99%) at 150 °C and under a pressure
of 1.2 MPa after 5 h. The authors emphasized that DES activity was influenced by the
length of the carbon chain of the dicarboxylic acid. The chain length determines the
strength of the hydrogen bond between DES and epoxide. Among the tested acids, the
most preferred was propanedioic acid. Acids with shorter or longer chains formed too
strong or too weak H-bonds. The DES and ZnBr; could be recovered after distilling off the
cyclic carbonate, and could be used at least nine times without loss in its activity. The main
drawback of this catalytic system is the need to use toxic ZnBr; as a co-catalyst, which has
a negative impact on the environment. For this reason, the process cannot be considered
fully “green” [28]. Catalyst separation after the reaction can also be problematic as the
distillation process is energy-intensive, making the process not environmentally friendly
and generating additional costs.

In 2017, Garcia-Argtielles et al. conducted a reaction of carbon dioxide with epoxides
using deep eutectic solvents based on superbases [53]. The superbases alone have already
been applied in this process with good results [54]. In addition, superbase-based DESs show
the ability to absorb CO;, [55]. Garcia-Argitielles et al. [53] used superbases as hydrogen
bond acceptors (1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD)) and combined them with mono- and polyalcohols as hydrogen bond donors
(ethylene glycol, methyldiethanolamine and benzyl alcohol). The tested reaction was the
cycloaddition of CO, to epichlorohydrin. The highest yield (98%) and selectivity (98%)
were achieved using DES consisting of TBD and benzyl alcohol in a molar ratio of 1:1. The
reaction time was only 2 h and the process was carried out at a temperature of 100 °C
and a pressure of 0.12 MPa. It is worth noting, however, that TBD and DBU alone used
as catalysts also gave very good results (over 92% yield and over 97% selectivity), even
at a lower temperature (50 °C), but with a much longer reaction time (20 h). As shown in
Figure 4, according to the authors, DBU attacks the carbon atom of the epoxide ring, and
the resulting intermediate I reacts with carbon dioxide.

One year later, Wu et al. demonstrated DESs containing choline chloride and poly
(ethylene glycol) (PEG) of various chain lengths (PEG200-PEG1000) [28]. PEG is a thermally
stable, non-toxic, cheap and widely used polymer. The researchers pointed out that PEGs
in different catalytic systems had already been used to catalyze the reactions of CO, with
epoxides with good results [56,57]. The addition of PEG diminishes the viscosity of the
liquid phase and facilitates the diffusion between gaseous and liquid phases, which in
turn can enhance the reaction rate due to better CO, adsorption. In the DESs used in this
study, PEG plays the role of a hydrogen bond donor. The researchers evidenced that the
activity of the studied DES was dependent on the length of the PEG chain. The longer
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the chain, the lower the yield of cyclic carbonates. It has been suggested that this may be
due to mass transport limitations. Additionally, the CO, solubility was different in DESs
consisting of different PEGs. The best results (99.1% yield of propylene carbonate) were
obtained for ChCl:PEG200 DES in a molar ratio of 1:2, at 150 °C and 0.8 MPa for 5 h without
any additional co-catalysts or solvents. Distillation was used to separate the post-reaction
mixture. The recovered catalyst was used in subsequent cycles. After the fifth cycle, a drop
in yield from 99.1 to 95.6% was observed with a negligible decrease in selectivity.

HBD

OO A —

Figure 4. Activation of the epoxide by DES composed of DBU as a HBA proposed by Garcia-
Argiielles et al. [53].

In 2018, Tak et al. applied a DES-based catalytic system for the synthesis of spiro-cyclic
carbonates by the cycloaddition of CO; to spiro-epoxy oxindoles [58]. There was no need
for using any additional co-catalyst and the reaction conditions were fairly benign. The
model reaction was the cycloaddition of carbon dioxide to n-benzyl spiro-epoxyoxindole to
obtain the corresponding carbonate (Figure 5). All tested deep eutectic solvents were based
on choline chloride with different HBDs, such as glycerol, urea, benzoic acid and ethylene
glycol. The best result (98% yield) was achieved while using ChCl:urea DES (similarly as in
the work by Zhu et al. [50]) with a reaction time equal to only 2 h, at a temperature of 70 °C
and under atmospheric pressure. In addition to this, the used catalyst could be separated
and then reused in at least the next four runs. However, the conducted separation process
was more complicated and less environmentally friendly than the methods documented
in previous works. 2-Methyl tetrahydrofuran and water were added to the mixture and
stirred, and then the water phase was separated and washed three times with 2-methyl
tetrahydrofuran. Finally, the water was evaporated and the DES could be recovered.

Figure 5. Structure of DES obtained from choline chloride and NBS in a molar ratio of 1:2. R! = CHj,
CH30, F; R= CH3, C4H9, CHZZCHCHz.

In 2019, Liu et al. screened a series of DES based on N-hydroxysuccinimide (NHS)
and choline halides (Figure 6) for the synthesis of cyclic carbonates from epoxides and
CO; [43]. Such DESs proved to be highly effective catalysts. For example, DES obtained
from choline iodide (Chl) and NHS in a molar ratio of 1:2 was the best catalyst for the
reaction of propylene oxide and CO,, affording PC in high yield (96%) and selectivity (99%)
at 30 °C, and 1.0 MPa pressure, after 10 h. However, the reaction time can be reduced to 1 h
if the temperature is increased to 60 °C, which allows a PC to be obtained in 92% yield with
99% selectivity. The catalyst can be easily recovered by extraction with ether and reused for
at least in five consecutive runs without any significant loss in activity. In comparison to
previous works on the use of deep eutectic solvents in the reaction of cycloaddition of CO,
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to epoxides, DESs based on NHS exhibit higher activity and made significant progress in
terms of carrying out this synthesis under ambient conditions.

N
\N( I\___,Ho/ \o
o/ N\ THeL p

A

Figure 6. Structure of DES obtained from choline chloride and NBS in a molar ratio of 1:2.

Soon after, the same researchers tested a series of DESs comprising tetra-n-
butylphosphonium bromide (TBPB) as HBA and different aromatic substrates (phenol,
aminophenol (AP), aniline and benzoic acid) as HBDs in the synthesis of cyclic carbonates
from CO, and epoxides [40]. They found that the TBPB:3-AP deep eutectic solvent was
the most excellent catalyst, giving propylene carbonate in high yield (99%) and selectivity
(96%) in fairly mild reaction conditions (80 °C, 1 MPa and only 1 h reaction time). A lower
reaction temperature with a longer reaction time was also tested and gave results that
were nearly as good. At a temperature of 30 °C after 24 h, the yield was slightly lower
(95%) and the selectivity remained at the same level. Additionally, DESs with benzoic acid
and 2- and 4-AP gave yields over 90% and selectivity over 99%. In addition, the catalyst
could be recovered by solvent extraction and used for at least 5 consecutive cycles without
significant loss in selectivity, although with a slight drop in yield. TBPB:3-AP as a catalyst
was also applied in the synthesis of cyclic carbonates from different epoxides and gave
favourable results as well (99-87%), except for the cyclohexene oxide (19% yield), where
the steric hindrance probably impeded the epoxide ring opening and the CO, molecule
incorporation. The researchers pointed out that phosphonium-based deep eutectic solvents
could be such efficient catalysts for cyclic carbonate formation because of their Lewis
basicity, nucleophilicity, and the ability to create hydrogen bonds.

Subsequently, Vagnoni et al. developed DESs based on choline chloride and iodide
with different hydrogen bond donors such as polyols and carboxylic acids [36]. One of the
goals of the work was to synthesize active DES from cheap and naturally derived HBDs.
The model reaction was the synthesis of styrene carbonate (SC) from styrene oxide (SO)
and CO,. Experiments involving choline chloride-based DES were carried out at a pressure
of 0.4 MPa at a temperature of 80 °C for 8 h. The highest yield (97%) was achieved for three
different ChCl-based DESs: with maleic acid (selectivity 98%), malonic acid (selectivity
99%), and malic acid (selectivity also 99%). When the reaction was carried out under
atmospheric pressure, SO conversion was not high (maximum 26%) but the selectivity
reached 98%. The researchers compared the reactions conducted with DESs prepared
before the process with those in which HBD and HBA were introduced separately into
the reactor. Interestingly, some of the in situ generated DESs gave similar results to the
preformed ones. For example, for DES based on ChCl and ethylene glycol, the PC yield
was 82%, and for the components introduced separately, it was 80%, while in the other
cases for previously prepared DES, the yield was higher by 12 (for ChCl:tartaric acid) or
21 percentage points (for ChCl:glycerol). DESs containing choline iodide were also tested.
In this case, the DES components were added separately to the reaction mixture. The best
outcome was reached for the mixture with glycerol in the reaction carried out 80 °C and
under atmospheric pressure for 7 h. The SO conversion was 99% and the selectivity to
SC was 96%. Such good results are due to the halide, which is responsible for opening
the epoxide ring and is able to form hydrogen bonds that can stabilize intermediates. The
catalyst can be recovered by extraction with water. After evaporation of the water, without
further purification, the catalyst was ready for reuse for at least four more cycles, while
maintaining its activity.
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An interesting study was presented by Xiong et al. in 2020 [51]. As a catalyst for
the cycloaddition reaction of CO; to epoxides, the group applied a deep eutectic solvent
consisting of choline chloride and p-aminobenzoic acid (PABA) immobilized on lignin,
together with TBAB as a co-catalyst. The model reaction was the cycloaddition of CO; to
phenyl glycidyl ether. Under the most favourable conditions (110 °C, 1.0 MPa, 3 h), the
product was obtained with a yield of 99%. Nevertheless, it was necessary to add TBAB
in an amount of 10 mol% relative to the epoxide. The same catalytic system was also
tested in the reactions with other epoxides, affording the corresponding products in high
yields (90-99%) and selectivity (over 90%). It was suggested that hydroxyl and amino
groups on the surface of the catalyst were responsible for such good performance of this
catalytic system. The applied heterogeneous catalyst exhibited high activity and stability
and could be simply recycled by filtration and then reused in five consecutive runs, during
which the selectivity remained on the same level (99%), while the yield dropped from 99 to
84%. Scaling up of the reaction was also investigated. As the scale increased, the product
yield decreased, but even at an 8-fold scale-up, the product yield was greater than 90%.
However, the disadvantage of this method is the relatively high reaction temperature. Other
drawbacks are the necessity of using the co-catalyst and the multistep time-consuming
catalyst preparation procedure.

In 2020, Wang et al. developed an innovative type of deep eutectic solvent for the
synthesis of cyclic carbonates [32]. The group reported the excellent performance of ternary
DESs in the synthesis of these compounds from carbon dioxide and different epoxides. The
researchers wanted to avoid the use of iodide and bromide anions due to their negative
environmental impact. The best performance was achieved for the composition of 1-butyl-
3-methylimidazolium chloride (bmimCl), boric acid (BA), and glutaric acid (GA) in a 7:1:1
molar ratio. The propylene carbonate yield reached 98.3% at the temperature of 70 °C,
under a pressure of 0.8 MPa after 7 h. The catalytic performance of this DES was compared
to the classic binary systems containing bmimCl:BA and bmimCl:GA. It was demonstrated
that the ternary system was superior. The suggested explanation for this occurrence was
the acidity of the applied catalysts, as the ternary system showed the highest acidity and
bmimCl:BA the lowest. Strong acidity of DES promotes the formation of hydrogen bonds
between DES and oxygen of the epoxy ring of PO, which activate the PO molecule (Figure 7).
The ternary DES was also applied for the synthesis of other cyclic carbonates, affording very
good results (yields: 87.9-99.0%), except for the cyclohexene oxide (39.5%). The catalyst
could also be easily separated after the reaction and reused in the next run; however, the
product yield decreased by about 20% after 5 consecutive runs.

Figure 7. Activation of the epoxy ring by DES based on bmimCl, BA, and GA.

Even greater progress was demonstrated by Yang et al. in their 2021 paper [23].
Processes presented in their work seem to be almost flawless in terms of reaction conditions.
They succeeded in applying the appropriate DES in the synthesis of cycloaddition of CO, to
epoxides at room temperature and under atmospheric pressure, achieving product yields of
up to 99%. However, the required synthesis time was 48 h. It is worth noting that no extra
solvents or additives were used and the catalyst could be recycled and used in the next
five consecutive runs without loss in activity. The researchers synthesized a deep eutectic

163



Molecules 2022, 27, 9006

solvent from protic ionic liquids and amines (Figure 8). It was assumed that such a catalytic
system could give a great outcome, as amines can absorb carbon dioxide and act as an
HBD. Additionally, protic ionic liquids have already been successfully applied as catalysts
in the synthesis of cyclic carbonates [59,60]. DES consisting of these two components
could potentially increase the concentration of CO, in the liquid phase and activate the
carbon dioxide and epoxide molecules. It transpired that this assumption was right. After
carrying out the reactions and investigating their mechanisms, it was confirmed that the
high catalytic activity of the studied DESs was caused by synergistic catalysis of protic IL
and amine.

o0

H Br--—HBD

Figure 8. DES based on [DBUH][Br] and HBD.

The model reaction was the synthesis of styrene carbonate from styrene oxide and
CO,. The reaction was carried out under ambient conditions; however, the time was
quite long (48 h). The best results were obtained for two different deep eutectic solvents:
[DBUH][Br]/DEA (1,8-diazabicyclo[5.4.0]Jundec-7-ene bromide and diethanolamine) and
[TMGH][Br]/DEA (1,1,3,3-tetramethylguanidine bromide and diethanolamine). In both
cases, the yield reached 97% and the selectivity was more than 99%. Under the best
conditions (25 °C, atmospheric pressure, 48 h), a series of cyclic carbonates was obtained
with yields ranging from 94 to 99%. For [DBUH][Br]/DEA, the synthesis was also carried
out at a temperature of 60 °C, which allowed a decrease in the reaction time to 5 h. The
main drawback of this method is the significant amount of the catalyst that should be
used in this process—20 mol%. Moreover, the DES components might be expensive. The
influence of water on the reaction was also investigated, and it was shown that its addition
negatively affects the reaction yield. This creates the necessity of drying the reagents before
applying them to the reaction.

In 2021, Liu et al. pointed out that in many previous studies regarding deep eutectic
solvents as catalysts in the cycloaddition reaction of CO; to epoxides, the DES incorporated
the HBA with a nucleophilic site (usually halogen anion) and the HBD with Brensted acidic
site (active hydrogen) [49]. The group came up with the idea of creating a DES in which
both the HBA and the HBD have Brensted acidic sites, and thus the epoxide could be
activated more efficiently. They chose to use imidazolium salts as HBAs, as it had already
been proven that they could activate epoxides because of their Brensted acidic site, and
different aromatic compounds with active hydrogens as HBDs (e.g., benzoic acid, aniline,
o-aminophenol, dihydroxybenzenes). Indeed, such a catalyst gave a great performance
in the synthesis of styrene carbonate from styrene oxide and carbon dioxide. At room
temperature, atmospheric pressure and a reaction time of 12 h, 97% yield and over 99%
selectivity could be achieved using a DES consisting of 1-ethyl-3-methylimidazolium iodide
(emiml) and m-dihydroxybenzene (m-DHB). The catalytic system was also tested for other
epoxides, and each time (except for cyclohexene oxide) the yield reached 98 or 99%. The
catalyst was separated from the reaction mixture by extraction with ethyl acetate and ether
and then tested in five consecutive runs. The selectivity remained at the same level (>99%),
while the yield decreased from 97% to 79%. It was suggested that this drop in yield may
be due to the loss of the catalyst during its recovery process. The main advantage of this
method is the mild synthesis conditions, while the drawbacks may still be a relatively
long reaction time and the DES components—both are hazardous and toxic, which creates
problems with their maintenance and disposal.

He et al. published a paper in which DESs based on compounds derived from biomass
(biomass-derived deep eutectic solvents, BDESs) were used as catalysts for the synthesis of
cyclic carbonates from epoxides and carbon dioxide [24]. It is an important issue, as the
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significance of biomass and its products is increasing in the chemical industry. Biomass
is a virtually unlimited source of basic chemicals, which can be converted into valuable
and highly desirable compounds. Biomass is an eco-friendly alternative for these kinds
of substances, usually originating from fossil resources. The list of chemicals that can be
obtained from biomass is very long and includes many compounds that can be used to
synthesize deep eutectic solvents, such as malic acid, levulinic acid, glycerol or xylitol [61].
He et al. [24] used choline chloride, iodide and bromide as HBAs, which were mixed with
different HBDs—citric acid, 3-methylglutaric acid, levulinic acid and 2-hydroxypropionic
acid. The reaction of propylene oxide with CO, was carried out for 3 h, at a temperature of
70 °C, under a pressure of 1.0 MPa. The best results were achieved using DES obtained
from choline iodide and citric acid; the reaction yield was 98% and the selectivity to
propylene carbonate was over 99%. BDESs are highly stable substances, and despite being
homogenous catalysts, they can be easily recovered and reused in the next five runs without
relevant loss of activity. To recover the catalyst, ethyl acetate was added to the post-reaction
mixture to extract the BDES, and after evaporation of the solvent, they were dried under
vacuum (BDESs are highly soluble in polar solvents such as methanol, ethanol and water).

A similar study was carried out by Yang et al. [22]. They focused on bio-based deep
eutectic solvents and their use in the reaction of CO, with epoxides leading to cyclic
carbonates. This time, they investigated deep eutectic solvents based on choline bromide
and also on acetylcholine bromide (AcChBr) as HBAs. Malonic acid, L-malic acid, succinic
acid and glycerol were applied as HBDs. The model reaction of styrene oxide with CO, was
carried out under atmospheric pressure at a temperature of 80 °C for 2 h. The authors also
applied less of the catalyst than in their previous research—10 mol%. The best results were
obtained using DES consisting of acetylcholine bromide and L-malic acid. The product
yield was 98% and the selectivity reached over 99%. The catalyst could be easily separated
and used in the next five runs without losing its activity. The studied DES also transpired
to be very stable—comparing FTIR spectra of the freshly prepared catalyst and the one
used in five cycles, there was no significant difference in their structures.

Very recently, TBAB-based DESs were used as catalysts for cyclic carbonate synthe-
sis [62]. Wang et al. paid attention to the use of hydroxyl groups in the catalyst, as they
can positively affect the reaction of hydrogen bonds. It was assumed that hydroxyl groups
could potentially enhance the epoxide activation and have the ability to stabilize the inter-
mediate. Therefore, as HBDs, glycerol, 1,3-propanediol (PG), malonic acid and citric acid
(CA), and as HBAs, tetrabutylammonium salts with Cl, Br and F anions, were applied. In
the model reaction between PO and CO,, the most active was the DES composed of CA
and TBAB in a molar ratio of 1:2.5. Reactions were carried out at a temperature of 80 °C,
under a pressure of 0.8 MPa for 1 h. After the reaction, ethyl acetate and water (5:1 v/v)
were added to the reaction mixture. Then, the separated aqueous layer was dried, and the
recovered catalyst could be used for the next reaction. The recycled catalyst retained its
selectivity in the next 5 cycles; however, during this time the yield diminished by about
5 percentage points.

Table 1 presents examples of results obtained under the best-established conditions
for the synthesis of cyclic carbonates from CO; and epoxides using DESs as catalysts, while
Figure 9 presents a summary of the structures of various DES used in this process. Turnover
number (TON) and turnover frequency (TOF) values presented in Table 1 in most cases
range from 4.6 to 49.1 and from 0.1 to 27.2, respectively. The highest TON values were
obtained for the DES composed of TBAB and citric acid (102.3), ChCl/urea (95.0-99.0),
TBD/BA (98.0) and [urea-Zn]I, (81.7). In all these cases, the reaction temperatures were
above 80 °C. The highest TOF showed TBAB and citric acid (102.3) and TBD/BA (49.0)
catalytic systems.
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Figure 9. Various DESs used in the synthesis of cyclic carbonates from CO; and epoxides. Zhu,
2007 [50]; Liu, 2016 [46]; Garcia-Argtielles, 2017 [53]; Lii, 2017 [33]; Saptal, 2017 [52]; Tak, 2018 [58];
Wu, 2018 [28]; Liu, 2019 [43]; Liu, 2019 * [40]; Wang, 2020 [32]; Vagnoni, 2020 [36]; Xiong, 2020 [51];
He, 2021 [24]; Liu, 2021 [49]; Yang, 2021 [23]; Wang, 2022 [62]; Yang, 2022 [22].

3. Conclusions

The amount of literature regarding the use of deep eutectic solvents in the synthesis
of cyclic carbonates from CO; and epoxides increases every year. The main reasons to
apply DESs in the cycloaddition of CO; to epoxides, among a variety of other different
catalysts, are the simplicity of preparation, often simple and widely available starting
materials, low price, stability and biodegradability. DESs also have the ability to capture
carbon dioxide [63], which may positively affect the reaction, as CO; is one of the two
main substrates.

The most commonly used deep eutectic solvents for the synthesis of cyclic carbonates,
which give the best results, are the compositions based on choline halides as hydrogen
bond acceptors. Other HBAs already applied are acetylcholine halides, quaternary ammo-
nium halides, amino acids (such as L-proline), and protic ionic liquids. An even greater
variety of compounds can be observed among the hydrogen bond donors. Common
HBDs include carboxylic acids (e.g., oxalic acid, malonic acid, malic acid, levulinic acid),
amines (such as diethanolamine), amides (e.g., urea), imides (e.g., N-hydroxysuccinimide),
polyols (e.g., glycerol, ethylene glycol) and even polymers (the example of DESs with
poly(ethylene glycol)).

Regarding the mechanism of the studied synthesis, it is currently believed that the
formation of hydrogen bonds between the catalyst components and the epoxide, as well as
the additional interaction of the epoxide with a nucleophile (usually halides), are of major
significance. This way, the epoxy ring is opened and the CO, molecule can be incorporated.
After this, the ring closes back and the catalyst is regenerated.
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Currently, the main goals in the cyclic carbonate synthesis involving DESs are to reduce
the reaction temperature and pressure to the ambient values, not to use any co-catalysts or
additional agents (especially those containing metals), to reduce the amount of the catalyst
and to use compounds that are benign and renewable, while achieving maximum activities
and yields. Shortening the reaction time is also important, as well as the easiness of the
catalyst and product separation after the reaction and purity of the product. Particular
attention is paid to sustainable and eco-friendly deep eutectic solvents comprised of natural
or bio-based substrates, especially derived from biomass. All these activities contribute to
the development of energy-saving, material-saving, and environmentally safe methods for
the synthesis of cyclic carbonates.
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Abstract: Tunable aryl alkyl ionic liquids (TAAILs) are ionic liquids (ILs) with a 1-aryl-3-
alkylimidazolium cation having differently substituted aryl groups. Herein, nine TAAILs with
the bis(trifluoromethylsulfonyl)imide anion are utilized in combination with and without ethylene
glycol (EG) as reaction media for the rapid microwave synthesis of platinum nanoparticles (Pt-NPs).
TAAILs allow the synthesis of small NPs and are efficient solvents for microwave absorption. Trans-
mission electron microscopy (TEM) shows that small primary NPs with sizes of 2 nm to 5 nm are
obtained in TAAILs and EG/TAAIL mixtures. The Pt-NPs feature excellent activity as electrocatalysts
in the hydrogen evolution reaction (HER) under acidic conditions, with an overpotential at a current
density of 10 mA cm~2 as low as 32 mV vs the reversible hydrogen electrode (RHE), which is sig-
nificantly lower than the standard Pt/C 20% with 42 mV. Pt-NPs obtained in TAAILs also achieved
quantitative conversion in the hydrosilylation reaction of phenylacetylene with triethylsilane after
just 5 min at 200 °C.

Keywords: platinum; nanoparticles; hydrogen evolution reaction; ethylene glycol; microwave
heating; ionic liquid; tunable aryl alkyl ionic liquid; hydrosilylation

1. Introduction

A consistently high interest in heterogeneous catalysis is dedicated to Pt nanostructures
and their alloys, which are known for their high catalytic activity in oxidation, hydrogena-
tion, hydrosilylation, and electrocatalysis reactions [1-9]. The large surface area in relation
to their volume gives nanoparticles (NPs) a high mass-based activity. The catalytic activity
and stability of nanoparticles are further determined by their size, composition, shape,
surface structure, protection, and surface accessibility [1,10,11]. To prevent coalescence,
agglomeration, or Ostwald ripening of NPs stabilizing capping ligands, surfactants or
polymers are crucial for utilizing NPs [12-17]. One group of convenient nanoparticle
stabilizers are ionic liquids (ILs), which can also function as reaction media for NP syn-
thesis [12,18-21]. In addition, ILs are excellent solvents for microwave reactions due to
their high absorptivity of microwave irradiation which allows for a combination of fast and
homogenous microwave heating with the stabilizing effects of ILs, resulting in an effective
way to produce small NPs [21-24]. Tunable aryl alkyl ionic liquids (TAAILs) are a newer
class of ILs, which contain an N-aryl group as well as an N-alkyl chain on the imidazole
ring (Figure 1). Both substituents can be tailored to influence the reaction environment
and the resulting properties of NPs [18,21,24]. Another widespread method for the syn-
thesis of metal NPs is the polyol process using ethylene glycol (EG) as a solvent and as
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a stabilizer [25-27]. EG is also suitable for microwave heating as it offers a high boiling
point and a strong absorptivity of microwave irradiation [28]. Generally, size and shape
control in EG-mediated synthesis is achieved by adding surfactants [25,29]. The addition of
sodium hydroxide to EG allows a surfactant-free approach, which also enables reliable size
control [30-32]. Although polyols are well-researched solvents and reducing agents for NP
synthesis, mixtures of ILs and polyols as solvents are less common [33-38]. Such mixtures
have been used as a solvent system for the synthesis of various mono- and multimetallic
NPs and the sonochemical synthesis of different M-NPs [33-38], but not yet for Pt-NPs
in a microwave setting. Moreover, polyol and IL mixtures are utilized for biomolecule
extraction and as electrolytes for electrodeposited metal nanostructures [39-42].

In this article, we present the microwave-assisted synthesis of Pt-NPs in TAAILs
with the 1-aryl-3-alkyl- imidazolium cation and novel TAAILs that contain an additional
phenyl group on the imidazolium C2-position [43]. As reaction media, the TAAILSs are used
individually and in combination with EG.

The obtained Pt-NPs were tested for their activity toward the electrochemical hydro-
gen evolution reaction (HER) and toward the hydrosilylation of phenylacetylene with
triethylsilane. It is known that Pt compounds can form catalytically active Pt-NP species in
situ in ionic liquids [44—46]. Therefore, we also examined the use of potassium hexachlori-
doplatinate(IV) (K,PtClg) dispersed in an EG/TAAIL phase for hydrosilylation without a
preceding NP separation.

2. Results and Discussion
2.1. Tunable Aryl Alkyl Ionic Liquids (TAAILs)

All 1-aryl-3-alkylimidazolium bis(trifluoromethylsulfonyl)imide ([PhyImC4][NTf,])
and 1-aryl-2-aryl-3-alkylimidazolium bis(trifluoromethylsulfonyl)imide ([PhyImPhC4][NTf;])
TAAILs which were used for the Pt-NP synthesis are presented in Figure 1. With the
exception of [Phy g, ImCs][NTf;], which contains an n-pentyl substituent, only n-butyl (Cy)
substituents were present as alkyl groups. The [NTf,]™ anion has been chosen because
it induces a low melting temperature, high inertness, and hydrophobicity to the IL, with
the latter being important to prevent water uptake that could cause the deactivation of the
catalyst during hydrosilylation. It has also been shown that ILs containing the [NTf,]~
anion are most suitable for hydrosilylation reactions [45,47]. The synthesis and character-
ization of [Phy g, ImPhC4][NTf,] and its precursors can be found in the Supplementary
Materials while the synthesis of the other TAAILs has been described by Strassner et al.
before [43,48,49]. NMR spectra of all TAAILs can be found in Sections S2.1 and S52.2
(Supplementary Materials).

TAAIL anion purity and temperature stability have been examined by ion chromatog-
raphy (IC) and thermogravimetric analysis (TGA), respectively, with the results shown
in Table 1 and in Section S2.3 and Figure S13, Section 52.4. Anion purities over 92% and
IL purities of at least 97% were achieved, with traces of halogenides as residual anions
remaining from the ion exchange. All ILs are stable up to at least 390 °C under a nitrogen
atmosphere, similar to other ILs and TAAILs containing [NTf,]~ anions [24,48-51], and
are, thus, suitable solvents for microwave reactions at 200 °C.

Table 1. Anion purity, IL purity, and decomposition temperature of TAAILs utilized in this work.

Anion Purity ! IL purity 2 o
TAAIL Color o b /:)y Tbec 3 (°C)
[PhypeImC4][NTH, ] orange 98.4 922 403
[Ph4—OMe ImC4 ] [NTf 2 ] brown >99 95 417
[Phy g, ImC4][NTf,] orange 97.6 98 410
[Phy.g ImC5][NTf,] brown 98.4 102 399
[Phy 4 pImC4 ][NT1;] brown >99 97 394
[PhImPhC4][NTf;] orange >99 94 414
[Pho e IMPhCy4][NTH, ] yellow 98.3 93 414
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Table 1. Cont.

Anion Purity ! IL purity 2 3 (o
TAAIL Color (WE%) (WE%) Tpec ° (°C)
[Phy oneIMPhCy][NTH, ] brown >99 102 410
[Phy g ImPhC4][NTf;] black 97.6 94 413

1 The anion purity as [NTf,]~ wt% based on the sum of the determined anion ([NTf,]~, F~, Cl~, Br™) contributions
(average from a double determination of two samples, that is four measurements). 2 The IL purity as wt% is
assessed as the average (double determination of two samples) of the IC-determined triflimide concentration
(INTf] " exp in mg/L) relative to the theoretical concentration ([NTf;] ™ geo in mg/L) based on the mass of IL
(Mexp (IL)) in 100 mL of solution and assuming 100% purity. At very high IL purities, small measurement errors
can result in values above 100%. For further information, see Section S2.3. > Decomposition temperature from
thermogravimetric analysis at a heating rate of 5 K min~! under a nitrogen atmosphere.
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Figure 1. TAAILs utilized in this work with bis(trifluoromethylsulfonyl)imide, [NTf;]~ as anion and
the sample designation (in parentheses) for the (TAAIL)Pt-NPs.

2.2. Synthesis and Characterization of Pt-NPs in TAAILs

Scheme 1 presents the general synthetic approach of (TAAIL)Pt-NPs via microwave heat-
ing and follows the synthesis procedure of Pt-NPs in TAAILs previously reported [21,22,24].
Microwave conditions offer fast, uniform heating, resulting in homogenous Pt-NPs and ILs
providing a stable, fast heating media and acting as stabilizers for the formed NPs. The
Pt precursor (n5—methylcyclopentadienyl)trimethylplatinum(IV) (MeCpPtMe3) can be de-
composed at mild reaction conditions without additional reducing agents to Pt-NPs [16,22].
Together with the Pt-NPs, only volatile side products are obtained which are removed from
the decomposition of MeCpPtMe3, resulting in a contaminant-free Pt-NP dispersion [52].
The Pt-content was set to one or two weight percent (wt%) in the TAAIL dispersion.

@—Me TAAIL,
[ 2 wt% Pt
Pt I,
Me” N Me MW, 200 °C
Me 10 min, 40 W
MeCpPtMey Pt nanoparticles

Scheme 1. Reaction conditions for the microwave-assisted synthesis of (TAAIL)Pt-NPs. The amount

of precursor was set to achieve 1 or 2 wt% Pt-NP in IL.
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The microwave reaction was carried out at 200 °C for 10 min. Afterward, the obtained
black Pt-NP dispersion was washed several times with acetonitrile (ACN), separated
by centrifugation, and dried in a vacuum, giving a nearly quantitative yield of Pt-NPs.
Microwave-assisted heating of metal precursors in IL dispersions results in small M-
NP sizes as was shown for Ir-NPs, Ru-NPs [24], and Pt-NPs [21,22]. Fast microwave
heating and efficient energy absorption by the IL lead to rapid decomposition of the metal
precursor and a high nucleation rate of metal NPs. These metal NPs themselves absorb
microwave radiation very efficiently, leading to “hot spots” with a further locally increasing
temperature [53,54]. In Figure 2, powder X-ray diffraction (PXRD) patterns of the Pt-NP
samples show reflexes matching crystalline fcc-Pt. The Pt-NP sizes have been determined
as crystallite sizes from the peak widths in the PXRD patterns with the Scherrer equation
and as particle sizes from transmission electron microscopy (TEM) images. These values
are listed in Table 2. The crystallite sizes from the Scherrer equation (see Section 3 Materials
and Methods) range from 3 nm to 5 nm.

m\ — MOPP4
3 W E A
=] jm }
8 g
7] n
] c
k5 g
c [
= — MOP4 = PP4
(111) 5 (2000 yipa (111) ' (200) — fec-PtCOD: 1011114
o ﬁ REaE
30 40 5 60 70 8 9 30 40 50 60 70 80 90
2 Theta () 2 Theta ()

Figure 2. PXRD patterns of synthesized (TAAIL)Pt-NPs (cf. Figure 1 and Table 2). All obtained
reflexes match the simulation for face-centered cubic, fcc-Pt with its indexed reflections (Crystallo-
graphic open database, COD fcc-Pt: 1011114).

Table 2. Summary of crystallite and particle sizes of (TAAIL)Pt-NPs.

Sample TAAIL Use'd in Crystallite Size ! Particle Size 2 (nm)
Synthesis (nm)

pMP4 [PhyveImCy4][NTS,] 4 31+0.6

MOP4 [Phy-omeIMC4][NTH; ] 3 1.8+03
BP4 [Ph4_BrImC4][NTf2] 4 32+05
BP5 [Phyp, ImC5][NTf,] 5 33+0.6
DFP4 [Phy 4 pImC4][NTf;] 3 22406
PP4 [PhImPhC4][NTf,] 3 23+04
MPP4 [Pho peImPhCy [[NTS;] 3 24404

MOPP4 [Pha-omeIMPhC4][NTf;] 3+1 29+04
BPP4 [Phy g ImPhC4][NTf,] 4 50+ 1.0

! From PXRD, average crystallite size and standard deviation are determined by applying the Scherrer equation
to all reflexes observed in the respective sample. 2 From TEM, determined from over 200 evaluated particles.

The particle sizes from TEM (Table 2) are similar to the calculated crystallite sizes from
PXRD, indicating the formation of isolated nanocrystals. Compared to Pt-NPs synthesized
in TAAILSs previously [21], the crystallite sizes obtained here for (TAAIL)Pt-NPs are very
similar and seem independent of the TAAIL or of the targeted wt% Pt in IL (Table S3
and Figure 514 in Section S3). Pt-NPs which were synthesized from MeCpPtMe;3 in the
TAAILs [th_MeImC4/5/9][NTf2], [Ph2/4_MeIl’nC9][NTf2] and [Ph4_OMeImC5][NTf2] had a
particle size of 2 to 5 nm [21]. When the Pt-NPs were deposited on reduced graphene
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oxide from the TAAILs, the particle size was found between 2 to 6 nm [21]. It is sometimes
argued that metal NPs and imidazolium ILs form metal N-heterocyclic carbene (NHC)
complexes on the NP surface [55,56]. For the NHC-metal complex formation, the C2
position between the imidazolium nitrogen atoms is deprotonated. In the 1-aryl-2-aryl-3-
alkylimidazolium TAAILs [PhyImPhC4][NTf,], the C2 position of the imidazolium core is
blocked and the observed (TAAIL)Pt-NP particle size is not affected. This speaks against
a carbene formation in the utilized TAAILs (although carbene formation in the C4 or C5
positions cannot be fully ruled out).

TEM images of Pt-NPs obtained in TAAILs are collected in Figures 3 and 4 for non-C2-
and C2-substituted TAAILs, respectively. All [PhyImCy4][NTf,] and [PhyImPhC4][NTf;]
samples exhibit dense Pt-NP aggregates with the edges showing a thin layer from residual
TAAILs that may hold the Pt-NPs together. This dense aggregation after microwave-
assisted synthesis in ILs was not only seen for Pt-NPs before [21,22], but also for Ir-NPs
and Ru-NPs [24]. The methoxy, bromo, or fluoro functionalization of the N-aryl group in
the TAAILSs of the (TAAIL)Pt-NPs MOP4, MOPP4, BP5, BPP4, and DFP4 does not affect the
particle size or aggregation observed with TEM when compared to the alkyl-substituted
aryl groups. This finding is similar to those observed for Pt-NPs in TAAILs before [21].
Only in the bromo-functionalized TAAILs of BP5 and BPP4 smaller aggregates with larger,
more isolated NPs are seen, together with a larger amount of residual TAAIL. Noteworthy,
all samples have been thoroughly washed with ACN until a clear centrifugate could be
achieved. We conclude that the NP-adherent IL layer is difficult to remove and the bromo
derivatives BP5 and BPP4 may feature an even lower solubility in ACN. TEM images of
the other samples can be found in Section S3, Figures S16-524.
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Figure 3. TEM images of (TAAIL)Pt-NPs obtained in the (non-C2-substituted) TAAILs [Phy pjeImCy [[NT1; ]
(MP4), [Phy.omeImC4][NTE, | (MOP4), [Phy g ImCs][NTf,] (BP5) and [Phy 4 pImC, J[NTH, | (DFP4).
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Figure 4. TEM images of (TAAIL)Pt-NPs obtained in the TAAILs [PhImPhC4][NTf;] (PP4),
[Ph2_MeImPhC5][NTf2] (MPP4), [Ph4_OMeImP hC4][NTf2] (MOPP4) and [Ph4_BrImPhC4][NTf2] (BPP 4)

2.3. Synthesis and Characterization of Pt-NPs in EG/TAAIL Mixtures

The synthesis of (EG/TAAIL)Pt-NPs is depicted in Scheme 2. This method is a
modified version of the surfactant-free polyol process presented by Quinson et al. [30]
with potassium hexachloridoplatinate(IV), KoPtClg as Pt precursor, and the addition of
10, 25, 50, or 75 wt% IL to EG, that is, usinga 9/1,3/1,1/1 or 1/3 EG/TAAIL mass ratio,
respectively. The Pt-content was set to 1 wt% Pt in EG/IL. The reaction was carried out in a
glass vial under microwave irradiation with a reaction temperature of 170 °C. Reactions
with MeCpPtMej; as a metal source were unsuccessful; even at 195 °C, no Pt-NP formation
was observed. K,PtClg was chosen as Pt precursor instead because it is a common Pt source
for the Pt-NP synthesis [57,58] and can be effectively reduced by EG at the temperature

of 170 °C.
EG/TAAIL,
1 wt% Pt
NaOH @
K,PtClg —————
MW, 170 °C
10 min, 100 W
Pt nanoparticles

Scheme 2. Reaction conditions for synthesizing (EG/TAAIL)Pt-NPs via microwave heating in
EG/TAAIL mixtures. The amount of precursor used has been chosen to achieve 1 wt% Pt-NP
in EG/IL.

The addition of NaOH is an established procedure to limit the growth of NPs in
the polyol process. The effect depends on the ratio between precursor and NaOH and is
suggested to derive from the coordination of hydroxide ions onto the NP surface [30].
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The synthesis of (EG/TAAIL)Pt-NPs without NaOH produced significantly larger
particles as was already observed before for M-NP formation (M = Pt, Ir) in EG [30,59].
Quinson et al. have shown that a NaOH/H,PtCls molar ratio of ~12/1 produces Pt-NPs
with a size of ~2 nm in neat EG [30], which is why this ratio was also used in this work.

After microwave heating, the resulting black dispersions were washed multiple times
with ACN until a clear solution after centrifugation could be separated. The remaining
sodium salts were removed afterward by washing twice with methanol. The (EG/TAAIL)Pt-
NPs were dried in a vacuum and obtained quantitative yields, as the (TAAIL)Pt-NPs above.
PXRD patterns in Figure 5 confirm the nanocrystallinity of the platinum particles. The
crystallite sizes, given in Table 3, were determined from the peak widths in the PXRD
patterns via the Scherrer equation. The PXRD patterns exhibit no reflexes that could be
attributed to sodium or potassium chloride residues. Higher amounts of IL in EG (25,
50, and 75 wt%) led to larger crystallite sizes (Table S4 and Figure S15). At very low
EG/IL-ratios (1/9, 90 wt% IL), no Pt-NP formation was observed anymore from K,PtClg,
presumably due to the low concentration of the EG-reducing agent.
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Figure 5. PXRD patterns of (EG/TAAIL)Pt-NPs(cf. Figure 1 and Table 3). All obtained reflexes match
the simulation for fcc-Pt and its indexed reflections (cf. Figure 2).

Table 3. Summary of crystallite and particle sizes of (EG/TAAIL)Pt-NPs.

Sample Name TA: IL Used in Crystallite Size ! (nm) Particle Size % (nm)
ynthesis

EG—pMP4 [Ph4_MeImC4][NTf2] 2 /
EG-MOP4 [Phy.oneImCy ][NTf] 4 18+03

EG-BP4 [Ph4_BrImC4 ] [NTfZ] 2 /
EG-BP5 [Phy_p, ImCs |[NT, | 3 33406
EG-DFP4 [Phy 4 pImC4][NTH,] 3 22406
EG-PP4 [PhImPhC,][NT,] 5 23+ 04
EG-MPP4 [Phy e IMPhC, ][NTH ] 3 24+ 0.4
EG-MOPP4 [Phy onteIMPhC, J[NTF,] 2 29+ 0.4
EG-BPP4 [Phy_p ImPhC,][NTf,] 2 50+ 1.0

! From PXRD, average crystallite size and standard deviation are determined by applying the Scherrer equation
to all reflexes observed in the respective sample. 2 From TEM, determined from over 200 counted particles.

The crystallite sizes calculated from PXRD patterns, and the particle sizes observed
from the TEM images are given in Table 3. Comparable to the particles in pure TAAIL,
the (EG/TAAIL)Pt-NPs all show similar crystallite sizes between 2 nm and 5 nm. TEM
images of two (EG/TAAIL)Pt-NP samples are given in Figure 6. In general, the particles
form large and dense agglomerates of several 100 nm in size. Different from the Pt-NPs in
neat TAAILs which were depicted in Figure 4, the individual Pt-NPs in EG/TAAIL can
hardly be differentiated anymore. This indicates a lower particle-separating effect of EG in
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comparison to ILs. With an excess of EG over TAAIL, the outer solvent layer adherent to
the aggregated NPs is smaller and less regular compared to neat TAAIL.

[PhImPhC,][NTF,] [Phy.gImPhC][NTf,]

@*’g”
®
Br NTH, ©

@g/\_\mﬂ

S
NTf,

20 nm

Figure 6. TEM images of (EG/TAAIL)Pt-NPs obtained in [PhImPhC4][NTf,] (PP4) and
[Phy g ImPhC4][NTf,] (BPP4), respectively. TEM images of the other samples can be found in
Figures S25-533.

2.4. Hydrogen Evolution Reaction (HER)

HER is one of the half-reactions for water splitting to generate molecular hydrogen for
the storage of renewable wind or solar electricity [60,61]. Platinum is known as a highly
active electrocatalyst for this reaction in acid media, yet its scarcity and high cost hinder
its deployment in large-scale industrial applications [62,63]. The electrocatalytic activity
towards HER of (TAAIL)Pt-NPs and (EG/TAAIL)Pt-NPs in 0.5 mol L~ sulfuric acid was
investigated. Activation of the samples was achieved by cyclovoltammetry (see Section 3.3
Materials and Methods). The samples that showed an overpotential of less than 60 mV at
10 mA cm 2 after activation were also subjected to a stability test. As reference material,
commercially available Pt on carbon (Pt/C 20 wt%) was used and its electrochemical data
agreed with literature reports [64,65].

Figure 7a displays the polarization curves of the (EG/TAAIL)Pt-NP samples and the
reference material after activation. The electrochemical parameters are summarized in
Table 4. EG-MPP4 reached the lowest overpotential of 32 mV, outperforming Pt/C 20 wt%
with an overpotential of 42 mV. The overpotential of EG-MPP4 was similar to those of
single-atom Pt-Catalysts (Pt; /OLC and ALD50Pt/NGNs) and Pt-Ni nanowires (Pt3Niy
NWs-S/C) with overpotentials of 38, 50 and 27 mV, respectively [66-68]. Additionally,
EG-BPP4, with an overpotential of 39 mV, still performed slightly better than the reference
material Pt/C 20 wt%. EG-BP4 and EG-BP5 both have somewhat higher overpotentials of
54 mV and 58 mV, respectively. The remaining samples showed fairly high overpotentials
or did not reach the necessary current. (EG/TAAIL)Pt-NP probes with TAAILs substituted
at the C2 position display lower overpotentials and also bromo functionalization the N-aryl
group produces NPs with lower overpotentials. (TAAIL)Pt-NPs have also been analyzed
electrochemically but are mostly inactive, with most samples not reaching a current density
of 10 mA ¢cm 2 under the measurement conditions (polarization curves are displayed
in Section S4). In general, (EG/TAAIL)Pt-NP samples performed better than those in
TAAIL alone.
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Figure 7. HER polarization curves of (EG/TAAIL)Pt-NPs (a), Tafel plots of the samples that reached
an overpotential of 10 mA cm~2 (b), polarization curves after a 1000 CV stability test (c), and the
chronoamperometric current loss of selected samples (d).

Table 4. Summary of electrochemical parameters for (TAAIL)Pt-NPs and (EG/TAAIL)Pt-NPs.

110 mA cm 2 after Tafel Slope MN10 mA cm 2 after
Sample Name Activation (mV) (mV dec*g) 8 Stability Test (mV)
(TAAIL)Pt-NPs
pMP4 64 24 /
BP4 na.l / /
DFP4 na.l! / /
PP4 na. ! / /
MPP4 na.l / /
MOPP4 83 54 /
BPP4 108 81 /
(EG/TAAIL)Pt-NPs
EG-pMP4 na. ! / /
EG-MOP4 123 78 /
EG-BP4 54 27 70
EG-BP5 58 26 /
EG-DFP4 na. ! / /
EG-PP4 74 44 /
EG-MPP4 32 20 na. !
EG-MOPP4 79 46 /
EG-BPP4 39 24 na.l!
Reference materials
Pt/C 20 wt% 42 25 51
Pt; /OLC [66] 38 35 384
Pt;Ni, NWs-S/C [67] 27 / /
ALD50Pt/NGNs [68] 50 2 29 50

1 The sample did not reach a current density of 10 mA cm—2 2 Overpotential reported at 16 mA cm~2. 3 Based on
the kinetically controlled area at low overpotentials. * The stability test consisted of 6000 CV cycles instead
of 5000.
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Figure 7b displays the Tafel plots based on the kinetically controlled areas at low
overpotentials for those samples that reached a current density of 10 mA cm 2. The Tafel
slope describes the increase of the overpotential required for a ten-fold increase of the
current density [69]. A low Tafel slope is a good indicator of an effective electrocatalyst [65].
The (EG/TAAIL)Pt-NP sample with the lowest overpotential, EG-MPP4, also has the lowest
Tafel slope of 20 mV dec™ 1. All samples with brominated TAAILs, that is EG-BPP4, EG-BP4,
and EG-BP5, give similar Tafel slopes of 24 mV dec !, 27 mV dec ! and 26 mV dec !,
respectively, similar to Pt/C 20% with 25 mV dec~!. Similar Tafel slopes have also been
reported for single-atom Pt catalysts (Pt; /OLC and ALD50Pt/NGNs) [66,68]. Much higher
Tafel slopes are seen for EG-PP4 with 44 mV dec—! and EG-MOPP4 with 46 mV dec!,
with EG-MOP4 having the highest value of 78 mV dec™!. The long-term stability of the
catalysts was verified via a cyclic voltammetry (CV) durability test comprising 1000 CV
cycles. The polarization curves after the stability tests are plotted in Figure 7c. EG-BP4
revealed a significant decrease in activity and reached an overpotential of 70 mV. All other
samples ended with larger activity losses and did not reach 10 mA cm~2 anymore under the
measurement conditions, including EG-MPP4, which was the most active (EG/TAAIL)Pt-
NP prior to the stability test. Chronoamperometry has been performed as an alternative
stability test for the samples that also underwent CV stability tests. The relative current
density losses over time are displayed in Figure 7d. Similar to CV stability tests, EG-BP5,
EG-BP4, and EG-BPP4 all show a moderate activity loss. The activity of EG-BP5, the sample
with the lowest activity loss during CV stability tests, lost almost 15% of its activity within
3 min but stays more stable afterward with a total current loss of 22% after 60 min. In
contrast to CV stability tests, both EG-BP4 and EG-BPP4 show slightly less activity loss than
EG-BP5, with 5% reduced activity after 7 min and 10% and 12% after 60 min, respectively.
All three samples exhibit similar long-term behavior, after the initial activity changes within
the first minutes. EG-MPP4 degenerates much more rapidly, losing over 60% activity within
60 min, and is in agreement with the CV stability test.

2.5. Hydrosilylation Reaction

The hydrosilylation of phenylacetylene with triethylsilane, has been chosen as a proof
of principle to determine the catalytic activity of Pt-NPs in conjunction with ionic liquids.
Hydrosilylation is of high importance for modern silicone chemistry for the addition of
Si-H bonds to C-C multiple bonds [70-72]. For industrial applications of the hydrosilylation
reaction, almost exclusively noble-metal catalysts containing Ir, Ru, Pd, or the Speier and
Karstedt Pt catalysts, are employed [73,74]. Until now, the Chalk-Harrod mechanism is the
most accepted mechanism for heterogeneous hydrosilylation [70-72,75], which we assume
to apply to our IL/NP system as well. The terminal acetylene can be hydrosilylated at
both carbon atom positions, resulting in a proximal and distal product. On the lab scale,
microwave conditions offer a fast, energy-efficient alternative compared to conventional
oil bath heating. We chose three different microwave-assisted methods to investigate the
catalytic activity of the catalyst systems as sketched in Scheme 3. Method 1 describes
a reaction at 110 °C for 15 min consisting of an EG/TAAIL liquid, K;PtClg, and the
substrate phase. Pt-salts in IL have already been shown as promising catalyst systems
for the hydrosilylation reaction [44-46]. For method 2 and method 3, the (EG/TAAIL)Pt-
NP and (TAAIL)Pt-NP samples have been heated with the substrate phase at 110 °C for
15 min and 200 °C for 5 min, respectively. The conversions of the substrates and the ratios
between the distal and proximal products were determined by 'H NMR spectroscopy
and gas chromatography coupled with mass spectrometry (GC-MS) (see Sections S5.2
and 55.4, respectively).

In Tables 5 and 6, the catalytic conversions with selected catalyst samples and reference
catalysts are summarized, respectively (see Table S5 for the full list). The IL-containing
probes together with microwave heating led to a significant reduction in reaction time
to achieve high conversions compared to literature reports with conventional thermal
heating [44,45,75-80]. The catalyst derived from EG/IL K,PtCl, with method 1 gener-
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ally achieved quantitative conversion after 15 min, with some exceptions for non-C2-
substituted TAAILs (Section S5.1). Distal/proximal product ratios were between two to
three. EG/TAAIL mixtures without Pt catalyst and (TAAIL)K;PtCls showed no product
formation (see Section S5). The sample (EG)K;,PtCls without TAAIL gave a conversion of
only 50%. It is assumed in the literature that the catalytically active Pt species from Pt-salts
in IL are in situ formed Pt-NPs [44-46]. Yet, the (EG/TAAIL)Pt-NP samples used with
method 2 (110 °C for 15 min) yielded significantly less conversion (at most 38 to 75%) than
the reaction with K,PtClg after method 1. The distal/proximal ratios range from 3.1 to
3.6. (TAAIL)Pt-NPs according to method 2 as well as reference Pt-NPs obtained in the IL
[BMIm][NTf,] [21] did not show any conversion at all.

M;: (EG/IL)K,PtClg
M,: (EG/IL)Pt-NPs .
- _ Ms: (EG/IL) or (IL)Pt-NPs Ph. SiEty
— + HSIEt; " : » \/\SiEt3 +
icrowave heating Ph
My M,: 110 °C, 15 min
Ms: 200 °C, 5 min

Ph

distal proximal

Scheme 3. Hydrosilylation of phenylacetylene with triethylsilane in the presence of Pt-catalysts
with three methods (labeled M1 to M3). The proximal triethyl(1-phenylvinyl)silane and distal
triethyl(styryl)silane [triethyl(2-phenylvinyl)silane] products are obtained.

Table 5. Catalytic hydrosilylation of phenylacetylene with triethylsilane '.

Sample Name Time (h) Fl;?gp ’ Molarlf;?ostzrate/Pt Conversion (%) 3 d/p Ratio 4

Method 1, (EG/TAAIL)K,PtClg
(EG/[Phyp,ImC4][NTE])K,PtClg 0.25 110 9620 96 3.1
(EG/[Phap,ImCs][NTf,]) K, PtClg 0.25 110 9620 96 25
(EG/[PhImPhC,][NTf,])K, PtClg 0.25 110 9940 99 3.0
(EG/[Php-pmeImPhCy][NTf, [)K, PtClg 0.25 110 10,100 >99 3.1
(EG/[Phyp, ImPhC4][NT, | Ko PtClg 0.25 110 8790 >99 2.2

Method 2, (EG/TAAIL)Pt-NPs
EG-BP4 0.25 110 1050 38 3.6
EG-PP4 0.25 110 980 57 3.1
EG-BPP4 0.25 110 980 75 3.4

Method 3
(EG/TAAIL)Pt-NPs
EG-BP4 0.083 200 880 >99 1.5
EG-BP5 0.083 200 980 67 22
EG-MPP4 0.083 200 950 >99 2.0
EG-BPP4 0.083 200 990 99 1.8
(TAAIL)Pt-NPs

BP4 0.083 200 1030 82 2.6
BP5 0.083 200 1140 95 22
PP4 0.083 200 880 99 1.5
MPP4 0.083 200 990 >99 2.0

! Additional data for all reactions including the distal/proximal ratio determined with GC can be found in
Table S5, Section S5. 2 Molar ratios of phenylacetylene substrate to Pt content. A molar ratio of triethylsilane to
phenylacetylene of 1.0 was chosen for all reactions. 3 Conversion determined from the reaction mixture by 'H
NMR spectroscopy. The highest TOF values achieved for each method in h~! (turnover frequency (molproduct
molp; ' h™1)) were 43,300 ((EG/[Phy e ImPhC4 ][N Tf, 1)Ko PtClg), 2900 (EG-BPP4) and 12,900 (BP5) for method 1
to 3, respectively.  Molar ratios of distal (d) to proximal (p) product, determined from 'H NMR spectra of the
reaction mixture. For GC-determined ratios see Table S5 and Section S5.
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Table 6. Reference reactions for the catalytic hydrosilylation of phenylacetylene with triethylsilane 1

Molar Conversion
Sample Name Time (h) Temp. (°C) Substrate/Pt oy 3 d/p Ratio *
S (%)
Ratio
[Pasq14][NTH,]/Karstedt [44] ! 1 110 10,000 >99 -
[S221INT£,]/ Ko PtClg [45] ! 1 110 10,000 ~88 -
Pty /NaY [75] 24 110 2440 82 0.3
7.0 nm Pt/SBA-15 [76] 6 70 390 6.8 1.8
Pt/C[77] 45 70 4880 91 3.3
Pt-NP [78] 1.3 60 200 82 49
Pt-NP [78] 24 60 200 94 9.0
Pt-NP [79] 10 rt 1000 98 6.7
C-Pt/ImIP-2BrB [80] 4 80 2000 79 0.8

1 Differing from the other reactions, [P44414][NTf;] and [Sy2 [[NTf, ] were carried out as hydrosilylation reactions
of 1-octene and 1,1,1,3,5,5,5-heptamethyltrisiloxane with the Karstedt catalyst and K,PtClg as catalyst, respectively.
Further experiments and information can be found in refs. [44,45]. 2 Molar ratios of phenylacetylene (1-octene)
substrate to Pt content. For both substrates, a molar ratio of 1.0 was chosen with the exception of refs. [75,78],
where a ratio of 1.2 of phenylacetylene to triethylsilane was utilized. > Conversion determined from the reaction
mixture by 'H NMR spectroscopy. * Molar ratios of distal (d) to proximal (p) product.

We have shown before that an increased temperature can lead to quantitative conver-
sions after just 5 min [81]. We prepared a similar approach for our samples with method 3.
In general, the conversions were significantly higher while often reaching quantitative
yields for (EG/TAAIL)Pt-NPs and (TAAIL)Pt-NPs. A Pt-free reaction resulted in no con-
version while K,PtCls and Pt-NPs synthesized in [BMIm][NTf,] also gave high yields
(Table S5). In general, the distal/proximal ratios detected are lower than for the other two
methods, with a minimum of 1.5 and an average of two. GC-MS generally resulted in
slightly reduced distal /proximal ratios compared to the ratios determined by 'H NMR (see
Table S5 for the full list).

In comparison to literature results for Pt-NPs collected in Table 6 [44,45,75-80], the
catalysis following method 1 and 3 resulted in quantitative yields in remarkably shorter
reaction times. However, both methods only achieved the preferred formation of the distal
product with a distal/proximal ratio of ~2-3 while reference reactions can achieve stronger
preferences for one specific product with distal /proximal ratios as low as 0.3 [75] or as high
as 9.0 [78]. Many Pt-NP catalysts in the literature yielded d/p ratios between 3.3 and 9.0.
Only Pt; /NaY and C-Pt/ImIP-2BrB yielded distal /proximal ratios below one (Table 6).

Samples used in method 1 achieved similar conversions in notably shorter reaction
time using the same substrate/Pt ratio and temperature as systems with Pt catalysts dis-
persed in IL reacting 1,1,1,3,5,5,5-heptamethyltrisiloxane with 1-octene [44,45]. The short
reaction time and highly diluted dispersion of our (EG/TAAIL) and (TAAIL)Pt catalysts
resulted in high turnover frequencies (TOF, highest values under footnote 3 in Table 5), espe-
cially for method 1, showing a maximum value of 43,300 h~! for (EG/[PhypeImPhC,][NTH,])
K,PtClg. Samples containing the other TAAILSs still achieved high TOF values of at least
25,500 h~1. Samples used for method 2 and method 3 yielded maximum TOF values of up
t0 2900 h~! and 12,900 h~!, respectively.

Heavy-metal impurities are a challenge for the application of silicones in pharma-
ceutical or medical products [82,83] and received, for example, high attention for the still
contested “breast implant illness” [84]. Contrary to our expectations, graphite furnace
atomic absorption spectrometry (GF-AAS) of the majority of the (EG/TAAIL)Pt samples
revealed a high Pt leaching into the product solution, up to over 20% of the amount of
Pt used for the catalysis (see Table S6). Only (TAAIL)Pt-NP samples from method 3 gave
leaching below 1%, which is usually interpreted as no leaching [75,78].

To determine the catalytic stability, the EG/IL phase was recovered for method 1 while
for methods 2 and 3, the catalyst was regained after separation from the product via centrifu-
gation, and the recovered catalysts were reused for two additional hydrosilylation reactions.
Unexpectedly, all reactions resulted in less conversion compared to the first reaction. The
post-mortem TEM images after the third catalysis run of (EG/[Phy.\eImPhCy][NT1,])-
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Ky PtClg and (EG/[Phy g ImPhC4][NTf,])-K, PtClg for method 1 and EG-BPP4 for method 2
(Figures S39-541) show the presence of Pt-NPs. These particles demonstrate a similar degree
of aggregation as the (TAAIL)Pt-NPs from which we conclude that, also from EG/TAAIL-
K,PtClg, platinum nanoparticles form under the catalysis conditions. Zielinski et al. re-
ported hydrosilylation reactions with Pt catalysts dispersed in different ILs and observed
a drastic loss of catalytic stability when C=C double bonds were present in the IL [45].
Competitive side reactions between silanes and double bonds were suspected. Catalyst
leaching reduces the remaining catalytic activity as well.

In summary, all three presented methods allow the successful hydrosilylation of
phenylacetylene with triethylsilane. Method 1 and method 3 can achieve quantitative
conversion and high TOF values after the respective reaction time. Reactions carried out
after method 2 are not quantitative. Method 1 can be carried out at a temperature of
110 °C, which is more suitable for industrial applications and commonly used in literature
experiments [44,45,75]. In the literature, hydrosilylation catalysis is typically performed
at temperatures below 110 °C, applying reaction times from 1.3 to 24 h. The reaction
times in the literature are longer, but in many cases, only ppm amounts of Pt precursors
were used. The reaction times appear to be set to reach the high conversion. The lower
reaction temperature makes method 1 superior to method 3. We conclude that the in situ
preparation of Pt-NP species in method 1 is, thus, more advantageous in comparison to the
independent preparation of Pt-NPs before the catalysis run.

3. Materials and Methods
3.1. Chemicals and Equipment

All starting materials and solvents were obtained from commercial sources and used
as delivered unless mentioned otherwise (Table S1).

Tunable aryl alkyl ionic liquids (TAAIL) were provided by the group of Prof. Dr. Thomas
Strassner, Technische Universitdt Dresden. The synthetic procedure for the TAAIL
[Phy g, ImPhC4][NTf,] is described in Section S2.1, while the syntheses of the other TAAILs
have been documented in the works of T. Strassner [43,48,49]. (n>-Methylcyclopentadienyl)
trimethylplatinum(IV), MeCpPtMe; was synthesized and characterized using a method
described by Xue et al. [22,85].

Transmission electron microscopy (TEM) measurements were carried out with a Zeiss
LEO912 (Zeiss, Oberkochen, Germany) at 120 kV accelerating voltage. The microscope
features a theoretical spatial resolution of 0.1 nm. The samples were prepared using 200 pm
carbon-coated copper grids. 0.05 mL of the NP/IL dispersion was diluted in 0.5 mL
acetonitrile (ACN) and one drop of the diluted dispersion was placed on the grid. After
30 min, the grid was washed with 3 mL of ACN and dried in ambient air. The images were
analyzed by the program Gatan Microscopy Suite (Version: 3.3, Gatan Inc., Pleasanton,
CA, USA) and the particle size distribution was determined from at least 200 individual
particles at different positions on the TEM grid within the same magnification.

Powder X-ray diffractograms (PXRDs) were measured at ambient temperature on
a Bruker D2-Phaser (Bruker, Billerica, MA, USA) using a flat sample holder and Cu-Ko
radiation (A = 1.54182 A, 35 kV). The program Diffrac.Eva V4.2 was used to evaluate the
PXRD data. Particle sizes were calculated with the Scherrer equation L = K x A/(A(20)
x cos) where L is the average crystallite size (in nm), K the dimensionless shape factor
(here 1), A the wavelength (in nm), A(26) the full width at half maximum (FWHM) in
radians and 6 the Bragg angle (in °).

A CEM-Discover SP microwave reactor (CEM GmbH, Kamp-Lintfort, Germany), with
a power range of 0-300 W (=30 W) was used for all microwave reactions.

Thermogravimetric analysis (TGA) was carried out with a Netzsch TG 209 F3 Tarsus
(Netzsch, Selb, Germany) in Al crucibles applying a heating rate of 5 K min~! under a
nitrogen atmosphere. Determined decomposition temperatures can deviate up to 2 K.

NMR spectra were recorded on a Bruker Avance III-300 (Bruker, Karlsruhe, Ger-
many) and a Bruker Avance III-600 (Bruker, Karlsruhe, Germany) spectrometer (NMR
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spectra in Sections 52.1 and S5.2). CDCl; was used as a solvent. Chemical shifts were
referenced on the residual solvent peak versus TMS (!H NMR 6 = 7.26 ppm for CHCl3,
13C NMR § = 77.16 ppm for CHCl3).

Ion chromatography (IC) measurements were performed with a Dionex ICS 1100
instrument (Dionex, Idstein, Germany) with suppressed conductivity detection (chro-
matograms in Section 52.3). The suppressor (AERS 500, Dionex) was regenerated with
an external water module. The system was equipped with the analytical column Ion-
Pac AS 22 from Dionex (4 mm x 250 mm) and the corresponding guard column AG 22
(4mm x 50 mm). The instrument was controlled by Chromeleon® software (Version:
7.1.0.898, Thermo Fisher Scientific GmbH, Dreieich, Germany). The injection volume was
25 pL. The standard eluent used was a 4.5 mmol L~! Na,CO;3 + 1.0 mmol L~ NaHCO;
mixture with an addition of 30 vol% ACN. NTf;-anion purity could be determined within
an error range of up to 0.5% while the IL purity could be determined within an error range
of up to 10%.

For the analysis of Pt leaching or Pt residues after catalysis, graphite furnace atomic
absorption spectrometry (GF-AAS) was made using a Perkin Elmer PinA Acle 900T (Perkin
Elmer LAS GmbH, Rodgau-Jiigesheim, Germany) spectrometer. Solutions of 0.050 mgp; L1,
0.100 mgp; L~1,0.200 mgpg L~1, and 0.400 mgpy L~ were prepared from an AAS Pt stan-
dard (Fluka, 1000 4 4 mg L~1, 5% HCI) for calibration. The samples contained 0.2 mL of
the product solution and were further diluted with ethanol to achieve values within the
calibration range of 0.050 to 0.400 mgp L~!. The obtained values can deviate within a
range of +10%.

Gas chromatography (GC) was performed with a Thermo Finnigan Trace GC Ultra,
Column BPX5 (column length: 15 m), combined with the mass spectrometer (MS) Thermo
Finnigan Trace DSQ (Thermo Fischer Scientific GmbH, Dreieich, Germany), using the EI
ionization method with 70 eV and a source temperature of 200 °C.

3.2. Synthesis of Pt-NPs in IL and EG/IL mixtures

(TAAIL)Pt-NPs: Pt-NPs in TAAILs were synthesized as described previously [21,22].
In general, MeCpPtMej3 and the corresponding IL were placed in a 10 mL microwave vessel.
The mass of the Pt precursor was set to achieve 2 wt% of Pt-NPs in IL when assuming
quantitative conversion in a batch of about 500 mg IL (~0.4 mL). The dispersion was stirred
for at least 6 h and afterward heated in the microwave reactor (200 °C, 40 W, 10 min holding
time). To remove the IL several washing steps (with ultrasonication and centrifugation)
were performed with 3 mL of ACN per washing step until a clear colorless centrifugate
was obtained. The (TAAIL)Pt-NP residue was dried in a high vacuum (5 x 1073 mbar) for
2 h. The yield of Pt-NPs was quantitative.

(EG/TAAIL)Pt-NP: Pt-NPs in mixtures of EG and TAAILs were synthesized using a
modified version of the surfactant-free polyol process by Quinson et al. [30]. In general,
K;,PtClg, NaOH, EG, and the TAAIL (with 10, 25, 50, and 75 wt% IL in EG/IL) were placed
in a 10 mL microwave glass vessel. Then 12 equivalents of NaOH to Pt were added. The
amount of Pt precursor was set to achieve 1 wt% of Pt-NPs in EG/TAAIL at quantitative
conversion, with batch sizes of about 600 mg EG/TAAIL. The dispersion was stirred for at
least 6 h and heated afterward in the microwave reactor (170 °C, 100 W, 10 min holding
time). To remove the EG and IL the black dispersion was washed (ultrasonicated and
centrifugated) several times with 3 mL of ACN each until a clear colorless centrifugate was
obtained. The black solid was then washed twice (with ultrasonication and centrifugation)
with MeOH to remove NaOH residues. The remaining black product was dried in a high
vacuum (5 x 1072 mbar) for 2 h to give a quantitative yield of Pt-NPs.

3.3. Electrochemical Measurements

For all measurements, a conventional three-electrode cell with a glassy carbon rotating
disk working electrode (5 mm diameter), a Pt sheet as a counter electrode (1.5 x 1.5 cm?),
and a silver/silver chloride reference electrode (Ag/AgCl in 3 mol L~ NaCl solution)
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was used with 0.5 mol L~ H,SO; electrolyte solution and an Interface 1010 potentiate by
Gamry Instruments.

As electrochemically active material fresh NP inks were prepared similarly to Beer-
mann et al. [86] where 0.2 mg of the NP component was first mixed with 0.8 mg Vulcan
XC-72R. Further, 1 mg of this solid was dispersed in 1 mL of a 1/5 (v/v) isopropanol/water
mixture containing 5 pL. Nafion™ 1100W 5 wt% and sonicated for at least 30 min. Next,
20 uL of the ink was deposited onto the working electrode and dried at room temperature
with a rotation speed of 120 rpm to form a thin film. The resulting platinum loading on the
electrode was 20 ugp; cm 2.

All following measurements were completed under a protective gas atmosphere at
a rotation speed of 3600 rpm. Before electrochemical measurements were started, the
electrolyte solution was purged with N; for 10 min. The catalyst was activated via potential
cycling between —0.10 and 0.30 V ag/agc1 for 30 cycles with a scan rate of 100 mV s~1. To
determine the activities of the catalysts, linear sweep voltammograms (LSV) were recorded
in a potential range between 0.1 and —0.35 Vg agc1 with a scan rate of 10 mV s~1. The
overpotential was determined at a current density of 10 mA cm~2. Polarization curves
vs Ag/AgCl were corrected by iR compensation and converted to a reversible hydrogen
electrode (RHE), according to E (RHE) = E(Ag/AgCl) + E° + 0.059 V-pH with E° = 0.211 V.
Stability tests were conducted via potential scanning between 0.1 and —0.3 Vag/agc1 for
1000 cycles at 100 mV s~ 1. Chronoamperometry has been performed as an alternative stabil-
ity test at a controlled voltage of 63 mV for 1 h at room temperature. Due to the parameters
of the measurement, given voltages can deviate by up to 1 mV for all measurements.

3.4. Hydrosilylation Reactions

Method 1: The catalytic reactions were performed as a two-phase system in a mi-
crowave reactor using quartz glass vials of 10 mL. A mixture of K,PtClg (~1.3 umol Pt,
see Table S5 for the molar ratio of substrate/Pt), EG, and IL (~0.2 wt% Pt in a 9/1 ratio
of EG/IL) was placed in the glass vial and degassed under vacuum. Afterward, 1.37 mL
(12.5 mmol) of phenylacetylene and 2.00 mL (12.5 mmol) of triethylsilane were added
to the glass vial under an N, atmosphere, followed by a reaction at 110 °C for 15 min
under 30 W of microwave irradiation. The upper product phase was syringed off after
centrifugation and analyzed by 'H NMR, *C NMR, and GC for the different product
species and the conversion. The statistical error of the distal/proximal product ratio and
substrate conversion determined by signal intensities in 'H NMR is about 5% for both
determinations. Conversions above 99% result in significantly larger deviations due to
the low intensity of the remaining starting material and are only mentioned as >99%. The
statistical error of the distal/proximal product ratio determined by signal intensities in
GC is roughly up to 10%. To test the stability of the catalyst, the same number of starting
materials was added again to the remaining EG/IL phase and the procedure was repeated.

Method 2: The catalytic reactions were performed as a one-phase system in the same
glass vials as in method 1. (EG/TAAIL)Pt-NP probes (~5.0 pmol Pt, see Table S5 for the
molar ratio of substrate /Pt) were placed in the glass vial followed by the addition of 0.55 mL
(5.0 mmol) of phenylacetylene and 0.80 mL (5.0 mmol) of triethylsilane. The reaction was
carried out as described in method 1 at 110 °C for 15 min but under 200 W microwave
irradiation for 5 min. The product solution was syringed off from the solid catalyst after
centrifugation and analyzed as described above. The solid catalyst was reused, and the
procedures were repeated to test the catalyst’s stability.

Method 3: The catalytic reactions, washing, and characterization were carried out in
the same manner as described in method 2 but with (EG/TAAIL)Pt-NP and (TAAIL)Pt-NP
probes (see Table S5 for the molar ratio of substrate/Pt) at 200 °C for 5 min under 200 W of
microwave irradiation.

185



Molecules 2023, 28, 405

4. Conclusions

Nine tunable aryl alkyl ionic liquids (TAAIL), including TAAILs with an additional
phenyl substitution at the imidazole C2 position, were utilized as reaction media and stabi-
lizer for the microwave-assisted synthesis of Pt-nanoparticles (Pt-NPs) from MeCpPtMes.
In an ethylene glycol (EG)/TAAILs mixture the precursor KoPtCls was used. Small Pt-NPs
were obtained whose calculated crystallite sizes from PXRD with the Scherrer equation of
3 nm to 5 nm correspond to particle sizes observed by TEM. TEM further illustrated that
all samples formed large aggregates of the primary NPs.

The (TAAIL)Pt-NPs and (EG/TAAIL)Pt-NPs showed competitive activities in the
electrocatalytic hydrogen evolution reaction. In particular, the Pt-NP sample with
EG/[PhypeImPhC4][NTS,] (EG-MPP4) exhibited a very low overpotential of 32 mV at
10 mA cm—2, outperforming the reference material Pt/C 20 wt% with 42 mV. The sample
EG-MPP4 also had a low Tafel slope of 19 mV dec™ .

The (TAAIL)Pt-NP and (EG/TAAIL)Pt-NP probes could function as catalysts for the
hydrosilylation of phenylacetylene with triethylsilane with quantitative conversion in a
short time of 5 min. In addition, a two-phase system with an EG/TAAIL phase containing
the salt K,PtClg also achieved quantitative conversion in 15 min. In all cases, the short reac-
tion time for quantitative conversion resulted from microwave heating while in literature
references work significantly higher reaction times of 1 h for two-phase reactions [44,45]
and over 2 h for Pt-NP catalysts were needed [69,75-79]. The samples achieved very high
TOF values of up to 43,300 h~!. The distal hydrosilylation product was preferentially
obtained over the proximal one in all reactions, with a ratio of up to 3.5. However, the
recycling and reuse of the catalysts could still not be successfully implemented, in part
due to an unexpectedly high degree of Pt leaching into the product solution. Finding the
right reaction conditions for IL/Pt-NP catalysts to prevent leaching and deactivation is
a challenge for future work. Only then can the full design potential of ionic liquids as
reaction media in hydrosilylation catalysis be utilized.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules28010405/s1. Section S1: Sources of chemicals; S2: Synthe-
sis and characterization of TAAILs; S3: Synthesis parameters and analyses of platinum-nanoparticles
(Pt-NPs) in TAAILs and ethylene glycol (EG); S4: Additional electrochemical measurements; S5: Hy-
drosilylation conversion and product analysis. Reference [87] is cited in the supplementary materials.
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Abstract: The separation of dimethyl carbonate (DMC) and methanol is of great significance in
industry. In this study, ionic liquids (ILs) were employed as extractants for the efficient separation of
methanol from DMC. Using the COSMO-RS model, the extraction performance of ILs consisting of
22 anions and 15 cations was calculated, and the results showed that the extraction performance of ILs
with hydroxylamine as the cation was much better. The extraction mechanism of these functionalized
ILs was analyzed by molecular interaction and the o-profile method. The results showed that the
hydrogen bonding energy dominated the interaction force between the IL and methanol, and the
molecular interaction between the IL and DMC was mainly Van der Waals force. The molecular
interaction changes with the type of anion and cation, which in turn affects the extraction performance
of ILs. Five hydroxyl ammonium ILs were screened and synthesized for extraction experiments to
verify the reliability of the COSMO-RS model. The results showed that the order of selectivity of ILs
predicted by the COSMO-RS model was consistent with the experimental results, and ethanolamine
acetate ((MEA][Ac]) had the best extraction performance. After four regeneration and reuse cycles, the
extraction performance of [MEA][Ac] was not notably reduced, and it is expected to have industrial
applications in the separation of methanol and DMC.

Keywords: COSMO-RS; ionic liquids (ILs); dimethyl carbonate (DMC); methanol; extraction separation

1. Introduction

Dimethyl carbonate (DMC) is an important high value-added chemical [1]. Due to its
high dielectric constant, DMC can be used as electrolyte for lithium electronic batteries [2].
DMC is considered a potential fuel additive due to its high oxygen content (53%), high
octane number, high gasoline/water partition coefficient, low toxicity, and fast biodegrada-
tion [3]. Engine soot particle emissions may be decreased with the right quantity of DMC
added to diesel, which will lower environmental pollution [4]. Since DMC contains the
methoxyl, methyl and carbonyl groups, it is also a promising replacement for toxic dimethyl
sulfate and phosgene in the synthesis of isocyanates, polyurethanes and polycarbonates [5].

Currently, phosgene [6], methanol oxidation carbonylation [7], transesterification [8],
urea alcoholysis [9], and direct carbon dioxide synthesis [10] are the main methods to
synthesize DMC. In these routes, the separation of DMC and methanol is a difficult problem
due to the formation of azeotrope [11]. Conventional separation techniques, such as
pressure-swing distillation [11], azeotropic distillation [12], extractive distillation [13],
membrane separation [14] and adsorption [15], have been used to separate methanol-DMC
azeotropic mixtures. However, these separation techniques have high energy consumption,
which is typical of thermal-based separation techniques. Liquid-liquid extraction is a
form of separation technique that is popular in the chemical industry, with excellent
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environmental friendliness and low energy performance. To date, some research on the
extraction and separation of alcohols and esters has been reported. Yang et al. [16] evaluated
the solubility and liquid-liquid equilibrium data of the ternary system of dimethyl adipate +
1,6-hexanediol + water or ethylene glycol. The results showed that water is an appropriate
solvent for 1,6-hexanediol extraction. Liu et al. [17] used deep eutectic solvents consisting
of choline chloride and ethylene glycol to separate methanol and DMC. The experimental
results showed that the extractant can realize the separation of DMC and methanol, and
the maximum partition coefficient of methanol in the two phases is 0.1516. In general,
using organic solvents as extractants is not environmentally friendly and it is difficult to
regenerate and recycle.

Ionic liquid (IL), characterized by low saturated vapor pressure, good stability and
designability, has excellent solubility for many systems and is an ideal solvent, frequently
substituting for organic solvents in numerous industrial fields, particularly the extraction
process [18]. However, the high viscosity and high cost of ILs have limited their industrial
development to some extent. Cai et al. [19] reported the liquid-liquid equilibrium data of
the ternary system of methanol + DMC + 1-alkyl-3-methylimidazolium dialkylphosphate.
However, the selectivity and partition coefficient of the IL are low. Wen et al. [20] measured
the liquid-liquid equilibrium (LLE) data of the ternary system of methanol + DMC + 1-
methylmidazole hydrogen sulfate ([MIM][HSOy4]) at 298.15 K and 318.15 K. The results
showed that [MIM][HSO4] is a potential solvent for the separation of methanol and DMC.
Most of the existing studies have focused on the determination of phase equilibrium data
of ternary systems, and it is urgent to develop new extractants.

By introducing ILs into the methanol-DMC binary azeotropic system, the interaction
between methanol and DMC can be regulated by the design of IL anions and cations [21].
The composition of ILs is diverse, and it is unrealistic to experiment one by one. Based
on quantum chemistry theory and statistical thermodynamics theory, the COSMO-RS
model is suitable for predicting the thermodynamic properties of LLE systems containing
ILs, which can greatly reduce the blindness of IL screening and the workload of experi-
ments [22]. To date, there has been much work on COSMO-RS screening of ILs for extraction.
Jiang et al. [23] used COSMO-RS to screen suitable ILs from imidazole and pyridine ILs to
extract 1,5-pentanediamine from aqueous solution. Zhao et al. [24] successfully obtained
an IL with high efficiency for extracting lithium from aqueous solution by COSMO-RS sim-
ulation and experimental validation. To obtain the best IL for the drying of chloromethane,
Wang et al. [25] screened 210 ILs using the COSMO-RS model and selected [EMIM][BF4]
as the water-removing agent. There has been no systematic study on extractant screening
and extraction separation for the liquid-liquid extraction separation of a methanol-DMC
azeotropic system.

In this work, 330 ILs composed of 15 cations and 22 anions were screened by using the
COSMO-RS model. The selectivity (S), solvent loss (SL), and solvent solubility property
(SP) of ILs for extracting methanol from DMC were evaluated. The effects of anion and
cation species on the extraction performance of ILs were investigated by analyzing the
molecular interaction and o-profile. Subsequently, five hydroxyl ammonium ILs were
selected and synthesized, and then extraction experiments were carried out.

2. Results and Discussion
2.1. COSMO-RS Prediction Results

Infinite dilution activity coefficients for methanol and DMC in different ILs were
predicted by COSMO-RS. S, SP and SL were calculated and are illustrated in Figures 1-3.
The specific data are listed in Tables S1-S3. The anions and cations involved in the prediction
are listed in Tables 1 and 2, whose changes have a considerable impact on the selectivity.
When choosing ILs, the value of SL should be considered, which must be extremely small.
The smaller the value of SL is, the lower the loss of DMC in the extraction is. In addition,
we prefer to choose ILs with a high value of SP. The higher the value of SP is, the stronger
the extraction capacity of IL for methanol is. The results show that the ILs of alcohol amine
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cations and carboxylic acid anions have good performance and can be used to extract and
separate methanol and DMC systems. Therefore, we selected these ILs for further study.
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Figure 1. S of ILs predicted by COSMO-RS.
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Figure 2. SP of ILs predicted by COSMO-RS.
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10“

Figure 3. SL of ILs predicted by COSMO-RS.

Table 1. Liquid-liquid experiment results for ILs with different types of anions at 293.15 K.
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Initial DMC Phase (%) IL Phase (%)
Extractant Concentration of D S E
Methanol XMeOH XpMC XIL XMeOH XpMC XIL
10% 2.54 97.44 0.02 9.46 4.25 86.29 3.72  85.27  79.20%
[MEA][Frc] 20% 5.50 94.46 0.03 17.72 4.59 77.69 322 6623 79.25%
30% 8.65 91.30 0.05 24.50 4.70 70.80 2.83 5497  79.29%
10% 2.13 97.85 0.02 9.98 14.69 75.33 470  31.29 83.31%
[MEA][Ac] 20% 4.10 95.86 0.04 19.08 15.32 65.60 465 29.10 85.84%
30% 6.86 93.09 0.05 27.60 16.34 56.06 4.02 2292 86.81%
10% 2.23 97.52 0.25 10.54 15.40 74.07 473 2993  83.24%
[MEA[Prp] 20% 4.73 94.99 0.27 18.95 16.90 64.15 4.00 2250 83.76%
30% 7.24 92.42 0.35 28.28 17.99 53.74 391  20.07 86.93%
Table 2. Liquid-liquid experiment results for ILs with different types of cations at 293.15 K.
Initial DMC Phase (%) IL Phase (%)
Extractant Concentration of D S E
Methanol XMeOH XpMC XIL XMeOH XpMC XIL
10% 2.13 97.85 0.02 9.98 14.69 75.33 470 3129 83.31%
[MEA][Ac] 20% 4.10 95.86 0.04 19.08 15.32 65.60 4.65 29.10 85.84%
30% 6.86 93.09 0.05 27.60 16.34 56.06 4.02 2292 86.81%
10% 2.66 97.05 0.29 12.44 15.75 71.81 4.68 2884 80.77%
[DEA][Ac] 20% 4.70 94.95 0.35 19.70 20.58 59.72 420 1935 82.97%
30% 7.99 91.62 0.39 31.14 21.12 47.74 390 1691 86.13%
10% 2.50 97.04 0.46 13.25 22.53 64.22 529 22.80 80.04%
[TEA][Ac] 20% 5.06 94.46 0.48 23.61 23.09 53.30 4.67 19.10 81.78%
30% 8.31 91.16 0.53 33.25 23.70 43.04 4.00 1539 83.99%
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2.2. Molecular Interaction Analysis

One of the most significant molecule-specific characteristics in COSMO-RS theory is
the o-profile, which is often divided into three regions: the nonpolar region (—0.0082 e/ A2
< 0<0.0082 e/A?), the hydrogen bond acceptor (HBA) region (s > 0.0082 e/ A?), and the
hydrogen bond donor (HBD) region (s < —0.0082 e/ A2) [23]. The impacts of the cation
and anion species on the effectiveness of IL extraction were investigated by o-profiles and
molecular interactions.

The o-profiles of methanol and DMC are shown in Figure 4. It can be seen from the
figure that DMC has a peak at 0.0125 e/ A2, representing the carbonyl group and methoxy
group in the molecule, which has strong hydrogen bond receiving capabilities. Methanol
has peaks at —0.016 e/A? and 0.017 e/A?, respectively, because the hydroxyl group in
the molecular structure has strong hydrogen bond receiving (oxygen atom) and hydrogen
bond supplying (hydrogen atom) capabilities at the same time, which results in strong
intermolecular interactions between methanol and DMC, making it difficult to separate
them. However, the possibility of separation by extraction is increased by the variation in
the o-profile distribution between DMC and methanol in the HB donor region.

HB donor region Non-polar region HB acceptor region
L I l I

15

10 | : X DMC

methanol

P(o)

1 1 1 1 1 1
003 -002 -001 000 001 002 003
e/A?

Figure 4. The o-profiles of methanol and DMC.

2.2.1. Effect of Anions on Molecular Interaction

To further understand the influence of molecular interactions on the extraction per-
formance of ILs, COSMOthermX was used to calculate the magnitude of three kinds of
interaction forces of ILs on methanol and DMC, which are misfit, van der Waals (VDW)),
and hydrogen-bond (HB) interactions according to COSMO-RS theory [26]. Positive energy
means repulsion, while negative energy means attraction [27].

The molecular interactions of ILs composed of [MEA]* and six anions on methanol
and DMC were investigated, and are shown in Figures 5 and 6. From Figure 5 we can see
that the total interaction between ILs and methanol was much greater than that between
ILs and DMC, which is necessary for the effective separation of methanol from DMC.
Figure 6a shows that the molecular interaction between methanol and ILs is mainly hydro-
gen bonding. With the enhancement of acid radical ion acidity, the hydrogen bonding force
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Interaction energy (kcal/mol)

-10

gradually increases, resulting in a slightly increasing SP value. Figure 6b shows that the
dominant molecular interaction between DMC and ILs is the VDW interaction. With the
enhancement of acid radical ion acidity, the VDW interaction gradually increases, which
leads to a significant increase in the SL value, resulting in a decrease in the S value. The
S value follows the order: [MEA][NOj3] > [MEA][HSO4] > [MEA][HCO3] > [MEA][Frc] >
[MEA][Ac] > [MEA][Prp].

Interaction energy (kcal/mol)
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I Total interaction with methanol
- Total interaction with DMC
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Figure 5. Total interaction between solutes and [MEA]" based ILs calculated by COSMO-RS.
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Figure 6. Molecular interaction calculated by COSMO-RS. (a) Molecular interaction between
methanol and [MEA]* based ILs. (b) Molecular interaction between DMC and [MEA]* based ILs.

196



Molecules 2023, 28, 2312

In addition, the o-profiles of the six anions were also analyzed and are shown in
Figure 7. The six anions have peaks mainly in the HBA region, and the peak height in the
HBA region is very high, which indicates that these anions are more capable of accepting
hydrogen bonds. As mentioned above, methanol has a high capacity for supplying hydro-
gen bonds, so methanol can be extracted by forming a strong hydrogen bond with the IL.
Meanwhile, the entrainment of DMC during extraction can be effectively reduced due to
the weak ability of DMC to provide hydrogen bonds.

HB donor region Non-polar region HB acceptor region
| | | |

20
15 F
—~ 10}
8
a
5L
0— ' (]
e by . .

L 1 1 1 1 1 1 1
-0.04 -003 -0.02 -0.01 000 001 002 003 004

e/A?

Figure 7. The o-profiles of six different anions.

2.2.2. Effect of Cations on Molecular Interaction

The effect of cations on the extraction ability of ILs is less significant than that of anions.
Fixing the anion to [Ac] ™, the effects of the number of hydroxyethyl groups on the cation on
the interactions between ILs and methanol and between ILs and DMC were investigated.

It can be seen from Figure 8 that the total interaction between ILs and methanol is
much stronger than that between ILs and DMC. Figure 9a shows that there is a weak
increase in the magnitude of the hydrogen bonding force between the IL and methanol,
as the number of hydroxyethyl groups rises, which increases the value of SP. Figure 9b
shows that the increase in the number of hydroxyethyl groups also caused an increase in
the magnitude of van der Waals and hydrogen bonding forces between DMC and IL, which
caused a significant increase in the value of SL. Since SL rises faster than SP, the S value
keeps decreasing. The S value follows the order: [MEA][Ac] > [DEA][Ac] > [TEA][Ac].
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Figure 9. Molecular interaction calculated by COSMO-RS. (a) Molecular interaction between
methanol and [Ac]~ based ILs. (b) Molecular interaction between DMC and [Ac]~ based ILs.

Similarly, the o-profiles of the three cations were analyzed and are shown in Figure 10.
The result shows that as the number of hydroxyethyl groups rises, the peak of the IL extends
further in the HB donor region and higher in the HB acceptor region. This implies that the
IL has a greater capacity for donating and accepting hydrogen bonds, which significantly
improves its affinity for both DMC and methanol. Inevitably, more DMC is entrained
despite the increased IL extraction efficiency for methanol.
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Figure 10. The o-profiles of three different cations.

2.3. Extraction Experiment

Due to the instability of [MEA][HCO3] and the difficulty of synthesizing [MEA][NO3]
and [MEA][HSO4], five ILs: [MEA][Frc], [MEA][Ac], [IMEA][Prp], [DEA][Ac] and [TEA][Ac]
were synthesized. All ILs are characterized by 'H NMR spectra, which are listed in
Figures S1-S5. This confirmed the structures of the ILs and that there was no impurity in
the ILs. The decomposing temperatures of the synthesized ILs were more than 140 °C,
which is relatively stable under experimental conditions [28].

Five ILs were used to carry out extraction experiments. Through the experiments, the
separation performance of typical ILs was examined to confirm the validity of COSMO-
RS. At 293.15 K, the two-phase composition after the experiment was measured, and the
experimental results are listed in Tables 1 and 2.

Among the ILs, [MEA][Frc], [MEA][Ac] and [MEA][Prp] were employed to investigate
the impact of various anions on the extraction effect. The results showed that the three
ILs had high extraction efficiency and selectivity, and the order of S was [MEA][Frc] >
[MEA][Ac] > [MEA][Prp]. As the anion changes from [Frc]™ to [Ac]~ and then to [Prp]~, S
is significantly reduced. This is because as the anion’s alkyl chain lengthens, the volume of
the entire IL expands and its polarity decreases [29]. As a result, the van der Waals force
between DMC and the IL develops, which lowers S.

Similarly, to investigate the effect of cation types on the extraction performance of ILs,
we selected three ILs [MEA][Ac], [DEA][Ac] and [TEA][Ac] for extraction experiments,
and the results are listed in Table 2. It can be seen from the table that the order of S is
[MEA][Ac] > [DEA][Ac] > [TEA][Ac]. Compared with anions, the variety of cation types
does not bring a noteworthy change to the selectivity of the IL. The reasons may include the
following aspects. On the one hand, the increase in hydroxyl groups greatly strengthens
the hydrogen bonding between the IL and methanol. On the other hand, when the number
of hydroxyethyl groups attached to the N atom rises, the IL polarity declines, increasing the
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van der Waals force between the IL and DMC. Given these two factors, it is not unexpected
that the value of S only marginally decreases.

In addition, it can be found in experiments that with the increase in the initial concen-
tration of methanol, the S value of ILs decreases, but E slightly increases. Most ILs show a
high extraction efficiency of more than 80%.

2.4. Recyclability

In the extraction experiment, the recycling of the extractant is also an important aspect.
It is necessary to regenerate and recycle ILs from the mixture of methanol, DMC and ILs.
After extraction, IL was regenerated from the IL phase by vacuum evaporation in 343.15 K
for 5 h. Taking [MEA][Ac] as an example, using recycled [MEA][Ac] each time, we carried
out extraction experiments under the same conditions four times. As shown in Figure 11,
after four cycles, the extraction efficiency of [MEA][Ac] decreased slightly from 86.1% to
84.2%, proving the stability and efficiency of [MEA][Ac]. The fresh and recycled [MEA][Ac]
were then analyzed by 'H NMR, and the results are shown in Figure S6. The results
showed that the 'H NMR spectra of fresh and recycled ILs did not change, indicating that
the structure of recycled ILs did not change.
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Figure 11. Extraction performance of recycled IL.

3. Materials and Methods
3.1. Computational Methods

The COSMOthermX program was used to perform all COSMO-RS calculations at the
BVP86/TZVP quantum chemical level and related parameterization (BP TZVP C30 1401).
The .cosmo files of methanol, DMC, and some anions and cations are obtained directly from
the database. For ILs that do not exist in the database, Turbomole was used to generate their
corresponding .cosmo files. The molecular model was computed using Turbomole software
at the RI-DFT level of theory and the def-TZVP basis set. Because the parameterization
divergence between TZVP and TZVPD-FINE is very similar, the TZVP operation is much
faster than that of TZVPD-FINE [30]. In this work, 330 ILs composed of 15 cations and
22 anions were screened. The anions and cations involved in the prediction are listed in
Tables 3 and 4.
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Table 3. The names of the cations.

Number Names Abbreviations
1 2-Hydroxyethylammonium [MEA]*
2 Bis(2-hydroxyethyl)ammonium [DEA]*
3 Tris(2-hydroxyethyl)ammonium [TEA]*
4 1-Ethyl-3-methylimidazolium [EMIM]*
5 3-Methylimidazolium [HMIM]*
6 1-Methyl-3-methylimidazolium [MMIM]*
7 Hexadecyltrimethylammonium [N11116]*
8 Hydroxyltrimethylammonium [N11110H]1"
9 Carboxyltrimethylammonium [N1111c00H]"
10 Tetraethylammonium [Noooo ]t
11 Tetrabutylammonium [Nggaq]*
12 Methyltriethylphosphorus [Pooo1]*
13 Ethyltributylphosphorus [Pyaqn]*
14 Hydroxyethyltributylphosphorus [Paggronlt
15 Tetrabutylphosphorus [Pyga4]*

Table 4. The names of the anions.

Number Names Abbreviations
1 Hexafluorophosphate [PEg]~
2 Bis(trifluoromethylsulfonyl)imide [Tf,N]~
3 Tetracyanoboric acid [BCN4]™
4 Tetrafluoroborate [BE4]™
5 Hydrogen sulfate [HSO4]™
6 Thiocyanate thiocyanide [SCN]~
7 Nitrate [NO3]~
8 Trifluoromethanesulfonate [OTf]~
9 Dihydrogen phosphate [HoPO4]™
10 Hydrocarbonate [HCO3]~
11 Dimethylphosphate [DMP]~
12 2-Chlorophenol [2-CP]~
13 3-Chlorophenol [3-CP]~
14 Difluorophosphate [2FPhO]~
15 Trifluorophosphate [3FPhO]~
16 Formate [Frc]™
17 4-Chlorophenol [4-CP]~
18 Benzoate [BEN]~
19 Tetrafluorophosphate [4FPhO]~
20 Leucinate [Leu]™
21 Acetate [Ac]™
22 Propionate [Prp]~

3.2. Extraction Performance Index of ILs Using the COSMO-RS Model

The performance of methanol extraction from DMC by IL was predicted by the
COSMO-RS model. Three important parameters, S, SP, and SL, were determined by

S = zDMC (1)
’)/methanol
P @
,ymethanol
1
SL=— 3)
Tbmc

where Y35\ ic and 1mano TePresent the infinite dilution activity coefficients of DMC and
methanol in ILs, respectively. S stands for selectivity, which reflects the ability of ILs to
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extract methanol from DMC. The higher the value of S, the better the extraction separation
effect. When S =1, which means 7J\ic = 1 ethanol- I cannot be used for extraction. SP
stands for the solvent solubility property, and the higher the value is, the better the solubility
of the IL to methanol is. SL stands for solvent loss, which reflects the loss of DMC after
extraction. The higher the value is, the greater the loss.

3.3. Materials and Reagents

The specific compounds utilized for the IL synthesis and extraction studies are shown
in Table 5. All chemicals were purchased from Aladdin, and they were not purified further
prior to use.

Table 5. Materials.

Names CAS Purity Supplier
Dimethyl carbonate 616-38-6 >99% Aladdin
Methanol 67-56-1 >99% Aladdin
Ethanolamine 141-43-5 >99% Aladdin
Diethanolamine 111-42-2 >99% Aladdin
Triethanolamine 102-71-6 >99% Aladdin
Formic acid 64-18-6 >99% Aladdin
Acetic acid 64-19-7 >99% Aladdin
Propanoic acid 79-09-4 >99% Aladdin

3.4. Synthesis of ILs

The synthesis of the ILs used in this study followed the acid-base neutralization
reaction and was prepared by a one-step synthesis method [31]. Taking [MEA][AC] as
an example, 100 mL of ethanol was used to dissolve 0.5 mol of 2-aminoethanol, which
was then added into a 500 mL flask as a liquid mixture. As the reaction was intense and
exothermic, the flask was placed in an ice water bath at 278.15 K under vigorous stirring
with a magnetic stirrer. Next, 100 mL of mixed ethanol and 0.5 mol of acetic acid were
slowly added to the flask within 90 min. The reaction persisted for 20 h. Following the
reaction, the solvent was eliminated by vacuum evaporation, and the unreacted reactants
were eliminated using repeated acetone washing. After being dried under a vacuum for
48 h at 333.15 K, a clear and colorless product was produced. It is worth mentioning
that in the synthesis of these ILs, the synthesis process requires adequate cooling and
strict control of the addition rate, as the reaction between formic acid and ethanolamine
is the most exothermic. Otherwise, under high heat, dehydration of the salt may occur,
resulting in the corresponding formamide, as in the case of nylon salt (salt of diamine and
dicarboxylate) [32]. 'H NMR spectra were used to confirm the structure of the ILs, and
there was no impurity.

3.5. Extraction Experiments

The specific experimental methods are described below. Prepare DMC solution with
10%, 20%, and 30% mole fractions of methanol. Add 20 g solution to a 50 mL jacketed
extraction bottle, and then add the same mass of IL. Seal the jacketed glass bottle to prevent
the solution from volatilizing, and circulate water outside to keep the temperature of the
system stable at 293.15 K. The solution was magnetically stirred at 500 rpm for 2 h and
then remained still for 10 h to guarantee balance. Finally, the lower sampling port was
unscrewed to take the lower sample, and the upper sample was removed from the upper
layer with a straw, and the samples were then analyzed.

3.6. Sample Analysis

Gas chromatography (Agilent 8890A) outfitted with a DB-624 capillary column and
a flame ionization detector (FID), along with the internal standard method, was used to
measure the concentrations of methanol and DMC in two phases. ILs are nonvolatile,
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so the composition of IL in the sample was determined by the weight loss method. The
volatile organic compounds were removed using a vacuum drying oven, and the weight of
each sample was precisely determined both before and after evaporation. The evaporated
samples” GC analysis showed no residues of organic materials [20].

3.7. Evaluation Index of Extraction Performance in Experiments

The distribution coefficient (D), selectivity (S), and extraction efficiency (E) are used to
evaluate the extraction performance of ILs, and they are calculated as follows:

Xphethanol
D = methano. (4)

R
xmethanol

Xy thanol x%MC
S: methano X (5)

R E
xmethar\ol XDmC
E
n
E = methanol ( 6)

E R
nmethanol + nmethanol

where Xpethanol and Xppyic represent the mole fractions of methanol and DMC, nyethanol
represents the molar amount of methanol, and superscripts R and E represent the raffinate
phase and extraction phase, respectively.

4. Conclusions

In this work, 330 ILs composed of 15 cations and 22 anions were screened by the
COSMO-RS model to find ILs with good extraction performance and realize the effective
separation of DMC and methanol. It can be seen from the results that the type of anions
have a greater influence on the extraction performance of ILs than that of cations, and
carboxylic acid anions deliver the most optimal performance when paired with cations
such as [MEA]*, [DEA]* or [TEA]*. Through the analysis of molecular interactions, it can
be concluded that the HB interaction is dominant between methanol and ILs, while VDW is
the main force between DMC and ILs. Five ILs are synthesized for extraction experiments
to verify the reliability of the COSMO-RS model. The order of IL selectivity obtained from
the experiment is consistent with that predicted by the COSMO-RS model. All selected
ILs have high selectivity and distribution coefficients. Among these ILs, [MEA][Ac] has
the highest extraction efficiency, which can reach 86.81%. In addition, [MEA][Ac] has the
advantages of easy regeneration and recyclability, and is expected to be applied in the
separation of methanol and DMC in industrial production.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28052312/s1, Figure S1: 1H NMR spectra of [MEA][Frc];
Figure S2: TH NMR spectra of [MEA][Ac]; Figure S3: 1H NMR spectra of [MEA][Prp]; Figure S4: 1H
NMR spectra of [DEA][Ac]; Figure S5: 1H NMR spectra of [TEA][Ac]; Figure S6: 1TH NMR spectra
of fresh and recycled [MEA][Ac]; Table S1: S of ILs predicted by COSMO-RS; Table S2: SP of ILs
predicted by COSMO-RS; Table S3: SL of ILs predicted by COSMO-RS.

Author Contributions: Conceptualization, X.W. and Y.C.; methodology, X.W. and Y.C.; software, Y.S.;
validation, S.C. and L.D.; formal analysis, X.W. and Y.C.; investigation, X.W.; resources, X.W., S.C.
and L.D,; data curation, Y.S., Y.L. and ].Z.; writing—original draft preparation, X.W.; writing—review
and editing, Y.L.,J.Z., S.C., X.Z. and L.D; visualization, X.Z. and L.D.; supervision, L.D. and X.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
22178356, No. 21890763 and No. 22078329), “Clean Coal Combustion and Low Carbon Uti-
lization”, Strategic Priority Research Program of the Chinese Academy of Sciences, Grant No.
XDA 29030202, and the Key-Area Research and Development Program of Guangdong Province
(N0.2020B0101370002).

203



Molecules 2023, 28, 2312

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We sincerely appreciate Suojiang Zhang (IPE, CAS) for his careful academic
guidance and great support.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1. Zhang, M.; Xu, Y.; Williams, B.L.; Xiao, M.; Wang, S.; Han, D.; Sun, L.; Meng, Y. Catalytic materials for direct synthesis of dimethyl
carbonate (DMC) from CO,. J. Clean. Prod. 2021, 279, 123344. [CrossRef]

2. Wang, X.; Hu, H.; Chen, B.; Dang, L.; Gao, G. Efficient synthesis of dimethyl carbonate via transesterification of ethylene carbonate
catalyzed by swelling poly(ionic liquid)s. Green Chem. Eng. 2021, 2, 423-430. [CrossRef]

3. Pacheco, M.A.; Marshall, C.L. Review of dimethyl carbonate (DMC) manufacture and its characteristics as a fuel additive. Energy
Fuels 1997, 11, 2-29. [CrossRef]

4. Zi,K,; Tu, X.K; Huang, Y.Q; Shen, R.Y.; Pan, K.Y. Effects of diesel 0il-DMC blend fuel on performances of diesel engine. Neiranji
Gongcheng/Chin. Intern. Combust. Engine Eng. 2007, 28, 63-66+70.

5. Huang, S;; Yan, B.; Wang, S.; Ma, X. Recent advances in dialkyl carbonates synthesis and applications. Chem. Soc. Rev. 2015, 44,
3079-3116. [CrossRef]

6.  Aresta, M.; Galatola, M. Life cycle analysis applied to the assessment of the environmental impact of alternative synthetic
processes. The dimethylcarbonate case: Part 1. J. Clean. Prod. 1999, 7, 181-193. [CrossRef]

7. Figueiredo, M.C.; Trieu, V.; Eiden, S.; Koper, M.T.M. Spectro-Electrochemical Examination of the Formation of Dimethyl Carbonate
from CO and Methanol at Different Electrode Materials. |. Am. Chem. Soc. 2017, 139, 14693-14698. [CrossRef]

8.  Wang, ].Q.; Sun, J.; Cheng, W.G.; Shi, C.Y.; Dong, K.; Zhang, X.P.; Zhang, S.J. Synthesis of dimethyl carbonate catalyzed by
carboxylic functionalized imidazolium salt via transesterification reaction. Catal. Sci. Technol. 2012, 2, 600-605. [CrossRef]

9. Shi, L.; Wang, S.J.; Wong, D.S.H.; Huang, K. Novel Process Design of Synthesizing Propylene Carbonate for Dimethyl Carbonate
Production by Indirect Alcoholysis of Urea. Ind. Eng. Chem. Res. 2017, 56, 11531-11544. [CrossRef]

10. Bian, J.; Wei, X.W.; Jin, Y.R.; Wang, L.; Luan, D.C.; Guan, Z.P. Direct synthesis of dimethyl carbonate over activated carbon
supported Cu-based catalysts. Chem. Eng. J. 2010, 165, 686—-692. [CrossRef]

11.  Wei, H-M.; Wang, E; Zhang, J.-L.; Liao, B.; Zhao, N.; Xiao, F.-k.; Wei, W.; Sun, Y.-H. Design and Control of Dimethyl Carbonate-
Methanol Separation via Pressure-Swing Distillation. Ind. Eng. Chem. Res. 2013, 52, 11463-11478. [CrossRef]

12. Matsuda, H.; Inaba, K.; Nishihara, K.; Sumida, H.; Kurihara, K.; Tochigi, K.; Ochi, K. Separation Effects of Renewable Solvent
Ethyl Lactate on the Vapor-Liquid Equilibria of the Methanol + Dimethyl Carbonate Azeotropic System. J. Chem. Eng. Data 2017,
62,2944-2952. [CrossRef]

13.  Shen, Y,; Su, Z.; Zhao, Q.; Shan, R.; Zhu, Z.; Cui, P.; Wang, Y. Molecular simulation and optimization of extractive distillation for
separation of dimethyl carbonate and methanol. Process Saf. Environ. Prot. 2022, 158, 181-188. [CrossRef]

14.  Vopicka, O.; Pilnacek, K.; Friess, K. Separation of methanol-dimethyl carbonate vapour mixtures with PDMS and PTMSP
membranes. Sep. Purif. Technol. 2017, 174, 1-11. [CrossRef]

15. Cihal, P; Dendisova, M.; Svecova, M.; Hrdli¢ka, Z.; Durd’dkova, T.-M.; Budd, PM.; Harrison, W.; Friess, K.; Vopicka, O. Sorption,
swelling and plasticization of PIM-1 in methanol-dimethyl carbonate vapour mixtures. Polymer 2021, 218, 123509. [CrossRef]

16. Yang, X.; Li, H.; Cao, C.; Xu, L.; Liu, G. Experimental and correlated liquid-liquid equilibrium data for dimethyl adipate +
1,6-hexanediol + water or ethylene glycol. J. Mol. Lig. 2019, 284, 39-44. [CrossRef]

17.  Liu, X;; Xu, D.; Diao, B.; Gao, J.; Zhang, L.; Ma, Y.; Wang, Y. Separation of Dimethyl Carbonate and Methanol by Deep Eutectic
Solvents: Liquid-Liquid Equilibrium Measurements and Thermodynamic Modeling. J. Chem. Eng. Data 2018, 63, 1234-1239.
[CrossRef]

18. Brennecke, J.F.; Maginn, E.J. Ionic liquids: Innovative fluids for chemical processing. AICKE ]. 2001, 47, 2384-2389. [CrossRef]

19. Cai, F; Ibrahim, J.J.; Gao, L.; Wei, R.; Xiao, G. A study on the liquid-liquid equilibrium of 1-alkyl-3-methylimidazolium
dialkylphosphate with methanol and dimethyl carbonate. Fluid Phase Equilibria 2014, 382, 254-259. [CrossRef]

20. Wen, G.; Geng, X.; Bai, W.; Wang, Y.; Gao, ]J. Ternary liquid-liquid equilibria for systems containing (dimethyl carbonate or
methyl acetate + methanol + 1-methylmidazole hydrogen sulfate) at 298.15 K and 318.15 K. J. Chem. Thermodyn. 2018, 121, 49-54.
[CrossRef]

21. Chen, S; Dong, L.; Zhang, J.; Cheng, W.; Huo, F,; Su, Q.; Hua, W. Effects of imidazolium-based ionic liquids on the isobaric
vapor-liquid equilibria of methanol + dimethyl carbonate azeotropic systems. Chin. J. Chem. Eng. 2020, 28, 766-776. [CrossRef]

22. Zhang, C.; Wu, J.; Wang, R.; Ma, E.; Wu, L.; Bai, ].; Wang, J. Study of the toluene absorption capacity and mechanism of ionic

liquids using COSMO-RS prediction and experimental verification. Green Energy Environ. 2021, 6, 339-349. [CrossRef]

204



Molecules 2023, 28, 2312

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Jiang, C.; Cheng, H.; Qin, Z.; Wang, R.; Chen, L.; Yang, C.; Qi, Z.; Liu, X. COSMO-RS prediction and experimental verification of
1,5-pentanediamine extraction from aqueous solution by ionic liquids. Green Energy Environ. 2021, 6, 422—-431. [CrossRef]

Zhao, X.; Wu, H.; Duan, M.; Hao, X,; Yang, Q.; Zhang, Q.; Huang, X. Liquid-liquid extraction of lithium from aqueous solution
using novel ionic liquid extractants via COSMO-RS and experiments. Fluid Phase Equilibria 2018, 459, 129-137. [CrossRef]
Wang, Z.; Liu, S,; Jiang, Y.; Lei, Z.; Zhang, ].; Zhu, R.; Ren, J. Methyl chloride dehydration with ionic liquid based on COSMO-RS
model. Green Energy Environ. 2021, 6, 413-421. [CrossRef]

Eckert, F; Klamt, A. Fast solvent screening via quantum chemistry: COSMO-RS approach. AICKE ]. 2002, 48, 369-385. [CrossRef]
Sellaoui, L.; Guedidi, H.; Masson, S.; Reinert, L.; Levéque, J.-M.; Knani, S.; Lamine, A.B.; Khalfaoui, M.; Duclaux, L. Steric and
energetic interpretations of the equilibrium adsorption of two new pyridinium ionic liquids and ibuprofen on a microporous
activated carbon cloth: Statistical and COSMO-RS models. Fluid Phase Equilibria 2016, 414, 156-163. [CrossRef]

Meng, H.; Ge, C.-T.; Ren, N.-N.; Ma, W.-Y,; Lu, Y.-Z; Li, C.-X. Complex Extraction of Phenol and Cresol from Model Coal Tar with
Polyols, Ethanol Amines, and Ionic Liquids Thereof. Ind. Eng. Chem. Res. 2014, 53, 355-362. [CrossRef]

Zhou, T; Chen, L.; Ye, Y.; Chen, L.; Qi, Z.; Freund, H.; Sundmacher, K. An Overview of Mutual Solubility of Ionic Liquids and
Water Predicted by COSMO-RS. Ind. Eng. Chem. Res. 2012, 51, 6256-6264. [CrossRef]

Bezold, F; Weinberger, M.E.; Minceva, M. Assessing solute partitioning in deep eutectic solvent-based biphasic systems using the
predictive thermodynamic model COSMO-RS. Fluid Phase Equilibria 2017, 437, 23-33. [CrossRef]

Bicak, N. A new ionic liquid: 2-Hydroxy ethylammonium formate. . Mol. Lig. 2004, 116, 15. [CrossRef]

Iglesias, M.; Torres, A.; Gonzalez-Olmos, R.; Salvatierra, D. Effect of temperature on mixing thermodynamics of a new ionic liquid:
{2-Hydroxy ethylammonium formate (2-HEAF)+ short hydroxylic solvents}. . Chem. Thermodyn. 2008, 40, 119-133. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

205



molecules

Article

Macrocyclic Ionic Liquids with Amino Acid Residues:
Synthesis and Influence of Thiacalix[4]arene Conformation on
Thermal Stability

Olga Terenteva !, Azamat Bikmukhametov !, Alexander Gerasimov !, Pavel Padnya "* and Ivan Stoikov 1-2-*

Citation: Terenteva, O.;
Bikmukhametov, A.; Gerasimov, A.;
Padnya, P; Stoikov, I. Macrocyclic
Tonic Liquids with Amino Acid
Residues: Synthesis and Influence of
Thiacalix[4]arene Conformation on
Thermal Stability. Molecules 2022, 27,
8006. https://doi.org/10.3390/
molecules27228006

Academic Editors: Slavica Razi¢,
Aleksandra Cvetanovi¢ Kljaki¢ and

Enrico Bodo

Received: 1 November 2022
Accepted: 16 November 2022
Published: 18 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

A M. Butlerov Chemistry Institute, Kazan Federal University, 18 Kremlevskaya Street, Kazan 420008, Russia
Federal Center for Toxicological, Radiation and Biological Safety, 2 Nauchny Gorodok Street,

Kazan 420075, Russia

*  Correspondence: padnya.ksu@gmail.com (P.P); ivan.stoikov@mail.ru (L.S.); Tel.: +7-843-233-7241 (I.S.)

Abstract: Novel thiacalix[4]arene based ammonium ionic liquids (ILs) containing amino acid residues
(glycine and L-phenylalanine) in cone, partial cone, and 1,3-alternate conformations were synthesized
by alkylation of macrocyclic tertiary amines with N-bromoacetyl-amino acids ethyl ester followed
by replacing bromide anions with bis(trifluoromethylsulfonyl)imide ions. The melting temperature
of the obtained ILs was found in the range of 50-75 °C. The effect of macrocyclic core conformation
on the synthesized ILs" melting points was shown, i.e., the ILs in partial cone conformation have the
lowest melting points. Thermal stability of the obtained macrocyclic ILs was determined via ther-
mogravimetry and differential scanning calorimetry. The onset of decomposition of the synthesized
compounds was established at 305-327 °C. The compounds with L-phenylalanine residues are less
thermally stable by 3-19 °C than the same glycine-containing derivatives.

Keywords: thiacalix[4]arenes; ionic liquids; amino acid; synthesis; thermal stability; melting point

1. Introduction

Ionic liquids (ILs) have been attracting the attention of researchers in the last two
decades. Their unique properties, e.g., low vapor pressure, low toxicity, recyclability, high
solvating ability, polarity, thermal and electrochemical stability and electrical conductivity
can be explained by the structure [1-16]. ILs consist of bulky organic cations with low
symmetry and inorganic or organic anions [17]. The physicochemical properties of ILs can
also be affected by varying the cations and anions [18].

Despite the fact that the first examples of ILs are derivatives of ammonium salts,
this class of compounds has not been fully investigated. Ammonium ILs were used
for metal ions extraction, functional materials creation, as a reaction medium, battery
electrolytes, components of pharmaceutical agents [19-23]. However, low biocompatibility
and complexation selectivity limit the practical application of these compounds. A possible
solution of this problem is the modification of ILs with various functional groups, e.g.,
amide, hydroxyl, carboxyl, amino acid fragments etc. ILs with amino acid fragments also
increase the stability of biomolecules such as enzymes and DNA [24-29]. Prior works
showed the rise of thermal stability and effect of such ILs on proteins activity and stability,
their package changing and aggregation inhibition [30-33].

One of the actively developing classes of ILs are macrocyclic and polyionic liquids
containing several cationic fragments [34-36]. The design of ILs based on supramolecular
platforms, e.g., crown ethers [37], pillararenes [38—40], and (thia)calixarenes [41-47], was
described. At this moment, the creation of such structures is a non-trivial synthetic problem.
Only a few examples of their successful synthesis are known [48,49]. Our scientific group
has shown that the introduction of quaternary ammonium, ester and amino acid fragments
leads to obtain macrocyclic ILs in cone and 1,3-alternate conformations [50]. There are no
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literature examples of the synthesis and properties study of macrocyclic ILs based on partial
cone stereoisomer. The structure of partial cone is less symmetrical than cone and 1,3-alternate,
that can hypothetically decrease the melting point of such compounds. The introduction
of different amino acid residues affects the thermal stability and melting point, which are
important characteristics of ILs. In this work, p-tert-butylthiacalix[4]arenes tetrasubstituted
at the lower rim with quaternary ammonium groups and amino acid fragments (glycine
and L-phenylalanine) in cone, partial cone, and 1,3-alternate conformations were synthesized
for the first time. The influence of the conformation of macrocyclic core and the nature of
the amino acid substituent on their thermal stability was investigated.

2. Results and Discussion
2.1. Synthesis of p-tert-butylthiacalix[4]arenes Containing Quaternary Ammonium Groups and
Fragments of Glycine and L-phenylalanine

Previously, our scientific group developed an approach to the synthesis of macrocyclic
ILs [50]. It consisted in the alkylation of p-fert-butylthiacalix[4]arene-based tertiary amines,
followed by the replacement of bromide anions. Initially, we synthesized highly reactive
alkylating agents containing amino acid residues. Glycine 1 and L-phenylalanine 2 were
selected to evaluate the effect of planar m-aromatic ring systems on physical properties,
e.g., melting point and thermal stability. The target compounds were obtained in two steps
(Scheme 1). The first step was the synthesis of the amino acid esters 3 and 4. The second
step was the interaction of the obtained compounds 3 and 4 with bromoacetic acid bromide.
N-Bromoacetyl-amino acid ethyl esters 5 and 6 were obtained in 92 and 90% yield.

R . R - (o) R
on 9. ore @ _ g M OFt
H,N “CI'H;N N
H
s 6

@)

1R=H 3R=H 5R=H (92%)
2 R=CH,-Ph 4 R=CH,-Ph 6 R=CH,-Ph (90%)

Scheme 1. Reagents and reaction conditions: (i) SOCl,, ethanol; (ii) BrCH,C(O)Br, NaHCOj3, ben-
zene/water.

The next stage of this work was the study of reaction of the obtained alkylating agents 5
and 6 with tetrasubstituted thiacalixarenes 7-9 containing terminal tertiary amino groups in core,
partial cone and 1,3-alternate conformations (Scheme 2). Targeted bromides of macrocyclic quater-
nary ammonium salts 10-15 were obtained in high yields (93-95%). Previously, a significant
decrease in the melting point by replacing halide ions with bis(trifluoromethylsulfonyl)imide
ions (N(SO,CF3),~, NTf, ™) has also been shown [51]. This can be explained by the fact that the
increase of anion size decreases symmetry of the molecule. Thus, the compounds 10-15 were
reacted with lithium bis(trifluoromethylsulfonyl)imide in water at room temperature. The
macrocyclic ILs 16-21 were obtained in yields close to quantitative (Scheme 2).

The structure and the composition of all synthesized compounds were confirmed by 'H
and '3C NMR, IR spectroscopy, mass spectrometry and elemental analysis (Figures S1-S33).
The conformation of modified p-tert-butylthiacalix[4]arene derivatives can be determined
by one-dimensional 'H NMR spectroscopy based on specific proton signals of fert-butyl
group, aromatic ring, oxymethylene and amide group. Table 1 lists the values of the
characteristic chemical shifts of the compounds 10-21. The protons of oxymethylene
and amide groups of the compound 15 (1,3-alternate) are located in the shielded zone of
neighboring aromatic rings of the macrocycle. These signals in the 'H NMR spectrum
are recorded upfield (4.00 and 8.02 ppm, respectively) of those of the macrocycles 11 in
cone conformation (4.81 and 8.50 ppm, respectively). The chemical shifts of the aromatic
protons depend less on the conformation of the macrocyclic platform, shifting by only
0.20 ppm upfield from cone 11 (7.39 ppm) to 1,3-alternate 15 (7.59 ppm) stereoisomers. This
provides evidence of the shielding effect of neighboring aryl fragments in cone stereoisomer
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o
o<
§NH
N

7 cone
8 partial cone
9 1,3-alternate

on the aryl protons of macrocycle ring. The tert-butyl groups proton signals of cone 11 were
found upfield (1.07 ppm) in contrast to the same signals of 1,3-alternate 15 (1.19 ppm). This
effect was related to the spatial location of the tert-butyl groups of 1,3-alternate stereoisomer
shielded by neighboring fragments of the macrocycle. The proton signals in partial cone 13
differ from cone and 1,3-alternate due to the asymmetric structure of the macrocycle. The
tert-butyl groups proton signals of partial cone 13 were recorded upfield (1.00, 1.10 and
1.27 ppm) as singlets with 2:1:1 intensity ratio. The oxymethylene proton signals were
located in 4.40-4.77 ppm as two singlets and an AB-system. The aromatic ring proton
signals are recorded at 7.67, 7.75, 7.01-7.65 ppm as two singlets and an AB-system. The
amide group proton signals appeared in 8.31-8.48 ppm as broadened triplets. This effect
of AB-systems in the 'H NMR spectra due to the asymmetry of partial cone stereoisomer
structure shielded by neighboring aromatic fragments of the macrocycle.

10 cone R=H, An=Br (95%)

11 cone R =CH,Ph, An =Br (96%)

12 partial cone R=H, An=Br (94%)

13 partial cone R =CH,Ph, An=Br (93%)

S 14 1,3-alternate R=H, An=Br (93%)
4 15 1,3-alternate R =CH,Ph, An=Br (97%)

- o :2 (ii) J

16 cone R =H, An=N(SO,CFj;), (97%)

17 cone R = CH,Ph, An = N(SO,CF;), (97%)

18 partial cone R =H, An=N(SO,CFj;), (96%)

An- 19 partial cone R = CH,Ph, An = N(SO,CF;), (95%)
—NL 20 1,3-alternate R =H, An=N(SO,CF,), (98%)

21 1,3-alternate R = CH,Ph, An = N(SO,CFj;), (98%)

1,3-alternate

Scheme 2. Reagents and reaction conditions: (i) N-bromoacetyl-amino acid ethyl esters 5 or 6,
acetonitrile; and (ii) LiN(SO,CF3),, water.
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Table 1. Chemical shifts (ppm) and spin-spin coupling constants (Hz) in the 'H NMR spectra of the

compounds 10-21 (DMSO-d;, 298 K, 400 MHz).

Amino Acid

t +
Compounds Fragments/Anion Bu OCH, ArH NHCH,CH,CH,;N
10 (cone) * Gly/Br~ 1.12 5.03 7.36 8.68
11 (cone) L-Phe/Br— 1.07 4.81 7.39 8.50
4.40 (Jur = 13.6 Hz), 7.67,7.01
12 (partial cone) Gly/Br~ 1.00,1.17,1.27 449,451, (*Jun = 2.4 Hz), 7.65 8.36, 8.45, 8.50
4.80 (*Jun = 13.6 Hz) (“rm = 2.4 Hz), 7.75
4.42 (*Jun = 13.5 Hz), 7.67,7.01
13 (partial cone) L-Phe/Br 1.00, 1.10, 1.27 4.48,4.51, (*Tun = 2.4 Hz), 7.65 831,841,848
479 (Jun = 13.5 Hz) (“Jun =24 Hz),7.75
14 (1,3-alternate) * Gly/Br~ 1.20 3.99 7.60 8.04
15 (1,3-alternate) L-Phe/Br~ 1.19 4.00 7.59 8.02
16 (cone) * Gly/NTf,~ 1.11 4.89 7.35 8.48
17 (cone) L-Phe/NTf,~ 1.06 4.79 7.38 8.48
4.39 (}Jun = 13.6 Hz), 7.67,7.01
18 (partial cone) Gly/NTf,~ 1.00, 1.27, 1.30 449,451,478 (Yun = 2.4 Hz), 7.65 8.31,8.41, 8.50
(*Jyu = 13.6 Hz) (“uu =24 Hz), 7.75
4.40 (Jar = 13.5 Hz), 7.67,7.02
19 (partial cone) L-Phe/NTf,~ 1.00,1.27,1.28 449,452, (“Jun = 2.4 Hz), 7.65 8.28, 8.40, 8.48
479 (Jun = 13.5 Hz) (“Jun = 2.4 Hz), 7.75
20 (1,3-alternate) * Gly/NTf,~ 1.20 3.99 7.59 8.03
21 (1,3-alternate) L-Phe/NTf,~ 1.19 3.99 7.59 8.00

* previously published data [50].

It should be noted that the proton signals in the 'H NMR spectra of the compounds 10—
15 containing halide anions, and the proton signals of salts 1621 containing NTf, ™ anions
have identical multiplicity and exert very similar chemical shifts. This can be explained by
the ability of compounds to form solvent-separated ion pairs. The quartet observed in the
13C NMR spectra of compounds 16-21 at 120 ppm corresponds to the N(SO,CF3), ™ anion.
The obtained salts 10-21 were characterized by ESI mass spectrometry. The mass spectra of
the compounds 10-15 showed peaks corresponding to one-, two-, three-, and four-charged
molecular ions without one, two, three, and four bromide anions. The obtained data also
confirm the formation of solvate-separated ion pairs by the compounds 10-21.

2.2. The Study of Thermal Stability of the Obtained Thiacalix[4]arene Based ILs

Melting point is one of the most important characteristics of ILs. Melting points of
the synthesized thiacalix[4]arenes 10-21 are presented in Table 2. The replacement of
halide ions by NTf, ™ ions leads to significant decrease of the melting points of the thia-
calix[4]arenes by 39-55 °C. All synthesized macrocycles 16-21 containing NTf, ™ anions
melt below 100 °C. It is well known that molecular packing density in the crystal lattice is a
major factor affecting the melting point of the compound. More symmetrical molecules
have denser packing in crystal and higher melting points. A comparison with the ob-
tained results from previously published compounds with glycine residues [50] found
that symmetrical 1,3-alternate and cone stereoisomers showed higher melting points than
asymmetrical partial cone structures. Thus, our hypothesis of lowering the melting point
of partial cone stereoisomers (the compounds 12, 13, 18, 19) due to their molecular asym-
metry was confirmed experimentally. However, the decrease of the melting point of the
targeted compounds due to aromatic fragments in amino acid residues was not confirmed.
The melting points of the macrocycles containing glycine fragments are lower by 1-11 °C
compared to stereoisomers with L-phenylalanine fragments. Apparently, these results can
be explained by the interaction of L-phenylalanine fragments with each other and the for-
mation of additional hydrophobic and 7-7t interactions, which leads to a denser molecular
packing in the crystal lattice and an increase in the melting point of the compounds as
a result.
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Table 2. Melting points (°C) of the macrocycles 10-21 containing amino acid fragments.

Amino Br~ N(SO,CF3),~
Acid Cone Partial 1,3- Cone Partial 1,3-
Fragments Cone alternate Cone alternate
Gly 114 * (10) 105 (12) 112 * (14) 63 * (16) 50 (18) 73 *(20)
L-Phe 118 (11) 110 (13) 123 (15) 64 (17) 55 (19) 75 (21)

* previously published data [50].

High thermal stability is one of the characteristic properties of ILs [52,53]. The correla-
tion between the obtained macrocyclic ILs structure and their thermal stability (influence
of macrocycle conformation and amino acid residues) was investigated via thermogravi-
metric analysis (TG). Figure 1 shows the TG curves for the compounds 16-21. All obtained
macrocyclic ILs were thermally stable (decomposition temperature Topset = 305-327 °C).
Glycine containing compounds decomposed at a higher temperature (by 3-19 °C) com-
pared to the compounds containing L-phenylalanine fragments. Many low molecular
weight compounds for biofuel technology are obtained by pyrolysis (thermal lysis) of oligo-
and polypeptides at a temperature of 300-350 °C [54]. However, thermal decomposition of
proteins occurs at temperatures between 175 and 250 °C. In our case, the decomposition
temperature of the amino acids containing compounds 16-21 was significantly higher.
The obtained results are also consistent with the literature data on the thermal stability of
macrocyclic ILs [38,50]. Temperature data Tyg9, and Tsge, corresponding to 10% and 50%
weight loss on decomposition are presented in Table 3. These characteristics are important
in materials thermal stability research. The difference between Tonset, T109% and Tsge, is
the measure of decomposition rate [52,55]. Tonset and Tygy, of the studied compounds
differ by 0-3 °C. The difference between Tonset and Tsge, is more considerable, namely
41-109 °C. These results correspond to decomposition rate of non-macrocyclic ILs contain-
ing quaternary ammonium fragments [56,57]. The differential scanning calorimetry (DSC)
heating curves of the synthesized compounds (Figure S34) in the temperature range of
300-375 °C clearly show endo effects corresponding to the first stage of decomposition. The
values of endo effects for the compounds 16, 18, 20 are similar (38-41 ] /g) (Figure S34a).
These values are larger for the compounds 17, 19, 21 (53-55 ] /g) (Figure S34b). The further
decomposition of the obtained compounds at temperatures above 375 °C is accompanied
by exo effects.

0, 0,
TG /% Onset 320°C  Onset327°c @ TG/% Onset33°C o e )
100 100 nset:
20 — 90 : — )
80 T1o% 320 °C Onset: 324 °C 80 T1o% 305 °C Onset: 305 °C
70 321°C 70 314°C
60 ° 60 321°C
50 Tso% 329°C 50 Tso%
40 365 °C 40 382°C
30 o 30
20 391°C 50 389 °C
10 405°C 10 414°C
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Temperature /°C Temperature /°C

Figure 1. TG curves of the compounds with Gly: (a) 16 (green), 18 (blue), 20 (red), and L-Phe: (b) 17
(green), 19 (blue), 21 (red) fragments (dynamic argon atmosphere of 75 mL/min in the temperature
range from 40 to 500 °C).
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Table 3. TG data for the macrocyclic ILs 16-21 (°C).

Amino Acid

Compounds Fragments Tonset T10% Ts0%
16 (cone) 320 320 405

18 (partial cone) Gly 324 321 365
20 (1,3-alternate) 327 329 391
17 (cone) 317 314 389

19 (partial cone) L-Phe 305 305 414
21 (1,3-alternate) 323 321 382

The experimental results and determined correlations between the synthesized macro-
cyclic ILs structure and their thermal characteristics showed that the introduction of
aromatic amino acid (L-phenylalanine) fragments into ammonium salts based on p-tert-
butylthiacalixarene reduces the thermal stability by 3-19 °C compared to glycine containing
compounds. The melting points of the L-phenylalanine derivatives were higher than glycine
ones by 1-11 °C. Oligo- and polypeptides thermal stability literature data [58—-60] show that
protein thermal stability increase is associated with rise of the number of charged amino
acid fragments in their structures capable of electrostatic and cation—r interactions [61]. The
presence of amino acids with uncharged polar fragments in protein structures reduces their
thermal stability due to biomolecule packing efficiency decrease [62]. Thus, the obtained
macrocyclic ILs are considered as biomimetic models of oligo- and polypeptides with the
same structural patterns. The obtained results can also be applied to design of sensor
systems capable for target substrate recognition.

3. Materials and Methods
3.1. General

All chemicals were purchased from Acros (Fair Lawn, NJ, USA), and most of them
were used as received without additional purification. Organic solvents were purified
by standard procedures. 'H NMR and '*C NMR spectra were obtained on the Bruker
Avance-400 spectrometer (Bruker Corp., Billerica, MA, USA) (\*C{'H} 100 MHz and 'H
400 MHz). Chemical shifts were determined against the signals of residual protons of
deuterated solvent (DMSO-ds). The compounds concentration was equal to 3-5% by the
weight in all records. The FTIR ATR spectra were recorded on the Spectrum 400 FT-IR
spectrometer (Perkin—Elmer, Seer Green, Llantrisant, UK) with the Diamond KRS-5 attenu-
ated total internal reflectance attachment (resolution 0.5 cm ™!, accumulation of 64 scans,
recording time 16 s in the wavelength range 400-4000 cm~!). Elemental analysis was
performed on the Perkin—Elmer 2400 Series II instruments (Perkin-Elmer, Waltham, MA,
USA). Melting points were determined using the Boetius Block apparatus (VEB Kombinat
Nagema, Radebeul, Germany). Mass spectra (ESI) were recorded on an AmaZonX mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany). The drying gas was nitrogen
at 300 °C. The capillary voltage was 4.5 kV. The samples were dissolved in acetonitrile
(concentration ~ 10~ g mL~!). ESI HRMS experiments were performed at Agilent 6550
iFunnel Q-TOF LC/MS (Agilent Technologies, Santa Clara, CA, USA), equipped with
Agilent 1290 Infinity II LC. Simultaneous thermogravimetry (TG) and differential scanning
calorimetry (DSC) of solid samples were performed using the thermoanalyzer STA 449F1
Jupiter (Netzsch, Germany) at the temperature range of 40-500 °C. The measurements
were carried out in aluminum crucibles in a dynamic argon atmosphere (75 mL/min) at a
temperature scanning rate of 10 °C/min. The weights of sample were 4.9-10.2 mg.

N-Bromoacetyl-glycine ethyl ester 5 and thiacalix[4]arenes 7-10, 14, 16, 20 were syn-
thesized according to the literature procedures [50,63-65].
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3.2. Procedure for the Synthesis of the Compound 4

L-Phenylalanine 2 (1 g, 6.05 mmol) was dissolved in 10 mL of ethanol in a round-
bottom flask equipped with a magnetic stirrer. Thionyl chloride (0.88 mL, 12.10 mmol)
was added dropwise with stirring. The reaction mixture was left for 30 min at room
temperature, then the reaction was carried out under heating for 4 h. The solvent was
removed on a rotary evaporator. Diethyl ether was added to the residue, after which
the formed precipitate was filtered off. The obtained product was dried in vacuum over
phosphorus pentoxide.

L-Phenylalanine Ethyl Ester Hydrochloride (4) [66]

'H NMR (DMSO-dg, 8, ppm, J/Hz): 1.07 (t, 3Jgy = 7.1 Hz, 3H, CH3CH,0), 3.01-
3.20 (m, 2H, CH,Ph), 4.08 (m, 2H, CH3CH,0), 4.23 (m, 1H, NHCHCO), 7.22-7.35 (m, 5H,
PhCHy;), 8.64 (br.s, 3H, NHz ™).

3.3. Procedure for the Synthesis of the Compound 6

The solution of Nap,CO3 (3.46 g, 32.66 mmol) in 50 mL of water was added to the
suspension of L-phenylalanine ethyl ester hydrochloride 4 (3.41 g, 14.85 mmol) in benzene
(50 mL). The reaction mixture was then cooled to 0 °C and bromoacetyl bromide (2.6 mL,
30 mmol) was added dropwise. The reaction mixture was allowed to warm to room
temperature and stirred for 12 h with controlling pH = 6.5 by adding acetic acid. The
organic phase was separated on a separating funnel and dried over anhydrous magnesium
sulfate. Then the benzene was removed on a rotary evaporator. The obtained product 6
was dried in vacuum over phosphorus oxide.

N-Bromoacetyl-L-Phenylalanine Ethyl Ester (6) [66]

'H NMR (DMSO-dg, §, ppm, J/Hz): 1.11 (t, 3]y = 7.1 Hz, 3H, CH3CH,0), 2.90-3.05
(m, 2H, CHpPh), 3.86 (s, 2H, BrCH,CO), 4.06 (q, *Jun = 7.1 Hz, 2H, CH3CH,0), 4.45 (m,
1H, NHCHCO), 7.20-7.30 (m, 5H, PhCH>), 8.75 (d, 3Jyn = 7.5 Hz, 1H, CONHCH).

3.4. General Procedure for the Synthesis of the Compounds 10-15

The compounds 7-9 (0.30 g, 0.023 mmol) were dissolved in 5 mL of acetonitrile in a
round-bottom flask equipped with a magnetic stirrer and reflux condenser. An equimolar
amount per functional group (0.092 mmol) of the alkylating agent (N-bromoacetyl-glycine
ethyl ester 5 or N-bromoacetyl-L-phenylalanine ethyl ester 6) was added. The reaction
mixture was refluxed for 18 h. Then the solvent was removed on a rotary evaporator. The
obtained product was dried in vacuum over phosphorus oxide.

3.4.1. 5,11,17 23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-(dimethyl{[(S)-
ethoxycarbonylbenzylmethylJaminocarbonylmethyljammonio)propylJaminocarbonylmethoxy}-
2,8,14,20-thiacalix[4]arene Tetrabromide in cone Conformation (11)

Yield: 0.57 g (96%). M.p. 118 °C. 'H NMR (DMSO-ds, 5, ppm, J/Hz): 1.06 (s, 36H,
(CH3)3C), 1.11 (t, 3Jgu = 7.1 Hz, 12H, CH3CH,0), 1.88 (m, 8H, NHCH,CH,CH,N"),
2.93 (m, 8H, CH,Ph), 3.08 (s, 24H, (CH3),N"*), 3.20 (m, 8H, NHCH,CH,CH,N*), 3.45
(m, 8H, NHCH,CH,CH,N"), 4.02-4.13 (m, 16H, CH3;CH,0, N*CH,CO), 4.55 (m, 4H,
NHCHCO), 4.80 (s, 8H, OCH,CO), 7.21-7.30 (m, 20H, Ph), 7.38 (s, 8H, ArH), 8.51 (br.s,
4H, NHCH,CH,CH,N%), 9.12. (d, 3]y = 7.5 Hz, 4H, CONHCH). 13C NMR (DMSO-dg, 5,
ppm): 13.9,22.6,30.7,33.9,35.4, 36.5, 51.1, 53.7, 60.9, 61.7, 62.8, 74.2, 126.7, 128.1,128.3,129.1,
134.4, 136.6, 146.7, 157.9, 163.1, 168.3, 170.6. Elemental analysis. C120H168BI'4N1202054 C,
56.60; H, 6.65; Br, 12.55; N, 6.60; S, 5.04. Found: C, 56.72; H, 6.85; Br, 12.23; N, 6.43; S, 4.79.
MS (ESI), m/z: calculated for 556.5 [M—4 Br—]**, 1192.5 [M-2 Br—|?*; found: 556.6 [M—4
Br—]**, 1193.0 [M-2 Br—]?*. FTIR ATR (v, cm™1): 1095 (COC), 1677 (C=0), 3191 (N-H).
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3.4.2. 5,11,17 23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-
(dimethyl{[ethoxycarbonylmethylJaminocarbonylmethyl}lammonio)propyl]Jaminocarbonylmethoxy}-
2,8,14,20-tetrathiacalix[4]arene Tetrabromide in partial cone Conformation (12)

Yield: 0.477 g (94%). M.p. 105 °C. 'H NMR (DMSO-dg, §, ppm, J/Hz): 1.00 (s, 18H,
(CH3)5C), 1.14-1.21 (m, 12H, CH3CH,0), 1.27 (s, 9H, (CH3);C), 1.29 (s, 9H, (CH3);5C),
1.94 (m, 8H, NHCH,CH,CH,N"), 3.13 (s, 6H, (CH3),N"), 3.19 (s, 18H, (CH3),N*), 3.39
(m, 8H, NHCH,CH,CH,N"), 3.53 (m, 8H, NHCH,CH,CH,N"), 3.93 (d, 3]y = 5.8 Hz,
8H, NHCH,CO), 4.07-4.13 (m, 16H, CH3CH,O, N*CH,CO), 4.40 (d, ?Jyy = 13.6 Hz, 2H,
OCH,C(0O)), 4.49 (s, 2H, OCH,C(0)), 4.51 (s, 2H, OCH,C(O)), 4.80 (d, Jy; = 13.6 Hz,
2H, OCH,C(0)), 7.01 (d, *Juu = 2.4 Hz, 2H, ArH), 7.65 (d, *Juy = 2.4 Hz, 2H, ArH),
7.67 (s, 2H, ArH), 7.75 (s, 2H, ArH), 8.32 (br.s, 2H, NHCH,CH,CH,N"), 8.42 (br.s, 1H,
NHCH,CH,CH,N"), 8.50 (br.s, 1H, NHCH,CH,CH,N%), 9.05. (m, 4H, CONHCH). 13C
NMR (DMSO-dg, §, ppm): 14.1, 22.6, 30.7, 31.0, 33.8, 35.5, 40.8, 51.3, 60.8, 61.8, 62.7, 72.6,
126.4, 127.1, 127.6, 128.1, 133.7, 134.0, 135.1, 135.4, 145.3, 145.7, 146.5, 157.2, 159.4, 163.7,
166.9, 168.0, 168.8, 169.1. Elemental analysis. CopH144BrsN12020Ss C, 50.55; H, 6.64; Br,
14.62; N, 7.69; S, 5.87; Found: C, 51.52; H, 6.25; Br, 14.26; N, 7.47; S, 5.89. HRMS (ESI), m/z:
calculated for: 466.2370 [M—4 Br—|**, 647.9557 [M-3 Br~]**, 1012.3919 [M-2 Br~ |**; found:
466.2364 [M—4 Br~|**, 647.9541 [M-3 Br—]**, 1012.3937 [M—2 Br~ ]**. FTIR ATR (v, cm™!):
1094 (COC), 1675 (C=0), 3207 (N-H).

3.4.3. 5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-(dimethyl{[(S)-
ethoxycarbonylbenzylmethyl]laminocarbonylmethyl}lammonio)propyl]Jaminocarbonylmethoxy}-
2,8,14,20-thiacalix[4]arene Tetrabromide in partial cone Conformation (13)

Yield: 0.551 g (93%). M.p. 110 °C. 'H NMR (DMSO-dg, §, ppm, J/Hz): 1.00 (s,
18H, (CH3)3C), 1.10 (t, 3]HH =71 HZ, 12H, @3CH20), 1.27 (S, 9H, (CH3)3C), 1.28 (S,
9H, (CH3)3C), 1.85 (m, 8H, NHCH,CH,CH,N"), 2.90-2.93 (m, 8H, CH,Ph), 3.03 (s, 6H,
(CH3),N*), 3.09 (s, 18H, (CH3),N™), 3.13-3.24 (m, 8H, NHCH,CH,CH,N"), 3.46 (m, 8H,
NHCH,CH,CH,N%), 4.01-4.13 (m, 16H, CH3CH,O, N*CH,CO), 4.42 (d, ?Jyz = 13.5 Hz,
2H, OCH,C(0)), 4.48 (s, 2H, OCH,C(0O)), 4.51 (s, 2H, OCH,C(O)), 4.55-4.60 (m, 4H,
NHCHCO), 4.79 (d, %[y = 13.5 Hz, 2H, OCH,C(O)), 7.01 (d, 4Jun = 2.4 Hz, 2H, Ar-H),
7.22-7.30 (m, 20H, Ph), 7.65 (d, 2H, *Jyy = 2.4 Hz, ArH), 7.67 (s, 2H, ArH), 7.75 (s, 2H, ArH),
8.31 (br.s, 2H, NHCH,CH,CH,N"), 8.41 (br.s, 1H, NHCH,CH,CH,N"*), 8.48 (br.s, 1H,
NHCH,CH,CH,N*), 9.12 (d, 3Jyy = 7.5 Hz, 4H, CONHCH). 13C NMR (DMSO-dg, 8, ppm):
14.0,22.6, 28.8,30.7, 31.0, 33.8, 34.0, 35.5, 36.5, 51.2, 53.7, 54.0, 60.7, 61.0, 61.6, 61.8, 62.8, 63.1,
72.6,126.4,126.7,127.1,127.6,128.3,129.2, 133.7, 134.1, 135.1, 135.4, 136.6, 145.3, 145.7, 146.5,
157.2, 159.4, 163.2, 166.9, 168.0, 168.8, 170.7. Elemental analysis. C120H16gBr4N1202()S4 C,
56.60; H, 6.65; Br, 12.55; N, 6.60; S, 5.04; found: C, 56.52; H, 6.55; Br, 12.26; N, 6.47; S, 4.89.
HRMS (ESI), m/z: calculated for: 556.5348 [M—4 Br~]**, 768.3527 [M-3 Br— |3+, 1192.4858
[M-2 Br~|**; found: 556.5339 [M—4 Br—]**, 768.3522 [M-3 Br~|**, 1192.4872 [M-2 Br~]**.
FTIR ATR (v, cm™1): 1094 (COC), 1672 (C=0), 3187 (N-H).

3.4.4. 511,17 23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-(dimethy}{[(S)-
ethoxycarbonylbenzylmethyl]aminocarbonylmethyljammonio)propylJaminocarbonylmethoxy}-
2,8,14,20-thiacalix[4]arene tetrabromide in 1,3-alternate Conformation (15)

Yield: 0.574 g (97%). M.p. 123 °C. 'H NMR (DMSO-dg, §, ppm, J/Hz): 1.12 (t,
3T4n = 7.1 Hz, 12H, CH3CH,O0), 1.19 (s, 36H, (CH3)3C), 1.90 (m, 8H, NHCH,CH,CH,N"),
3.01 (m, 8H, CH,Ph), 3.09 (s, 24H, (CH3),N*), 3.15 (m, 8H, NHCH,CH,CH,N"), 3.45 (m,
8H, NHCH,CH,CH,N*), 4.00 (s, 8H, OCH,CO), 4.01-4.14 (m, 16H, CH;CH,O, N*CH,CO),
459 (m, 4H, NHCHCO), 7.20-7.30 (m, 20H, Ph), 7.59 (s, 8H, ArH), 8.02 (brs, 4H,
NHCH,CH,CH,N*), 9.12 (d, 3Juy = 7.6 Hz, 4H, CONHCH).!3C NMR (DMSO-dg, 8, ppm):
13.9,22.6,30.7,33.9, 35.4, 36.5, 51.1, 53.7, 60.9, 61.7, 62.8, 74.2, 126.7, 128.1, 128.3, 129.1, 134.5,
136.6, 146.7, 157.9, 163.1, 168.3, 170.6. Elemental analysis. C1p9H15BrsN120,0S; C, 56.60; H,
6.65; Br, 12.55; N, 6.60; S, 5.04; found: C, 56.78; H, 6.26; Br, 12.21; N, 6.31; S, 4.07. MS (ESI),
m/z: calculated: 556.5 [M—4 Br—]**, 768.3 [M—-3 Br— |**, 1192.5 [M-2 Br~ |**, 2463.9 [M-Br—|*;
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found: 556.5 [M—4 Br~]**, 768.9 [M-3 Br~]**, 1193.5 [M-2 Br~]**, 2464.0 [M-Br~]*. FTIR
ATR (v, cm~1): 1086 (COC), 1675 (C=0), 3186 (N-H).

3.5. General Procedure for the Synthesis of the Compounds 16-21

The compounds 10-15 (0.10 g) were dissolved in 2 mL of water in a round-bottom
flask equipped with a magnetic stirrer and reflux condenser. An equimolar amount per
functional group of the lithium bis(trifluoromethylsulfonyl)imide was added. The reaction
mixture was stirred for 24 h. The resulting precipitate was filtered off. The obtained product
was dried in vacuum over phosphorus oxide.

3.5.1. 5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-(dimethyl{[(S)-
ethoxycarbonylbenzylmethylJaminocarbonylmethyl}ammonio)propyllaminocarbonylmethoxy}-
2,8,14,20-thiacalix[4]arene tetra[bis(trifluoromethylsulfonyl)imide] in cone

Conformation (17)

Yield: 0.127 g (97%). M.p. 64 °C. 'H NMR (DMSO-ds, &, ppm, J/Hz): 1.06 (s, 36H,
(CH3)3C), 1.12 (t, 3Jgu = 7.1 Hz, 12H, CH3CH,O0), 1.86 (m, 8H, NHCH,CH,CH,N"), 2.89-
295 (m, 8H, CH,Ph), 3.06 (s, 24H, (CH3),N"*), 3.20 (m, 8H, NHCH,CH,CH,N"), 3.42
(m, 8H, NHCH,CH,CH,N*), 3.98-4.09 (m, 16H, CH3CH,O, N*CH,CO), 4.57 (m, 4H,
NHCHCO), 4.79 (s, 8H, OCH,CO), 7.19-7.29 (m, 20H, Ph), 7.38 (s, 8H, ArH), 8.48 (br.s,
4H, NHCH,CH,CH,N"*), 9.06 (d, 3Jyyy; = 7.5 Hz, 4H, CONHCH). 13C NMR (DMSO-dg, 5,
ppm): 13.9, 22.6,30.7, 33.9, 35.4, 36.6, 51.2, 53.5, 61.0, 61.7, 62.6, 74.2, 119.5 (*cf = 322 Hz),
126.8,128.1,128.4,129.1, 134.5, 136.5, 146.8, 158.0, 163.1, 168.3, 170.6. Elemental analysis.
C128H168F24N16036812 C, 45.93; H, 5.06,‘ F, 13.62; N, 6.69; S, 11.4.9,‘ found: C, 45.72; H, 5.85; F,
13.23; N, 6.43; S, 11.79. HRMS (ESI), m/z: calculated for: 556.5348 [M—4 NTf, ~|**, 835.3524
[M-3 NTf, " ]3*; found: 556.5220 [M—4 NTf,|**, 835.3328 [M-3 NTf,|>*. FTIR ATR (v,
cm™1): 1094 (COCQ), 1668 (C=0), 3065 (N-H).

3.5.2. 5,11,17 23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-
(dimethyl{[ethoxycarbonylmethyl]aminocarbonylmethyl}ammonio)propyl]laminocarbonylmethoxy}-
2,8,14,20-tetrathiacalix[4]arene tetra[bis(trifluoromethylsulfonyl)imide] in partial cone
Conformation (18)

Yield: 0.131 g (96%). M.p. 50 °C. 'H NMR (DMSO-ds, &, ppm, J/Hz): 1.00 (s, 18H,
(CHj3)3C), 1.14-1.20 (m, 12H, CH3CH,0), 1.27 (s, 9H, (CHj3)3C), 1.30 (s, 9H, (CH3)3C), 1.93
(m, 8H, NHCH,CH,CH,N"), 3.13 (s, 6H, (CH3),N"*), 3.18 (s, 18H, (CHj3),N%), 3.23-3.29
(m, 8H, NHCH,CH,CH,N*), 3.52 (m, 8H, NHCH,CH,CH,N*), 3.93 (d, 3]y = 5.8 Hz, 8H,
OCH,CHj3), 4.07 (m, 8H, N*CH,CO), 4.13 (m, 8H, NHCH,CO), 4.39 (d, 2Jyp = 13.6 Hz,
2H, OCH,C(0O)), 4.49 (s, 2H, OCH,C(0)), 4.51 (s, 2H, OCH,C(0)), 4.78 (d, %]z = 13.6 Hz,
2H, OCH,C(0)), 7.01 (d, *Jun = 2.4 Hz, 2H, ArH), 7.65 (d, *Juy = 2.4 Hz, 2H, ArH),
7.68 (s, 2H, ArH), 7.75 (s, 2H, ArH), 8.31 (br.s, 2H, NHCH,CH,CH,N"), 8.41 (br.s, 1H,
NHCH,CH,CH,N"), 8.50 (br.s, 1H, NHCH,CH,CH,N%), 9.05. (m, 4H, CONHCH). 13C
NMR (DMSO-d;, 8, ppm): 14.1, 22.6, 30.7, 31.0, 33.8, 35.5, 40.8, 51.3, 60.8, 61.8, 62.7, 72.6,
119.5 (Jcp = 322 Hz), 126.4, 127.1, 127.6,128.1, 133.7, 134.0, 135.1, 135.4, 145.3, 145.7, 146.5,
157.2,159.4, 163.7, 166.9, 168.0, 169.1. Elemental analysis. C100H144F24N16036812 C, 40.21;
H, 4.86; F 15.26, N, 7.50; S, 12.88 found: C, 39.26; H, 4.46; F 15.08, N, 6.95; S, 12.49. HRMS
(ESI), m/z: calculated for: 466.2370 [M—4 NTf,]**, 715.2898 [M-3 NTf, " [>*, 1212.8936
[M-2 NTf, ]?*; found: 466.2357 [M—4 NTf, ]**, 715.2875 [M-3 NTf, ~ ]**, 1212.8914 [M-2
NTf,~]**. FTIR ATR (v, cm~1):1094 (C—O-C), 1674 (C=0), 3207 (N-H).

3.5.3. 5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-(dimethyl{[(S)-
ethoxycarbonylbenzylmethyl]aminocarbonylmethyljammonio)propylJaminocarbonylmethoxy}-
2,8,14,20-thiacalix[4]arene tetra[bis(trifluoromethylsulfonyl)imide] in partial cone
Conformation (19)

Yield: 0.125 g (95%). M.p. 55 °C. 'H NMR (DMSO-dg, §, ppm, J/Hz): 1.00 (s,
18H, (CH3)3C), 1.10 (t, 3y = 7.1 Hz, 12H, CH3CH,0), 1.27 (s, 9H, (CH3)3C), 1.28 (s,
9H, (CH3)3C), 1.86 (m, 8H, NHCH,CH,CH,N"), 2.90-2.95 (m, 8H, CH,Ph), 3.02 (s, 6H,
(CH3),;N"*), 3.08 (s, 18H, (CH3),N"), 3.13-3.24 (m, 8H, NHCH,CH,CH,N"), 3.42-3.45 (m,
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8H, NHCH,CH,CH,N"), 4.04-4.07 (m, 16H, CH;CH,0O, N*CH,CO), 4.40 (d, ?Js1; = 13.5 Hz,
2H, OCH,C(0)), 4.49 (s, 2H, OCH,C(0O)), 4.52 (s, 2H, OCH,C(O)), 4.56-4.61 (m, 4H,
NHCHCO), 4.79 (d, ?Jyu = 13.5 Hz, 2H, OCH,C(0)), 7.02 (d, Juyy = 2.4 Hz, 2H, ArH),
7.21-7.28 (m, 20H, Ph), 7.65 (d, 4Juu = 2.4 Hz, 2H, ArH), 7.67 (s, 2H, ArH), 7.75 (s, 2H,
ArH), 8.28 (br.s, 2H, NHCH,CH,CH,N"), 8.40 (br.s, 1H, NHCH,CH,CH,N"), 8.48 (br.s,
1H, NHCH,CH,CH,N*), 9.09. (m, 4H, CONHCH). 3C NMR (DMSO-dg, §, ppm): 13.9,
22.6,30.7,31.0, 33.8, 35.5, 36.6, 51.3, 53.6, 61.0, 61.7, 62.6, 72.6, 119.5 ({Jcp = 322 Hz), 126.3,
126.8, 127.7, 128.4, 129.2, 133.7, 134.1, 135.2, 135.4, 136.6, 145.4, 145.7, 146.6, 157.3, 163.1,
168.0, 168.8, 170.7. Elemental analysis. C128H168F24N16036812 C, 45.93; H, 5.06; F, 13.62; N,
6.69; S, 11.49; found: C, 45.79; H, 5.00; F, 13.35; N, 6.43; S, 11.47. HRMS (ESI), m/z: calculated
for: 556.5348 [M—4 NTf, ]**, 835.3524 [M-3 NTf, ]**; found: 556.5206 [M—4 NTf, ]**,
835.3283 [M-3 NTf, " ]>*. FTIR ATR (v, cm1): 1096 (COC), 1668 (C=0), 3064 (N-H).

3.5.4. 5,11,17 23-Tetra-tert-butyl-25,26,27,28-tetrakis{N-[3'-(dimethyl{[(S)-
ethoxycarbonylbenzylmethyl]aminocarbonylmethyljammonio)propylJaminocarbonylmethoxy}-
2,8,14,20-thiacalix [4]arene tetra[bis(trifluoromethylsulfonyl)imide] in 1,3-alternate
Conformation (21)

Yield: 0.129 g (98%). M.p. 75 °C. 'H NMR (DMSO-ds, 5, ppm, J/Hz): 1.12 (t,
3T4u = 7.1 Hz, 12H, CH3CH,O0), 1.19 (s, 36H, (CH3)3C), 1.89 (m, 8H, NHCH,CH,CH,N™),
2.91-2.96 (m, 8H, CH,Ph), 3.08 (s, 24H, (CH3),N*), 3.15 (m, 8H, NHCH,CH,CH,N"),
3.43 (m, 8H, NHCH,CH,CH,N"), 3.99 (s, 8H, OCH,CO), 4.03-4.07 (m, 16H, CH3CH,0O,
N*CH,CO), 4.59 (m, 4H, NHCHCO), 7.23-7.28 (m, 20H, Ph), 7.59 (s, 8H, ArH), 8.00 (br.s,
4H, NHCH,CH,CH,N*), 9.07 (d, 3Jyy = 7.6 Hz, 4H, CONHCH). 13C NMR (DMSO-dg, 5,
ppm): 13.9,22.6,30.8, 33.9, 35.8, 36.6, 51.2, 53.6, 61.0, 61.7, 62.5, 71.0, 119.5 (}]cp = 322 Hz),
126.7,127.6,128.4,129.2,133.1, 136.6, 146.1, 157.2, 163.1, 167.4, 170.7. Elemental analysis.
C128H168F24N16036812 C, 45.93; H, 5.06; F, 13.62,' N, 6.69; S, 11.49; found C, 45.22,‘ H, 5.05; F,
13.53; N, 6.09; S, 11.09. HRMS (ESI), m/z: calculated for: 556.5348 [M—4 NTf, ~]**, 835.3524
[M-3 NTf, " ]3*; found: 556.5198 [M—4 NTf,|**, 835.3278 [M-3 NTf, |**. FTIR ATR (v,
em™1): 1093 (COCQ), 1669 (C=0), 3064 (N-H).

4. Conclusions

Novel macrocyclic quaternary ammonium ILs containing amino acid fragments
(glycine and L-phenylalanine) based on p-tert-butylthiacalix[4]arene in cone, partial cone,
and 1,3-alternate conformations were synthesized. The melting temperature of the ob-
tained ILs was found in the range of 50-75 °C. Replacement of the bromide anion with
bis(trifluoromethylsulfonyl)imide led to a decrease in the melting point by 39-55 °C. The
ILs in partial cone conformation had the lowest melting points among all stereoisomers.
Thermal stability of the obtained macrocyclic ILs was determined via thermogravimetry
and differential scanning calorimetry. The onset of decomposition of the synthesized com-
pounds was established at 305-327 °C. The obtained results can be applied to the design of
sensor systems capable for target substrate recognition. These compounds can also be used
as synthetic biomimetic models of oligo- and polypeptides.
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19, 21; Figures S11-518: 13C NMR spectra of the compounds 4, 6, 11-13, 15, 17-19, 21; Figures S19-526:
FT-IR spectra of the compounds 4, 6, 11-13, 15, 17-19, 21; Figures S27-S33: HRMS spectra of the
compounds 4, 6, 11-13, 15, 17-19, 21; Figure S34: DSC curves of the compounds 16-21.
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