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INTRODUCTION 

Civilization leads to many environmental 
changes. An increasing number of production 
plants, animal husbandry, gas stations, consumer-
ism, the popularity of plastic products (often dis-
posable), and numerous other factors contribute 
to the deterioration of the environment - including 
air quality. The presence of harmful gases, com-
pounds with an irritating odor and toxic vapors in 
the atmospheric and indoor air is a very trouble-
some. The exposure to harmful gases may cause 
discomfort or deterioration of health (burns, skin 
irritation, irritation of the throat mucosa, irritation 
of the lungs); exposure to very high concentra-
tions of toxic gases may even cause permanent 
lung damage or death (Adavan Kiliyankil et al., 
2021). The World Health Organization (WHO) 
reports that 4.2 million people die each year from 
air pollution (Masic et al., 2018). Moreover, 99% 

of the world’s population breathes air in excess 
of the limits set by the WHO guidelines (Air Pol-
lution, 2022). The pollution in the air affects the 
degradation of the ozone layer and is harmful to 
flora and fauna. The people living close to emis-
sion sources are exposed to the compounds emit-
ted daily. It is predicted that by 2100 the world’s 
population will be 80% urbanized (in Europe, the 
degree of urbanization will be as high as 90%) 
(Bank et al., 2019). Due to the expected signifi-
cant increase in exposure, air purification is an 
important issue, because it determines the com-
fort of human life and their safety.

Odor and harmful compounds in the air are 
mainly derivatives of ammonia, nitrogen oxides, 
aliphatic and aromatic hydrocarbons, hydro-
gen sulfide, sulfur dioxide, thiols (aliphatic and 
aromatic mercaptanamines) and carbon dioxide 
(CO2) (Adavan Kiliyankil et al., 2021). Odors are 
a numerous group of compounds characterized 
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by a strong irritating, unpleasant odor; however, 
their unpleasant smell is not their main problem 
– they rank second among the seven major envi-
ronmental threats (Y. Liu et al., 2020).

The proposed solutions to the problem of 
air pollution with harmful chemical compounds 
have recently been based mainly on the use of 
sorbents such as activated carbon (Ahammad S. 
Z.; Gomes J.; Sreekrishnan, 2008; Aygün et al., 
2003; Gratuito et al., 2008; Heidarinejad et al., 
2020), silica gel (Banerjee et al., 2001; Oszust et 
al., 2012; Zallama et al., 2018) or zeolites (Król 
2020; Moutsatsou et al., 2006). These sorbents, 
despite their wide application, have certain dis-
advantages. For activated carbon (obtained by the 
physical activation method), there is a relatively 
low adsorption capacity, in addition, the mate-
rial activation process is very long and requires a 
large amount of energy during production (Yahya 
et al., 2015). The activated carbon obtained in the 
process of chemical activation is a sorbent with a 
small pore size and a large specific surface area, 
but a significant disadvantage of this adsorbent 
is the use of environmentally harmful chemicals 
during its production (such as phosphoric acid or 
(in order to obtain a material with a larger spe-
cific surface area) zinc chloride) (Heidarinejad et 
al., 2020). Silica gel, likewise, requires the use of 
chemicals in the synthesis process. For natural 
zeolites, a significant disadvantage is the need for 
activation and packaging of raw material. There-
fore, the preparation of the sorbent can be very 
expensive. Synthesis of synthetic zeolites (which 
are more homogeneous than natural zeolites and 
enable the adjustment of physicochemical prop-
erties to a specific application) requires the use 
of chemicals, i.e. organic bases and/or alkali hy-
droxides (Petrov et al., 2012).

The 12 Green Chemistry principles intro-
duced by Anastas and Warner in 1998 (Warner et 
al., 1998) and the principles of Green Analytical 
Chemistry (Tobiszewski et al., 2010) increased 
the interest of the scientific community in look-
ing for green alternatives to the previously known 
solutions of analytical and industrial processes. 
Advances in greening processes have increased 
the pace of research on ionic liquids (ILs) (García 
et al., 2015; Holbrey et al., 1999; Jenkins 2011; 
Lei et al., 2017; Swatloski et al., 2002). The toxic 
nature of many components used in the synthesis 
of ILs was demonstrated in later years (Pretti et 
al., 2006; Zhao et al., 2007) and their detrimental 
effect on living organisms (Bubalo et al., 2017) 

has made their use questionable. Apart from their 
advantages, conventional sorbents and ILs have 
significant disadvantages, so it is important to 
consider and investigate green and more effec-
tive alternatives. One of the most popular green 
alternatives was described in 2003 (Abbott et al., 
2003). Deep Eutectic Solvents (DESs) are cur-
rently one of the most promising solutions to im-
prove many processes (both on the analytical and 
process scale).

DEEP EUTECTIC SOLVENTS (DESs)

DESs are amazing liquids created through the 
interaction between two components (most often 
solid at room temperature) based mainly on the 
formation of hydrogen bonds. One component is 
a hydrogen bond donor (HBD) and the other acts 
as an acceptor (Hydrogen Bond Acceptor, HBA) 
(Janicka et al., 2021). The ability to create hydro-
gen bonds by individual compounds is closely re-
lated to their structure (the presence of functional 
groups capable of donor-acceptor interactions). 
The formation of bonds between the DES compo-
nents leads to a significant decrease in the melt-
ing point of the mixture. An important and often 
overlooked issue is that not all solvents generated 
as a result of HBD-HBA interactions show a sig-
nificant drop in melting point compared to pure 
ingredients used for their synthesis, i.e. those that 
do not deviate significantly from ideal predictions 
should be referred to as eutectic solvents (ES) 
(Andruch et al., 2022).

DESs described by Abbott et al. were ob-
tained by combining choline chloride with urea 
and choline chloride with carboxylic acids (Ab-
bott et al., 2003). Most of the DESs known so far 
are also synthesized with the use of environmen-
tally friendly, non-toxic, non-volatile, non-flam-
mable and cheap substances, and the synthesis 
process is very simple and inexpensive; the most 
common synthesis takes place while mixing the 
ingredients with heating.

DESs are of high interest and are applied in 
many research areas as well as industrial pro-
cesses (Fig. 1). As green alternatives to the com-
mercially used toxic solvents, DESs have been 
successfully employed in many processese.g. as 
absorbents for effective removal of the main im-
purities from biogas streams (Słupek et al., 2020), 
in extractive detoxification of feedstocks for the 
production of biofuels (Makoś et al., 2020a), in 
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analytical chemistry as effective and selective 
extractants (Abouheif et al., 2022; Baute-Pérez 
et al., 2022; Kalyniukova et al., 2021; Nia et al., 
2021; Pan et al., 2021), in delignification process 
(Jablonsky et al., 2018), in chemical synthesis 
for the alkylation/arylation of ketones (Vidal et 
al., 2014) and in many other processes (Figure 1) 
(Kalyniukova et al., 2021; Percevault et al., 2021; 
Płotka-Wasylka et al., 2017; Smith et al., 2014; 
Tang et al., 2015; Zhang et al., 2012).

There are several subgroups of DES in-
cluding the following: i) Natural Deep Eutectic 
Solvents (NADES) which is synthesized from 
ingredients of natural origin (such as sugars, 
sugar alcohols, organic acids and amino acids) 
(Dai et al., 2013; Faggian et al., 2016; Paiva et 
al., 2014) - NADESs are highly biodegradable 
and non-toxic; ii) Hydrophobic Deep Eutectic 
Solvents (HDESs) (Makoś et al., 2020b) which 
show hydrophobic properties; iii) Natural Hy-
drophobic Deep Eutectic Solvents (NAHDESs), 
in addition to their hydrophobic properties, have, 
as has previously been mentioned in the context 
of NADESs, a natural composition (Baute-Pérez, 

et al., 2022); iv) Therapeutic Deep Eutectic 
Solvents (THEDESs) – which have bioactive 
properties; v) Amino Acid-Based Natural Deep 
Eutectic Solvents – DESs based on amino ac-
ids; vi) Supramolecular Deep Eutectic Solvents 
(SUPRADESs) (Janicka et al., 2022), which are 
based on cyclodextrins. The latter, SUPRADES, 
are distinguished by unique properties that 
should be emphasized. Due to cyclodextrinsas a 
key ingredient, SUPRADESs have the unusual 
ability to bind numerous compounds through 
DESs-specific interactions (hydrogen bonding) 
and through host-guest interactions typical of cy-
clodextrins (Figure 2).

The unique properties of DES make them 
very popular, especially in the context of green-
ing industrial and analytical processes. They are 
undoubtedly one of the most important discover-
ies in the field of Green Chemistry. Due to the 
green nature and the ability to interact with nu-
merous substances, DESs are an interesting nov-
elty, which may turn out to be more cost-effective 
compared to the sorbents used so far.

Figure 1. Applications of deep eutectic solvents

Figure 2. Inclusion complex formation
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Deep eutectic solvents as a sorbents 
for air purification

Removing odors and toxic compounds from 
the air is a very important task due to their nega-
tive impact on the quality of life and health of 
humans and animals. However, the effective, 
economic, selective and permanent elimination 
of undesirable compounds from the air is a ma-
jor challenge. Numerous technologies have been 
developed to air purification, but these techniques 
are often limited by the production of harmful by-
products and the use of toxic solvents (Krishnan 
et al., 2020). The use of sorbents which are cheap, 
biodegradable, easy to prepare, non-toxic and sta-
ble at elevated temperature, and the production of 
which does not generate waste, is a solution that 
meets the assumptions of Green Chemistry. Deep 
Eutectic Solvents are a promising alternative with 
high potential for green process applications. Nu-
merous tests of DESs capacity and the confirmed 
ability to regenerate are the basis for the ecologi-
cally beneficial transformation of many techno-
logical processes. Due to the galloping climatic 
changes, the use of an ecological medium to ab-
sorb harmful gases from the air, is a promising 
breakthrough. The available literature on the use 
of DESs as absorbents is extensive.

Absorptive binding of harmful 
gases by deep eutectic solvents 

NH3 absorption

Ternary DESs with the ethanolamine hy-
drochloride composition: resorcinol: glycerol 
(EACl: Res: Gly; molar ratio 1: 4: 5) was tested 
as ammonia absorbent (Luo et al., 2021). Luo et 
al. showed in their research work that EACl: Res: 
Glyhas a high absorption capacities (up to 0.240 
g/g in 293.15 Kand pressure 0.10 MPa) compared 
to other DES and ILs described in the literature 
(Table 1). For similar pressure and temperature 
conditions, DESs show a much higher absorption 
capacity compared to zeolite 13X. The high ef-
ficiency of NH3 uptake by EACl: Res: Gly (1: 4: 
5) is due to the strong interactions based on the 
formation of hydrogen bonds between NH3 and 
DESs. The described DESs also showed high 
thermal stability, which is an additional advan-
tage (it enables multiple use of the solvent, posi-
tively influencing the ecological and economic 
aspects of the process). The use of NADES cho-
line chloride: xylose (molar ratio 1.5: 1) at a 

temperature of 343.15K and a pressure of 0.1013 
MPa allowed obtaining a very high efficiency of 
capturing NH3 – up to 3.884 mol/kg (Table 1). 
Described NADESs exhibit higher NH3 capaci-
ties in comparison to most other sorbents reported 
in the literature (Li et al., 2020). The increase in 
absorption efficiency under elevated temperature 
conditions is related to a significant decrease in 
the viscosity of NADESs under the influence of 
temperature increase. The great advantage of this 
solvent is its extremely safe composition;both 
choline chloride and xylose used in the synthesis 
of the above-mentioned NADESs are the com-
ponents that are completely safe for the environ-
ment and living organisms.

DES described by Jiang et al. composed of 
ethylamine hydrochloride and glycerol (molar ra-
tio 1: 2) had extremely high absorption capacity 
for ammonia (Jiang et al., 2019) – the highest ca-
pacity (16.538 mol/kg) was achieved for the tem-
perature conditions of 333.15K and the pressure 
of 0.2407 MPa. The absorption efficiency was 
mainly influenced by the NH3 pressure value – the 
molar ratio of the components and the temperature 
did not significantly affect the efficiency of the 
process. DESs absorption capacity significantly 
exceeds the results obtained for ILs (Table 1).

SO2 absorption

Yang et al. examined the use of NADESs 
composed of choline chloride (ChCl) and glyc-
erol (molar ratios 1: 1, 1: 2, 1: 3, 1: 4) in SO2 
absorption process. The efficiency of the process 
was mainly influenced by the mole fraction of 
choline chloride in NADESs (Table 2). With 
an increase in the mole fraction of ChCl, a sig-
nificant increase in the absorption capacity of 
NADESs was observed (Yang et al., 2013) (Ta-
ble 2) – up to 0.678 ggas/gabsorbent. The NADESs 
used in the cited work could be used at least 
five times in the absorption/desorption cycles. 
Desorption was easily achieved by reducing the 
partial pressure of SO2.

CO2 absorption

An efficient and very ecological absorbent 
in the process of CO2 absorption is NADESs 
with the composition of choline chloride: urea 
(molar ratios 1: 1.5 and 1: 2) (Table 3.). The 
great advantage of this solvent is its natural 
character, ease of preparation and high fluidity 
at room temperature. The available literature 
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shows that NADESs (syringol: levulinic acid in 
a 1: 1 molar ratio) has a high ability to absorb 
volatile organochlorine compounds from bio-
gas (Makoś et al., 2020). Under optimal condi-
tions (293.15 K, 0.010 MPa), the absorption ca-
pacity of dichloromethane, chloroform, carbon 
tetrachloride, 1,1,2,2-tetrachloroethane and 
2,2,2-trichloroethanol was 304, 420, 360, 292 

and 661 mg/g. The described NADESs can be 
used at least ten times in the absorption-desorp-
tion cycles. The high absorption capacity of 
solvent was due to hydrogen and van der Waals 
interactions. The simplicity of the developed 
process, the naturalness of the solvent used and 
the efficiency of the process enable it to fully 
meet the expectations of green processes.

Table 1. Comparison of ammonia (NH3) absorption efficiencies for selected sorbents
Sorbent

Temp [K] P [MPa] NH3 capacity
[ggas/gsorbent]

Ref.
Solvent Molar ratio

EACl: Res: Gly 1: 1: 5 313.15 0.1013 0.149 [50]

EACl: Res: Gly 1: 4: 5 313.15 0.1013 0.181 [50]

EACl: Res: Gly 1: 4: 5 293.15 0.1013 0.240 [50]

13X zeolite - 298.15 0.1000 0.153 [51]

13X zeolite - 298.15 0.0938 0.159 [51]

[EtOHmim][BF4] - 313.15 0.1000 0.037 [52]

[Choline][NTf2] - 313.15 0.1000 0.026 [52]

Sorbent
Temp [K] P [MPa] NH3 capacity 

[mol/kg] Ref.
Solvent Molar ratio

ChCl: Xyl 1.5: 1 333.15 0.0181 1.803 [53]

ChCl: Xyl 1.5: 1 343.15 0.0140 1.745 [53]

ChCl: Xyl 1.5: 1 343.15 0.1013 3.884 [53]

EaHCl: Gly 1: 2 313.15 0.0044 0.777 [54]

EaHCl: Gly 1: 2 333.15 0.1067 9.631 [54]

EaHCl: Gly 1: 2 333.15 0.2407 16.538 [54]

EaHCl: Gly 1: 5 333.15 0.1015 9.443 [54]

[EtOHmim][NTf2] - 343.15 0.1013 0.799 [55]

[Bim][NO3] - 333.15 0.0180 0.897 [56]

[Mmim][NTf2] - 313.15 0.0145 2.527 [56]

Note: EACl, ethanolamine; Res,resorcinol; Gly,glycerol; [EaHCl], ethylamine hydrochloride; [EtOHmim][BF4], 
1-2(-hydroxyethyl)-3-methylimadazolium tetrafluoroborate; [Choline][NTf2], choline bis(trifluoromethylsulfonyl)
imide; ChCl, cholinechloride; Xyl, xylose; EAHCl, ethylaminehydrochloride; [EtOHmim][NTf2], 
1-2(-hydroxyethyl)-3-methylimadazolium bis(trifluoromethylsulfonyl)imide; [Bim][NO3], 1-butylimidazolium 
nitrate; [Mmim][NTf2], 1, 2-dimethyli- midazolium bis(trifluoromethylsulfonyl)imide.

Table 2. Comparison of sulfur dioxide (SO2) sorption efficiencies for selected sorbents
Sorbent

Temp [K] P [MPa] SO2 capacity
[ggas/gsorbent]

Ref.
Solvent Molar ratio

ChCl: Gly 1: 1 293.15 0.0101 0.153 [57]

ChCl: Gly 1: 4 293.15 0.0101 0.046 [57]

ChCl: Gly 1: 1 293.15 0.1013 0.678 [57]

ChCl: Gly 1: 4 293.15 0.1013 0.320 [57]

Ac: AmmTh 3: 1 293.15 0.1000 1.375 [58]

Cap: Imi 1: 1 303.15 0.1000 1.660 [59]

Cap: Ac 1: 1 303.15 0.1000 0.998 [59]

ChCl: Mal 1: 1 293.15 0.1000 0.490 [60]

Note: ChCl, choline chloride; Gly, glycerol; Ac, acetamide; AmmTh, ammoniumthiocyanate; Cap, caprolactam; 
Imi, imidazole, Mal, malonic acid; KSCN, potassium thiocyanate.
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Adsorptive binding of harmful 
gases by deep eutectic solvents 

DESs can be used as modifiers for classic sor-
bents (e.g. silica gel or activated carbon). Makoś 
et al. impregnated silica gel with DESs (including 
tetrapropylammonium bromide: levulinic acid 1: 
3, tetrapropylammonium bromide: lactic acid 1: 
2, and choline chloride: levulinic acid 1: 2). The 
impregnation of the silica gel contributed to a sig-
nificant increase in the efficiency of the BTEX 
(benzene, toluene, ethylbenzene, and p-xylene) 
adsorption process. For 300 mg/m3 initial concen-
tration of BTEX in optimal conditions adsorption 
capacity value for pure silica gel is 43.1, while for 
DES-impregnated silica gel (by DES tetrapropyl-
ammonium bromide: lactic acid (1: 2)) is much 
higher – 254.9. Research has shown the great po-
tential of DESs as modifiers of solid sorbents.

Potential of SUPRADESs for gas 
capturing by hydrogen bonding 
and host-guest interactions

In the context of air purification, SUPRA-
molecular Deep Solvents Eutectic Solvents (SU-
PRADESs) as a novel type of DESs should also 
be mentioned. SUPRADESs show a high po-
tential for use as sorbents. The key ingredient of 
SUPRADESs, i.e. CDs, gives them unusual prop-
erties. CDs have a hydrophobic cavity and a hy-
drophilic outer surface. CDs form inclusion com-
plexes with non-polar molecules in aqueous solu-
tions. This property means that CDs have found 
numerous applications (Brewster, et al., 2007; 

Buschmann, et al., 2002). The unusual structure of 
CDs makes them successfully used as an efficient 
absorbent of volatile organic compounds (VOCs) 
[56][57], but their high price makes it worth con-
sidering using them in the form of SUPRADESs 
or SUPRADESs modified sorbent. SUPRADESs 
as a mixture combining of CDs ability to bind mul-
tiple compounds through host-guest interactions 
and the DESs ability to create hydrogen bonds 
with many substances could be a breakthrough in 
air purification. Unfortunately, there is very little 
research into the use of SUPRADESs as sorbents 
for harmful gases. This research area has great po-
tential, and we intend to investigate SUPRADES 
as green sorbents in the future.

CONCLUSIONS

Deep eutectic solvents show great potential for 
applications. The quoted research results indicate 
that they allow for the design of green, cheap and 
often more effective processes than those known 
so far. The possibility of combining a wide range 
of ingredients, easy influence on the properties of 
DESs by means of temperature, the green nature 
of most of the ingredients used for their synthe-
sis, the possibility of using them to modify solid 
sorbents and the proven effectiveness of these sol-
vents offer great opportunities for improvement 
and greening of numerous processes. The use of 
environmentally friendly and effective sorbents 
for air purification is a very accurate response to 
the requirements of Green Chemistry.

Table 3. Comparison of carbon dioxide (CO2)sorption efficiencies for selected sorbents
Sorbent

Temp [K] P [MPa] CO2 capacity 
[molgas/molsorbent]

Ref.
Solvent Molar ratio

ChCl: LacA 1: 2 75 1.927 0.0248 [62]

Sorbent
Temp [K] P [MPa] CO2 capacity 

[mmolgas/gsorbent]
Ref.

Solvent Molar ratio

ChCl: TeG 4: 1 293.15 0.500 0.1941 [63]

ChCl: DeG 4: 1 293.15 0.500 0.1852 [63]

ChCl: U 1: 1.5 313.15 11.840 2.7380 [64]

ChCl: U 1: 1.5 323.15 12.520 2.5696 [64]

ChCl: U 1: 1.5 333.15 12.500 2.2609 [64]

ChCl: U 1: 2 313.15 12.500 5.1646 [64]

ChCl: U 1: 2 323.15 11.100 4.2934 [64]

ChCl: U 1: 2 333.15 12.730 4.2721 [64]

ChCl: U 1:2 303.15 5.654 3.5592 [64]

Note: ChCl, choline chloride; LacA, lactic acid; TeG, triethylene glycol; DeG, diethylene glycol; U, urea.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


187

Journal of Ecological Engineering 2022, 23(9), 181–190

REFERENCES

1. Abbott, A.P., Capper, G., Davies, D.L., Rasheed, 
R.K., Tambyrajah, V. 2003. Novel solvent properties 
of choline chloride/urea mixtures. Chemical Com-
munications, 1, 70–71.

2. Abouheif, S.A., Sallam, S.M., El Sohafy, S.M., Kas-
sem, F.F., Shawky, E. 2022. Optimization of terpene 
lactones and ginkgolic acids extraction from Ginkgo 
biloba L. leaves by natural deep eutectic solvents us-
ing experimental design and HPTLC-MS analysis. 
Microchemical Journal, 176, 107246.

3. Adavan Kiliyankil, V., Fugetsu, B., Sakata, I., Wang, 
Z., Endo, M. 2021. Aerogels from copper (II)-cellu-
lose nanofibers and carbon nanotubes as absorbents 
for the elimination of toxic gases from air. Journal of 
Colloid and Interface Science, 582, 950–960.

4. Ahammad, S.Z., Gomes, J., Sreekrishnan, T.R. 
2008. Wastewater treatment forproduction of H2S-
free biogas. Journal of Chemical Technology & 
Biotechnology, 83, 1163–1169.

5. Air Pollution. 2022. https://www.who.int/
health-topics/air-pollution#tab=tab_1

6. Andruch, V., Makoś, P., Płotka-Wasylka, J. 2022. 
Remarks on use of the term “ deep eutectic solvent 
” in analytical chemistry. Microchemical Journal, 
179, 10498.

7. Aygün, A., Yenisoy-Karakaş, S., Duman, I. 2003. 
Production of granular activated carbon from fruit 
stones and nutshells and evaluation of their physical, 
chemical and adsorption properties. Microporous 
and Mesoporous Materials, 66(2–3), 189–195.

8. Banerjee, A.K., Laya Mimo, M.S., Vera Vegas, W.J. 
2001. Silica gel in organic synthesis. Uspekhi Khi-
mii, 70(11), 1114–1115.

9. Bank, E.I., Moonen, T., Nunlay, J., Clark, G. 2019. 
The story of your city : Europe and its urban devel-
opment, 1970 to 2020. European Investment Bank.

10. Baute-Pérez, D., Santana-Mayor, Á., Herrera-Her-
rera, A.V., Socas-Rodríguez, B., Rodríguez-Delga-
do, M.Á. 2022. Analysis of alkylphenols, bisphenols 
and alkylphenol ethoxylates in microbial-fermented 
functional beverages and bottled water: Optimiza-
tion of a dispersive liquid-liquid microextraction 
protocol based on natural hydrophobic deep eutectic 
solvents. Food Chemistry, 377.

11. Blach, P., Fourmentin, S., Landy, D., Cazier, F., Sur-
pateanu, G. 2008. Cyclodextrins: A new efficient 
absorbent to treat waste gas streams. Chemosphere, 
70(3), 374–380.

12. Brewster, M.E., Loftsson, T. 2007. Cyclodextrins as 
pharmaceutical solubilizers. Advanced Drug Deliv-
ery Reviews, 59, 645–666.

13. Bubalo, M.C., Radošević, K., Redovniković, I.R., 
Slivac, I., Srček, V.G. 2017. Toxicity mechanisms 

of ionic liquids. Archives of Industrial Hygiene and 
Toxicology, 68(3), 171–179.

14. Buschmann, H.J., Schollmeyer, E. 2002. Applica-
tions of cyclodextrins in cosmetic products: A re-
view. Journal of Cosmetic Science, 53(3), 185–191.

15. Dai, Y., van Spronsen, J., Witkamp, G.J., Verpoorte, 
R., Choi, Y.H. 2013. Natural deep eutectic solvents 
as new potential media for green technology. Ana-
lytica Chimica Acta, 766, 61–68.

16. Di Pietro, M.E., Colombo Dugoni, G., Ferro, M., 
Mannu, A., Castiglione, F., Costa Gomes, M., 
Fourmentin, S., Mele, A. 2019. Do Cyclodextrins 
Encapsulate Volatiles in Deep Eutectic Systems? 
ACS Sustainable Chemistry and Engineering, 
7(20), 17397–17405.

17. Doonan, C.J., Tranchemontagne, D.J., Glover, T.G., 
Hunt, J.R., Yaghi, O.M. 2010. Exceptional ammo-
nia uptake by a covalent organic framework. Nature 
Chemistry, 2(3), 235–238.

18. Faggian, M., Sut, S., Perissutti, B., Baldan, V., Grab-
nar, I., Dall’Acqua, S. 2016. Natural Deep Eutec-
tic Solvents (NADES) as a tool for bioavailability 
improvement: Pharmacokinetics of rutin dissolved 
in proline/glycine after oral administration in rats: 
Possible application in nutraceuticals. Molecules, 
21(11), 1–11.

19. Francisco, M., Van Den Bruinhorst, A., Zubeir, L.F., 
Peters, C.J., Kroon, M.C. 2013. A new low transition 
temperature mixture ( LTTM ) formed by choline 
chloride + lactic acid: Characterization as solvent 
for CO2 capture. Fluid Phase Equilibria, 340, 77–84.

20. García, G., Atilhan, M., Aparicio, S. 2015. A theo-
retical study on mitigation of CO2 through ad-
vanced deep eutectic solvents. International Journal 
of Greenhouse Gas Control, 39, 62–73.

21. Gratuito, M.K.B., Panyathanmaporn, T., Chumnan-
klang, R.A., Sirinuntawittaya, N., Dutta, A. 2008. 
Production of activated carbon from coconut shell: 
Optimization using response surface methodology. 
Bioresource Technology, 99(11), 4887–4895.

22. Heidarinejad, Z., Dehghani, M.H., Heidari, M., Ja-
vedan, G., Ali, I. 2020. Methods for preparation and 
activation of activated carbon: a review. Environ-
mental Chemistry Letters, 18(2), 393–415.

23. Holbrey, J.D., Seddon, K.R. 1999. Ionic Liquids. 
Clean Technologies and Environmental Policy, 1(4), 
223–236.

24. Jablonsky, M., Majova, V., Skulcova, A., Haz, A. 
2018. Delignification of pulp using deep eutectic 
solvents. Journal of Hygienic Engineering and De-
sign, 22(March), 76–81.

25. Janicka, P., Kaykhaii, M., Płotka-Wasylka, J., 
Gębicki, J. 2022. Supramolecular deep eutectic 
solvents and their applications. Green Chemistry, 
24(13), 5035–5045.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


188

Journal of Ecological Engineering 2022, 23(9), 181–190

26. Janicka, P., Przyjazny, A., Boczkaj, G. 2021. Novel 
“acid tuned” deep eutectic solvents based on protonated 
L-proline. Journal of Molecular Liquids, 333, 115965.

27. Jenkins, H.D.B. 2011. Ionic liquids-an overview. 
Science Progress, 94(3), 265–297.

28. Jiang, W., Zhong, F., Liu, Y., Huang, K. 2019. Effec-
tive and Reversible Capture of NH3 by Ethylamine 
Hydrochloride Plus Glycerol Deep Eutectic Sol-
vents. ACS Sustainable Chemistry & Engineering, 
7(12), 10552–10560.

29. Kalyniukova, A., Holuša, J., Musiolek, D., Sedlakova-
Kadukova, J., Płotka-Wasylka, J., Andruch, V. 2021. 
Application of deep eutectic solvents for separation 
and determination of bioactive compounds in medici-
nal plants. Industrial Crops and Products, 172, 114047.

30. Krishnan, A., Panchamoorthy, K., Dai, G., Vo, V.N., 
Malolan, R. 2020. Ionic liquids, deep eutectic sol-
vents and liquid polymers as green solvents in car-
bon capture technologies: a review. Environmental 
Chemistry Letters, 18(6), 2031–2054.

31. Król, M. 2020. Natural vs. Synthetic Zeolites. Crys-
tals, 10(7).

32. 32. Lei, Z., Chen, B., Koo, Y.M., Macfarlane, D.R. 
2017. Introduction: Ionic Liquids. Chemical Re-
views, 117(10), 6633–6635.

33. Li, G., Deng, D., Chen, Y., Shan, H., Ai, N. 2014. 
Solubilities and thermodynamic properties of CO2 
in choline-chloride based deep eutectic solvents. 
Journal of Chemical Thermodynamics, 75, 58–62.

34. Li, Z., Zhang, X., Dong, H., Zhang, X., Gao, H., 
Zhang, S., Li, J., Wang, C. 2015. Efficient absorp-
tion of ammonia with hydroxyl-functionalized ionic 
liquids. RSC Advances, 5(99), 81362–81370.

35. Li, Z., Zhong, F., Huang, J., Peng, H., Huang, K. 
2020. Sugar-based natural deep eutectic solvents as 
potential absorbents for NH3 capture at elevated 
temperatures and reduced pressures. Journal of Mo-
lecular Liquids, 317, 113992.

36. Liu, B., Wei, F., Zhao, J., Wang, Y. 2013. Character-
ization of amide–thiocyanates eutectic ionic liquids 
and their application in SO2 absorption. RCS Ad-
vances, 3(7), 2470–2476.

37. Liu, B., Zhao, J., Wei, F. 2013. Characterization of 
caprolactam based eutectic ionic liquids and their 
application in SO 2 absorption. Journal of Molecular 
Liquids, 180(3), 19–25.

38. Liu, Y., Yang, H., Lu, W. 2020. VOCs released from 
municipal solid waste at the initial decomposition 
stage: Emission characteristics and an odor impact 
assessment. Journal of Environmental Sciences 
(China), 98, 143–150.

39. Luo, Q., Hao, J., Wei, L., Zhai, S., Xiao, Z., An, 
Q. 2021. Protic ethanolamine hydrochloride-based 
deep eutectic solvents for highly efficient and revers-
ible absorption of NH 3. Separation and Purification 

Technology, 260, 118240.
40. Makoś, P., Słupek, E., Gębicki, J. 2020a. Extrac-

tive detoxification of feedstocks for the production 
of biofuels using new hydrophobic deep eutectic 
solvents – Experimental and theoretical studies. 
Journal of Molecular Liquids, 308, 113101.

41. Makoś, P., Słupek, E., Gębicki, J. 2020b. Hydrophobic 
deep eutectic solvents in microextraction techniques–
A review. Microchemical Journal, 152, 104384.

42. Makoś, P., Słupek, E., Małachowska, A. 2020. Silica 
gel impregnated by deep eutectic solvents for ad-
sorptive removal of BTEX from Gas Streams. Ma-
terials, 13(8), 1894.

43. Masic, A., Bibic, D., Pikula, B., Razic, F. 2018. 
New Approach of Measuring Toxic Gases Con-
centrations: Application Examples. 29th DAAAM 
Proceedings, 29, 876–881.

44. Moutsatsou, A., Stamatakis, E., Hatzitzotzia, K., 
Protonotarios, V. 2006. The utilization of Ca-rich 
and Ca-Si-rich fly ashes in zeolites production. Fuel, 
85(5–6), 657–663.

45. Nia, N.N., Hadjmohammadi, M.R. 2021. Amino 
acids- based hydrophobic natural deep eutectic sol-
vents as a green acceptor phase in two-phase hollow 
fiber-liquid microextraction for the determination of 
caffeic acid in coffee, green tea, and tomato samples. 
Microchemical Journal, 164, 106021.

46. Oszust, M., Barczak, M., Dąbrowski, A. 2012. 
Mezoporowate materiały krzemionkowe - charak-
terystyka i zastosowanie. Adsorbenty i Katalizatory: 
Wybrane Technologie a Środowisko, 2, 289–308.

47. Paiva, A., Craveiro, R., Aroso, I., Martins, M., Reis, 
R.L., Duarte, A.R.C. 2014. Natural deep eutectic sol-
vents - Solvents for the 21st century. ACS Sustain-
able Chemistry and Engineering, 2(5), 1063–1071.

48. Palomar, J., Gonzalez-Miquel, M., Bedia, J., Rodri-
guez, F., Rodriguez, J.J. 2011. Task-specific ionic 
liquids for efficient ammonia absorption. Separation 
and Purification Technology, 82, 43–52.

49. Pan, Z., Bo, Y., Liang, Y., Lu, B., Zhan, J., Zhang, J., 
Zhang, J. 2021. Intermolecular interactions in natural 
deep eutectic solvents and their effects on the ultra-
sound-assisted extraction of artemisinin from Artemis-
ia annua. Journal of Molecular Liquids, 326, 115283.

50. Percevault, L., Limanton, E., Gauffre, F., Lagrost, 
C., Paquin, L. 2021. Deep Eutectic Solvents for 
Medicine, Gas Solubilization and Extraction of 
Natural Substances. In Environmental Chemistry 
for a Sustainable World, 56

51. Petrov, I., Michalev, T. 2012. Synthesis of Zeolite 
A: A Review. Proceedings - Chemical Technolo-
gies, 30–35.

52. Płotka-Wasylka, J., Rutkowska, M., Owczarek, 
K., Tobiszewski, M., Namieśnik, J. 2017. Extrac-
tion with environmentally friendly solvents. TrAC 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


189

Journal of Ecological Engineering 2022, 23(9), 181–190

- Trends in Analytical Chemistry, 91, 12–25.
53. Pretti, C., Chiappe, C., Pieraccini, D., Gregori, M., 

Abramo, F., Monni, G., Intorre, L. 2006. Acute tox-
icity of ionic liquids to the zebrafish (Danio rerio). 
Green Chemistry, 8(3), 238–240.

54. Sarmad, S., Xie, Y., Mikkola, J.P., Ji, X. 2017. 
Screening of deep eutectic solvents (DESs) as green 
CO2 sorbents: from solubility to viscosity. New 
Journal of Chemistry, 41(1), 290-301.

55. Shang, D., Bai, L., Zeng, S., Dong, H., Gao, H., Zhang, 
X., Zhang, S. 2018. Enhanced NH3 capture by imidaz-
olium-based protic ionic liquids with different anions 
and cation substituents. Journal of Chemical Technol-
ogy and Biotechnology, 93(5), 1228–1236.

56. Słupek, E., Makoś, P., Gȩbicki, J. 2020. Theoretical 
and economic evaluation of low-cost deep eutectic 
solvents for effective biogas upgrading to bio-meth-
ane. Energies, 13(13), 3379.

57. Smith, E.L., Abbott, A.P., Ryder, K.S. 2014. Deep 
Eutectic Solvents (DESs) and Their Applications. 
Chemical Reviews, 114, 11060–11082.

58. Sun, S., Niu, Y., Xu, Q., Sun, Z., Wei, X. 2015. Ef-
ficient SO2 absorptions by four kinds of deep eutectic 
solvents based on choline chloride. Industrial and En-
gineering Chemistry Research, 54(33), 8019–8024.

59. Swatloski, R.P., Spear, S.K., Holbrey, J.D., Rog-
ers, R.D. 2002. Dissolution of cellose with ionic 
liquids. Journal of the American Chemical Society, 
124(18), 4974–4975.

60. Tang, B., Zhang, H., Row, K.H. 2015. Application of 
deep eutectic solvents in the extraction and separation 

of target compounds from various samples. Journal 
of Separation Science, 38(6), 1053–1064.

61. Tobiszewski, M., Mechlinska, A., Namieśnik, J. 
2010. Green analytical chemistry—theory and prac-
tice. Chemical Society Reviews, 39(8), 2869–2878.

62. Vidal, C., García-Álvarez, J., Hernán-Gõmez, A., 
Kennedy, A.R., Hevia, E. 2014. Introducing deep 
eutectic solvents to polar organometallic chemis-
try: Chemoselective addition of organolithium and 
grignard reagents to ketones in air. Angewandte 
Chemie - International Edition, 53(23), 5969–5973.

63. Warner, J.C., Anastas, P.T. 1998. Green Chemistry: 
Theory and Practice. Oxford University Press.

64. Yahya, M. A., Al-Qodah, Z., & Ngah, C. W. Z. 
2015. Agricultural bio-waste materials as potential 
sustainable precursors used for activated carbon 
production: A review. Renewable and Sustainable 
Energy Reviews, 46, 218–235.

65. Yang, D., Hou, M., Ning, H., Zhang, J., Yang, G., 
Han, B. 2013. Efficient SO2 absorption by renew-
able choline chloride–glycerol deep eutectic sol-
vents. Green Chemistry, 15, 2261–2265.

66. Zallama, B., Ghedira, L.Z., Ben Nasrallah, S. 2018. 
Characterization of thermophysical properties of 
silica gel. Journal of Porous Media, 21(7), 577–588.

67. Zhang, Q., De Oliveira Vigier, K., Royer, S., Jérôme, 
F. 2012. Deep eutectic solvents: Syntheses, proper-
ties and applications. Chemical Society Reviews, 
41(21), 7108–7146.

68. Zhao, D., Liao, Y., Zhang, Z.D. 2007. Toxicity of 
ionic liquids. Clean - Soil, Air, Water, 35(1), 42–48.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


190

Journal of Ecological Engineering 2022, 23(9), 181–190

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl

