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ARTICLE INFO ABSTRACT

Keywords: The high molecular weight of chitin, as a biopolymer, challenges its extraction due to its insolubility in the sol-
Chitin vents. Also, chitosan, as the N-deacetylated form of chitin, can be employed as a primary material for different
Chitosan

industries. The low mechanical stability and poor plasticity of chitosan films, as a result of incompatible interac-
tion between chitosan and the used solvent, have limited its industrialization. Deep eutectic solvents (DESs), as
novel solvents, can solve the extraction difficulties of chitin, and the low mechanical stability and weak plasticity
of chitosan films. Also, DESs can be considered for the different chitosan and chitin productions, including chitin
nanocrystal and nanofiber, N,N,N-trimethyl-chitosan, chitosan-based imprinted structures, and DES-chitosan-
based beads and monoliths. This review aims to focus on the preparation and characterization (chemistry and
morphology) of DES-chitin-based and DES-chitosan-based structures to understand the influence of the incorpo-

Deep eutectic solvents
Production process
Chemistry and morphology
Green chemistry

ration of DESs into the chitin and chitosan structure.

1. Introduction

Chitin stands out as the central constituent in a wide variety of liv-
ing organisms. It can be extracted from various species including inver-
tebrates, crustacean shells, insect cuticles, cell walls of fungi, green al-
gae, yeast (Alishahi & Aider, 2012), to mention just a few. After cellu-
lose, chitin, which is a linear polysaccharide, has been announced as
the second most abundant biopolymer comprising N-acetyl-2-amino-2-
deoxy-D-glucopyranose and 2-amino 2-deoxy-D-glucose in pyranose
form that are connected by 1-4 glycosidic bonds (Diaz-Montes and
Castro-Munoz, 2021a, b; Khayrova, Lopatin, & Varlamov, 2021). Chitin
frequently exists in the form of nano-organized chitin-proteins, chitin-
pigments, or chitin-mineral composite biomaterials in nature. Research
has been focused on the exploration of chitin in medicine, biotechnol-
ogy, and biomimetics (Tsurkan et al., 2021). The industrialization of
chitin needs to find progressive extraction methods to standardize its
utilization in the industry considering cost-effectiveness and biocom-
patibility. The extraction of chitin follows several steps such as dem-
ineralization, deproteinization, and deodorization. For instance, dem-
ineralization and deproteinization are the main processes that have
been employed in both the chemical and biological isolation of chitin.

+ Corresponding author.
E-mail address: vahidvatanpour@khu.ac.ir (V. Vatanpour).

https://doi.org/10.1016/j.carbpol.2021.118702

In the chemical isolation method, minerals and proteins can be elimi-
nated from the structure of chitin by using strong acid and alkali, re-
spectively, resulting in a huge amount of destructive acidic or basic
wastewater and severe ecological glitches. While biological methods
can be performed to overcome the disadvantages of the chemical isola-
tion process. The biological methods can be divided into enzymatic re-
actions and microbial fermentation. The chitin produced by the biologi-
cal method owns a higher molecular weight and crystallinity, compar-
ing to the chemical method (Hajji, Ghorbel-Bellaaj, Younes, Jellouli, &
Nasri, 2015). Nevertheless, longer fermentation cycles and expensive
enzymes are referenced as the main bottlenecks of the biological
process (Kadokawa, Setoguchi, & Yamamoto, 2013). Interestingly,
ionic liquids (ILs) are organic salts in the liquid state at room tempera-
ture (or close) that can outperform the disadvantages of chemical and
biological-based methods for the efficient extraction of chitin (Yavir,
Konieczna, Marcinkowski, & Kloskowski, 2020); however, recent stud-
ies disputed the green recognition of ILs because of their hazardous tox-
icity and very low biodegradability (Weaver, Kim, Sun, MacFarlane, &
Elliott, 2010). As an alternative, deep eutectic solvents (DESs), recog-
nized as the new green solvents, own similar features to ILs (Ul et al.,
2021). However, DESs possess simpler and less expensive synthesis pro-
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cedures with more biodegradability, renewability, and fewer toxicity
features in comparison to ILs (Musarurwa & Tavengwa, 2021). DESs
can be constructed by the connection between hydrogen bond acceptor
(HBA) and donor (HBD) using H-bonding interactions to create a eutec-
tic mixture with lower melting points compared to each constituent
(Taghizadeh, Taghizadeh, Vatanpour, Ganjali, & Saeb, 2021). Fig. 1a
and b displays the two most important DESs used in chitin production,
which are created by the connection between HBA and HBD structures
using hydrogen bonds.

DESs can be categorized into four types, such as Type I: the mixture
of organic and metal salts (Mako$ & Boczkaj, 2019), Type II: the mix-
ture of organic salts and metal hydrates (Janicka, Przyjazny, & Boczkaj,
2021), Type III: combination of organic salts and specific compounds
being hydrogen bond donors (Makos, Fernandes, Przyjazny, & Boczkaj,
2018), and Type IV: combination of metal chlorides and specific com-
pounds being hydrogen bond donors (Smith, Abbott, & Ryder, 2014).
Organic synthesis, dissolution media, membrane science, extraction
processes are quoted as the main application areas of DESs (Ul et al.,
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2021; Vatanpour, Dehqan, & Harifi-Mood, 2020). Likewise, the extrac-
tion of various biopolymers, including cellulose, lignin, starch, chitin,
can be accomplished by DESs (Francisco, Van Den Bruinhorst, & Kroon,
2012). When dealing with the separation of chitin using DESs (Zhang,
De Oliveira Vigier, Royer, & Jérome, 2012), higher purified chitin was
produced by employing the DESs-based method compared with other
ILs-based solvents, chemical and biological techniques (Mukesh et al.,
2019). Moreover, DESs can be employed to enforce the mechanical
strength of chitosan structure, in principle, chitosan, as an insoluble lin-
ear natural polysaccharide, is originated from alkaline N-deacetylation
of chitin. N-acetyl-D-glucosamine units connected by p-(1—4) glyco-
sidic bonds constitute the structure of chitosan, which is a chitin-
derived biopolymer with high biocompatibility, no toxicity, and excel-
lent biodegradability (Khajavian et al., 2020a, b). Fig. 1c illustrates the
chitin and chitosan structures. Chitosan can be generated by eliminat-
ing an acetate moiety from chitin structure using hydration (amide hy-
drolysis under alkaline circumstances with concentrated NaOH) or via
enzymatic hydrolysis in the attendance of chitin deacetylase. The high
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Fig. 1. The combination of HBA and HBD for DES production a) choline chloride-malonic acid DES and, b) choline chloride-urea DES), and c) chitin and chitosan
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functionality and outstanding film-forming properties of chitosan struc-
ture have extended the application of chitosan in various areas, includ-
ing pharmacology, drug delivery, wound healing resources, biosor-
bents, water and wastewater treatment, and food packaging industry
(Campos, Gerschenson, & Flores, 2011; Castro-Mufioz, Gonzalez-
Valdez, & Ahmad, 2020; Panwar, Raghuwanshi, Srivastava, Sharma, &
Pruthi, 2018). As mentioned previously, the low mechanical stability
and poor plasticity of chitosan-based films restrict the industrialization
of chitosan films (Naghibi, Salehi, Khajavian, Vatanpour, & Sillanpaa,
2021), even if it is estimated that the worldwide chitin and chitosan
market could reach $4.2 billion by 2021 from $2.0 billion in 2016 at a
compound annual growth rate (CAGR) of 15.4% (Bakshi, Selvakumar,
Kadirvelu, & Kumar, 2020). To date, different techniques have been uti-
lized to raise the mechanical strength of chitosan-based films including
their blending with other synthetic polymers and additives (e.g., plasti-
cizers and surfactants) (Montalvo, Lépez Malo, & Palou, 2012), CNTs
(Salehi et al., 2013), etc. In theory, chemically-synthesized polymers
can improve the mechanical stability of chitosan structure but not
enough to be used in specific areas, such as membrane processes or food
packaging technology. In addition to this, such a blending may reduce
the biodegradability features of chitosan-based films. The utilization of
DESs in the chitosan structure can noticeably upregulate the mechani-
cal strength, plasticity, and biodegradability of chitosan films compared
with synthetic polymers like polyvinyl alcohol (Mujtaba et al., 2019).
The improvement of mechanical stability of chitosan films is directed to
specific parameters, such as elongation at break (Eb), tensile strength
(TS), and Young's modulus (YM). Particularly, the incorporation of
DESs into the chitosan can increase the elongation at break and thus in-
creasing the mechanical strength of chitosan films. Also, DESs are intro-
duced as a plasticizer agent to improve the flexibility and reduce the
fragility of chitosan films (Jakubowska, Gierszewska, Nowaczyk, &
Olewnik-Kruszkowska, 2020). DESs can diminish the tension of defor-
mation, hardness, density, viscosity, and the electrostatic charge of chi-
tosan films, contributing to the high plasticity of chitosan films. To-
gether with all these improved properties, transparency, thermal stabil-
ity, the smoothness of the surface, and water vapor transmission ability
can also be enhanced by using DES into the polymeric chitosan matrix
(Jakubowska, Gierszewska, Nowaczyk, & Olewnik-Kruszkowska,
2021).

Very recently, Ozel & Elibol (Ozel & Elibol, 2021)have outlined the
DES-based applications in chitin and chitosan structure, however with-
out discussing preparation procedure, chemical properties, and mor-
phology in detail. Understanding the preparation process is necessary
to determine the most efficient and cost-effective technique to prepare
DES-based chitin and chitosan structures. Also, studying the chemical
properties and morphology can provide an excellent view to realize the
interaction between DES and chitosan or chitin, which contribute to the
better recognition of the effects of components on each other to opti-
mize the DES-base chitin and chitosan structures.

Therefore, this review targets to analyze the current developments
focused on the evaluation of the influence of DES addition on the chitin
and chitosan-based structures. Particular emphasis has been made on
the preparation strategies to merge the chitin and chitosan into differ-
ent DES phases, discussing the most relevant findings. Also, the charac-
terization of reported chitin and chitosan-DES forms, including chem-
istry, crystallinity, mechanical and thermal stability, surface morphol-
ogy, were analyzed focusing on the influence of DES addition on both
biopolymer structures.

2. Chitin

Chitin, as the second plentiful natural polysaccharide after cellulose,
is created by N-acetyl-glucosamine and N-glucosamine (deacetylated)
units distributed aimlessly and connected by p-(1-4) bond. The differ-
ent orientations and packing of the chitin molecular chains result in the
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existence of chitin in three forms, including a-chitin, p-chitin, and y-
chitin. The a-chitin and f-chitin, owning antiparallel and parallel
chains, respectively, exist naturally in crustaceans and insects, and mol-
lusks, respectively. The y-form of chitin has newly been mentioned as a
different type of the a-chitin form but with some similarities to -chitin.
However, a-chitin includes a huge amount of hydrogen bonds, which
leads to a more stable structure compared to the other two forms
(Lasheen et al., 2019). The strong hydrogen bonding between the acetyl
groups in the fully acetylated chitin structure limits the dissolution of
chitin in the water and most organic solvents, as a result of the crys-
talline structure of chitin (Wang et al., 2020). Co-solvents revealed to
own high capability to produce high-quality chitin from the natural en-
vironment and crustaceans (Hong et al., 2019). The dissolution and ex-
traction of chitin by DES solvent have shown to be superior methods in
comparison to other solvents considering straightforwardness, effec-
tiveness, and biocompatibility. The high selectivity of DES structure to-
wards chitin contributes to obtaining it with high purity. Furthermore,
DESs are considered as the solvent to convert chitin powder into chitin
nanocrystals and nanofibers, which are more effective as a result of
high surface area and crystallinity for a wide range of utilization like
adsorption.

2.1. Chitin production techniques using DESs

Acid hydrolysis with a strong acid and the subsequent mechanical
fragmentation of products is cited as the typical technique to produce
chitin nanocrystals. TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radi-
cal oxidation)-mediated oxidation of a-chitin and the following ultra-
sonic process can be employed to generate chitin nanocrystals with
high crystallinity. In the TEMPO process, the hydroxyl groups of chitin
are oxidized to own higher density compared to carboxylate groups
(Fan, Saito, & Isogai, 2008). To avoid the oxidation of the chitin sur-
face, a hydrochloric acid hydrolysis technique can be performed on the
chitin structure for 60-120 min, then diluted by distilled water (Tan,
Lee, & Chen, 2020). The hydrolysis process is unrecyclable with large
produced acidic waste. DESs, as a new method for chitin production,
outperform in the production of chitin contrasted to conventional meth-
ods, as a result of higher biocompatibility, biodegradability, and cost-
affectivity. Likewise, reusability of DESs, adjustability of acidity of
DESs solutions by changing the molar ratio between HBA and HBD, and
the selectivity of DESs towards pure chitin structure in the dissolution
process, can be influential in the chitin extraction process, and chitin
production in the different forms including nanocrystals and nanofibers
(Ramirez-Wong et al., 2016). The superiority of the raw material and
solvent, along with the efficiency of the practical processes and the fea-
tures of the water, influence the quality of prepared chitin. Inappropri-
ately, the necessity of storing raw materials for a long time can affect
the quality of raw materials, causing a reduction in chitin quality (Huet
et al., 2020). This practical procedure can be changed to improve the
dissolution and functionality properties of chitin produced by DES.
Also, proper pre-treatment and/or storage strategies of raw materials,
together with the fitting of the applied procedure, can be utilized to
generate chitin with high quality using DESs solvents (Trung et al.,
2020). It was reported that a three-step physical pretreatment, includ-
ing drying, grinding, and sieving, can eliminate the protein and ash
contents from the chitin structure without reducing in chitin yield
(Hamed, Ozogul, & Regenstein, 2016). However, likely, these typical
methodologies may not satisfy the current demand and requirements of
chitin. Therefore, different strategies have been proposed to produce or
modify chitin. For instance, Yuan and his colleagues utilized choline
chloride (ChCl)-based DES including different acidic HBDs (e.g., oxalic
acid, lactic acid, malonic acid, citric acid, and DL-malic acid) to fabri-
cate chitin nanocrystals, as presented in Fig. 2a (Yuan, Hong, Lian,
Zhang, & Liimatainen, 2020).
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Fig. 2. a) Graphical representation of chitin nanocrystal production process using DESs (Yuan et al., 2020) (License number 5039160731302), b) graphical drawing
of chitin extraction from lobster shells using DES (Zhu, Gu, Hong, & Lian, 2017) (License number 5039161449479), c) strategy used for the extraction of chitin from
Lobster shell (Hong, Yuan, Yang, Zhu, & Lian, 2018) (License number 5039170306918).

In a different study, various DESs, including ChCl and betaine (act-
ing as HBAs) and organic acids, urea and glycerol (as HBDs), were eval-
uated considering their effectiveness in deproteinization and deminer-
alization for the preparation of chitin from the skimmed black soldier
fly. The mixture, including the insect (5 g) and different DESs (50 g),
was shaken at a temperature of 80 °C for 2 h. Chitin particles were sub-

sequently removed by a filtration process, followed by a washing
method utilizing deionized water, and finally air-dried at 80 °C in an
oven (Zhou et al., 2019). As a preliminary remark, it was proved that
that H* coming from HBA or HBD was the main agent for demineraliza-
tion, while intermolecular and intramolecular hydrogen bonds in nat-
ural DESs facilitated the removal of protein (Zhou et al., 2019). Cao et
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al. employed p-toluenesulfonic acid-ChCl (PTA-ChCl) DES to produce
the chitin nanocrystals. Similar to previous reports, the optimized
amount of chitin powder (5 wt%) and DES solution was stirred at 95 °C
for 30 min. Then, the DES-chitin blend was centrifuged for 20 min at
4000 rpm. Afterward, ethanol was added to the centrifuged chitin to
acquire a gel-like blend. This blend was then centrifuged for 20 min at
4000 rpm. The residual centrifuged chitin was washed twice by ethanol
and then dried under lyophilization (Jiang et al., 2020). In a further in-
vestigation, the study explored the ability of the nanocrystals as immo-
bilization support of porcine pancreas lipase, exhibiting good creden-
tials in biocatalysis (Jiang et al., 2020). Chloride-based DESs (e.g.,
ChCl-thiourea, ChCl-urea, ChCl-glycerol, and ChCl-malonic acid) were
employed to obtain chitin from lobster shells (Zhu et al., 2017), as illus-
trated in Fig. 2b.

Finally, since the resulting chitosan had a porous structure, it repre-
sents a promising material for adsorption (Castro-Muiioz, Gonzalez-
Melgoza, & Garcia-Depraect, 2021) and tissue engineering (Pérez-
Guzmén & Castro-Mufioz, 2020) applications. By using similar ChCl-
thiourea DES, Mukesh and his coworkers produced the a-chitin
nanofibers, where pure chitin powder (10 wt%) was poured into the
DES solution, the DES-chitin blend was agitated at 500 rpm at 100 °C
for 2 h. The obtained gel-like material was diluted by adding 10 mL of
distilled water. The distributed chitin was centrifuged at 10,000 rpm
for 10 min and then washed with deionized water to deacidify. The
deacidified chitin was subsequently ultrasonicated and followed by
nanofiber dehydration via lyophilization procedure (Mukesh, Mondal,
Sharma, & Prasad, 2014). The final chitin material was used to synthe-
size calcium alginate bionanocomposite gel beads for drug delivery,
which displayed improved elasticity compared with typical Ca-alginate
beads.

The acidic DESs based on citric, lactic, and malic acids were utilized
to produce O-acylated chitin from shrimp shells in simultaneous decal-
cification, deproteinization, and acylation processes. In this study, the
molar ratio of both HBA and HBD elements forming the DES was evalu-
ated since their molar ratio greatly defines the physicochemical proper-
ties (solubility, viscosity, etc.) of the resulting eutectic mixture
(Sarmad, Xie, Mikkola, & Ji, 2016). Similar to Yuan's study (Zhou et al.,
2019), Feng et al. also stated that H* release from ChCI-DL malic acid
was the main responsible to remove calcium carbonate and start acyla-
tion reaction. Here, the protein was decomposed into amino acids
thanks to the acidity of the DES and hydrogen bonding formation (Feng
et al., 2019).

Lobster shell powder was also treated with four different ChCl-based
DESs (Hong et al., 2018). The overall production process is represented
in Fig. 2c (Hong et al., 2018). The ability of deproteinization and de-
polymerization of DES was associated with the acid used. The ChCl-
malonic acid offered the highest yield (~22%) and purity (~93%). It is
worth mentioning that the kind of used DES, depending on the type of
organic acid and temperature, influenced the molecular weight of the
resulting chitin. Moreover, after the morphological characterization, it
was noted that the resulting chitin owned a width ranging from 400 to
1000 nm, while the chitin fibers showed an arrangement side by side.
Also, chitin displayed a porous structure, which opens the possibility to
use it for targeted applications, e.g., adsorption of dye and metal ions
(Ursino et al., 2018).

Ramirez-Wong and his colleagues proposed ChCl-urea and hexafluo-
roisopropanol (HFIP) to tune the crystallization of chitin-based films
with p-dihydrated- or y-chitin structures (Ramirez-Wong et al., 2016). A
ChCl-urea with a molar ratio of 1:2 was combined with chitin (2 wt%)
from shrimp shells, which were later agitated at 100 °C to attain a ho-
mogeneous solution. To some extent, the interaction of a-chitin with
ChCl-urea fostered a y-mono-phase in the films, which is illustrated in
Fig. 3 (Ramirez-Wong et al., 2016).

Zhao and his colleagues eliminated minerals and proteins from
shrimp shells to produce chitin powder. Deproteinization and deminer-
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B-dihydrated B

Fig. 3. Illustration of chitin chain arrangement in the phases p-dihydrated, §, o,
and y.

alization processes were performed by different DESs (betaine HCI-
urea, ChCl-urea, ChCl-ethylene glycol, ChCl-glycerol) with the assis-
tance of microwave, and citric acids, respectively (Zhao, Zhu, et al.,
2019). In another study, shrimp shells and DESs were mixed with the
different ratios of 1:5, 1:10, and 1:20, then the mixture was heated
(700 W microwave irradiation) and centrifuged to remove chitin pow-
der (Huang, Zhao, Guo, Xue, & Mao, 2018).

Commonly, the extraction process of chitin can be started by the dis-
solution of raw chitin resources into the DES solution, which causes the
DES-chitin solution, in which chitin structure is dissolved in the DES,
and the minerals and other components stay undissolved. Then, the
minerals are removed from DES-chitin solutions by centrifugation
process. Pure DES-chitin is processed in a water coagulation bath, to re-
vitalize (or to ‘crystallize’) the polymer and remove the DES. The crys-
tallized chitin polymer is furthermore rinsed by deionized water to re-
move DES. The combination of raw material of chitin with chloride-
based DES at 100 °C for 2 h can be proposed for production or modifica-
tion of chitin structure. In addition, microwave and ultrasonication
processes can cause time and temperature reduction necessary for
chitin dissolution. While the hot glycerol trailed by grinding in the cit-
ric acid could remove impurities from the chitin structure. The utiliza-
tion of hot water and CO, can result in chitin with a high degree of pu-
rity (~90%) (Van Hoa, Vuong, Minh, Cuong, & Trung, 2020). Table 1
compares the degree of deacetylation and the yield of different pro-
duced chitins considering different sources of chitin and DES. The com-
bination of betaine hydrochloride (HBA)-ferric chloride hexahydrate
(HBD) DES and shrimp shell, as the resource of chitin, showed the high-
est yield for the production of chitin nanocrystals, in comparison to
other conditions. Also, the degree of deacetylation was recorded as high
as 95.59% for the mixture of betaine-urea DES and chitin originated
from insects. In the next sections, the chemistry and morphology of the
resulting DES-chitin structures will be discussed meticulously.

Generally, shellfish wastes include proteins, lipids, minerals, pig-
ments, and chitin. The most efficient method for chitin extraction can
isolate the most amount of chitin and remove the other ingredients as
much as possible. The demineralization process using DES, as the first
step in chitin extraction, is the most important part. The HBA of DES is
the determining factor for high chitin extraction from raw material. The
more efficient HBA can remove more minerals from the spaces between
the chitin-protein fibers which leads to the better deteriorating of the
connection within the inner structure of shellfish waste and a better dis-
solution process. Also, the second step is deproteinization of demineral-
ized chitin, which can be affected by the strength of DES to disrupt the
hydrogen bond of the demineralized shellfish waste structure. The bet-
ter-demineralized waste means the higher penetration of DES into the
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Table 1
Yield and degree of deacetylation comparison for variously produced chitins from different sources and DES combinations.
The source of chitin HBA HBD Application Yield (%) Degree of Ref.
deacetylation (%)
Crab shell ChCl Oxalic acid dihydrate  Chitin nanocrystals 79.5 - (Yuan et al., 2020)
production
Crab shell ChCl Lactic acid Chitin nanocrystals 87.5 - (Yuan et al., 2020)
production
Crab shell ChCl Malonic acid Chitin nanocrystals 84.1 — (Yuan et al., 2020)
production
Crab shell ChCl Citric acid Chitin nanocrystals 82.3 - (Yuan et al., 2020)
monohydrate production
Crab shell ChCl DL-Malic acid Chitin nanocrystals 79.6 - (Yuan et al., 2020)
production
Insect chitin (Hermetiaillucens)  Betaine Urea Chitin extraction 26.71 95.59 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens)  Betaine Glycerol Chitin extraction 25.47 89.52 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens)  Betaine DL-lactic acid Chitin extraction 25.70 88.29 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens)  Betaine Oxalic acid Chitin extraction 22.85 84.17 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens)  Betaine n-Butyric acid Chitin extraction 24.53 94.39 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens)  ChCl Urea Chitin extraction 22.82 80.19 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens) ~ ChCl Glycerol Chitin extraction 22.85 91.48 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens) ~ ChCl DL-lactic acid Chitin extraction 16.4 70.34 (Zhou et al., 2019)
(powder)
Insect chitin (Hermetiaillucens) =~ ChCl Oxalic acid Chitin extraction 23.25 90.70 (Zhou et al., 2019)
(powder)
Lobster shell ChCl Malic acid Chitin extraction 90 95.11 (Hong et al., 2018)
(Powder)
Shrimp shells ChCl Malic acid O-acylated chitin 56.60 - (Feng et al., 2019)
production
Commercial chitin ChCl Thiourea Nanofiber production 84 - (Feng et al., 2019)
Lobster shells ChcCl Malonic acid Chitin extraction 20.36 - (Zhu et al., 2017)
(Powder)
Shrimp shells (Marsupenaeus ChCl Malonic acid Chitin extraction 19.41 - (Saravana et al., 2018)
Jjaponicas) (Powder)
Shrimp shells Betaine Ferric chloride Chitin nanocrystals 88.5 - (Hong, Yuan, Zhang, Lian, &
hydrochloride hexahydrate production Liimatainen, 2020)
Shrimp shells ChCl ZnCl, Chitin nanocrystals 61.6 - (Hong et al., 2019)
production
Shrimp shell Betaine HCl Urea Chitin powder 23 - (Zhao, Huang, et al., 2019)
Shrimp shell ChCl Urea Chitin powder 25 - (Zhao, Huang, et al., 2019)
Shrimp shell ChCl Ethylene glycol Chitin powder 24 - (Zhao, Huang, et al., 2019)
Shrimp shell ChCl Glycerol Chitin powder 22 - (Zhao, Huang, et al., 2019)
Shrimp shell ChCl Malic acid Chitin powder More than - (Huang et al., 2018)
80
Shrimp shell ChCl Malic acid Chitin powder - 33 (Vicente, Hus, Likozar, & Novak,
2021)
Shrimp shell ChCl Oxalic acid Chitin powder - 20 (Vicente et al., 2021)

inner structure of waste material and more disruption of hydrogen bond
consequently improved chitin deproteinization and extraction.

2.2. Characterization of DES-chitin structures

The different combinations between DES and chitin, the resources of
raw chitin, together with the preparation methods, can influence the
character and chemistry of produced DES-chitin structure. It is essential
to study the chemistry and morphology of prepared DES-chitin struc-
tures to understand the chemical interaction between different compo-
nents in the DES-chitin network and, the effect of these interactions on
the morphology of formed DES-chitin. Therefore, the chemistry, includ-
ing the interaction between different functional groups of DES and
chitin structures, will be detailed in the next section. Also, the morphol-
ogy, containing crystallinity, surface morphology, and the mechanical
and thermal stability of prepared DES-chitin constructions have been
detailed.

2.2.1. Chemical properties of DES-based chitin structures

The hydroxyl (OH) groups of chitin are substituted by the acetyl
amine group, which contribute to a poly (N-acetyl D-glucosamine) or
poly-p-[1,4]-N-acetyl-D-glucosamine structure of chitin. The degree of
acetylation (DA) and deacetylation (DD), as important parameters of
prepared chitin, can be defined by the repetitive units of N-acetylated -
1,4-D-glucosamine in the biopolymer and the percentage of §-1,4-D-
glucosamine units in the polysaccharide, respectively (Joseph,
Krishnamoorthy, Paranthaman, Moses, & Anandharamakrishnan,
2021). The area of chitin application can be assigned by the viscosity
and molecular weight of chitin. For instance, chitin with low and high
molecular weight can be employed in environmental (high biodegrad-
ability) and tissue engineering (high strength), respectively. Also, the
chitin with high DA is more suitable for nutraceutical delivery systems
as a result of gentler degradation rates to lysozymes. The a-chitin
arrangement can be found in the abundant sources, including krill, lob-
ster, crab, and insect. Delipidation, demineralization and, deproteiniza-
tion of chitin by chemical materials are traditional steps to extract
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chitin from raw materials. 80% of fats in the triacylglycerol form in
chitin can be removed by using ethanol at high temperatures that re-
sults in eliminating useful materials such as organic aromatic com-
pounds in the duration of delipidation. The splitting chemical bonds be-
tween chitin and proteins in the deproteinization process need a long
time, which causes an expensive chitin extraction process. Additionally,
calcium carbonate and different acids, including sulfuric, hydrochloric,
and nitric, are involved to extract chitin from the raw sources in dem-
ineralization. In this technique, the breakdown of calcium carbonate
into calcium chloride emits carbon dioxide. Chemically hazardous ma-
terials and unsafe processes have been announced for the demineraliza-
tion process (Mohan et al., 2020). In addition, low crystallinity, and
prolonged hydrogen bonding resulted in the low solubility and reactiv-
ity of chitin produced by traditional methods, restrict the industrializa-
tion and commercialization of chitin (Pdaduretu, Apetroaei, Rdu, &
Schroder, 2018). DESs can be utilized to practicalize the employment of
chitin in the industry by enhancing the solubility of chitin, and the
straightforwardness and biodegradability of the chitin extraction
process. The straightforward synthesis procedure, non-toxicity,
reusability and, biodegradability are cited as the main superior features
of DES solvents contrasted to other conventional solvents (Kumar et al.,
2020). DESs are widely consumed in biomass processing such as chitin
extraction since they have negligible volatility and are water-miscible
at room temperature. From the chemistry point of view, the disruption
of the hydrogen bonding network is essential to dissolve chitin in the
DES solution. The polarity of DES and p-chitin value, as well as the kind
of HBA and HBD in the DES, can affect the solubility and extraction
process of chitin. The three forms of chitin (a-, f-, and y-chitin) own a
strong hydrogen bonding network using the hydroxyl and N-acetyl
groups in the chitin structure (-NH---O=—=C and —-OH---O=—=C hydrogen
bonds). The parallel structure of -chitin and antiparallel structure of o-
chitin contribute to the intra-polymer interactions. The more effective
selection of DES means the more influential chitin extraction process.
The more selective dissolution of chitin with higher disruption of hy-
drogen bonding can cause a more effective extracted chitin process by
DES solvent. The structure of DES comprises a cation, an anion, and a
neutral constituent. For instance, the anions of DES solvent can perform
the dissolution process of chitin from raw biomaterial such as shrimp
shells. In DES, the cations belonging to the HBD's of DES solvent bind to
the anions of HBA, which cause a complex bulky ion. Then, anions cre-
ate a hydrogen bond with the proton from the OH group in the chitin.
Consequently, the cations of HBD in the DES simply interact with the
corresponding anions in the shrimp shell structure (Zulkefli,
Abdulmalek, & Abdul Rahman, 2017). Many other operational factors
can influence the interaction between chitin and DES. The molar ratio
between HBD and HBA, temperature, and pH of DES mixture, along
with the raw material of chitin, can influence the quality of produced
chitin structure. Studying the chemistry of DES-chitin networks, e.g.,
using analysis like FTIR can present valuable information regarding
DES and chitin interactions.

The mixtures of ChCl (HBA) and various organic acids (HBD), in-
cluding oxalic acid, lactic acid, malonic acid, citric acid, and DL-malic
acid, have been evaluated in the construction process of chitosan
nanocrystals originated from crab shells. DES, containing lactic acid,
malonic acid, and citric acid, displayed higher differences in particle
size distribution and higher transparent chitosan nanocrystals in com-
parison to oxalic acid and DL-malic acid, as a result of the reaction be-
tween carboxylic acids of DES and hydroxyl groups of chitin, which
caused ester bonds. Ester groups play as a steric wall that chunks hydro-
gen bonding between the chitin chains, which contribute to improving
chitin disintegration to produce nanocrystals. DES-based chitin
nanocrystals exhibited outstanding dispersibility in water, which is
valuable in producing composites covering dispersed chitin-based
structures for water treatment utilization. The mass yield of chitin
nanocrystals generated by DES showed a superior amount compared to
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traditional mineral acid hydrolysis-based chitins because of the esterifi-
cation process of the hydroxyl groups of chitin established from the cre-
ation of monoester or diesters. Differently from pure chitin, FTIR analy-
sis revealed the connection between carbonyl vibrations of ester and
carboxylic acid group (1734 cm™!) in the DES-based chitin (Yuan et al.,
2020).

Different DESs were synthesized by the combination of ChCl and be-
taine, as HBAs, and organic acids (oxalic acid, lactic acid, and butyric
acid), urea and glycerol, as HBDs. The degree of the acidity of the HBD
was reported as oxalic acid > lactic acid > butyric acid > glycer-
inum > urea. The result showed that when ChCl (HBA), as an alkali
chemical, mixed with an HBD with lower pH can produce chitin with
higher yield and a higher degree of deacetylation (DD) values. Equally,
the combination of betaine (HBA) as an acidic chemical and an HBD
with more pH value can result in chitin with more DD (Zhou et al.,
2019). The existence of amide I band (1624 and 1660 cm~!) proved the
creation of two kinds of hydrogen bonds between carbonyl groups of
DES, and -NH and —OH groups of chitin. The functional groups of raw
chitin remain unchanged in the conversion process of chitin to
nanocrystals using P-toluenesulfonic acid/ChCl DES (Jiang et al.,
2020). ChCl-thiourea DES-based chitin displayed higher purity in con-
trast to other DES-based chitin (ChCl-urea, ChCl-glycerol, and ChCl-
malonic acid). The amide band was identified by 1477 cm™! in the FTIR
analysis, which was stronger for ChCl-thiourea DES-based chitin com-
pared with other DES-based chitins. The more existence of amide bands
in the chitin structure means the higher removal of proteins from the
chitin structure, which causes purer chitin (Zhu et al., 2017). The FTIR
results of the ChCl-thiourea DES-chitin structure demonstrated the
presence of DES-extracted chitin in calcium alginate beads, which can
be consumed in the pharmaceutical industry for drug delivery (Mukesh
et al., 2014). The eutectic mixture of ChCl and organic acids, including
L-lactic acid, L-malic acid, D-malic acid, DL-malic acid, and citric acid,
was used to carry out the decalcification and deproteinization of raw
chitin towards O-acylated chitin production. Following the FTIR analy-
sis, the amide I peak, as a sign of protein, disappeared in the DES-based
chitin compared with the pristine chitin. The production of O-acylated
chitin was approved by the additional bands (1738 cm™1) related to the
C=O0 group in the FTIR analysis of DES-based chitin. DES showed the
impressive ability to simultaneously eliminate the calcium carbonate
and protein from the chitin structure, which led to purer chitin. The
protein and calcium carbonate removal was influenced by the compo-
nents and the mole ratio of the organic acid in DES, and the pH of DES
solutions, respectively. L-Malic acid-produced chitin exhibited higher
protein removal as a result of the higher acidity of the DES solution. L-
Malic acid was selected as the optimal HBD to evaluate its effectiveness
on the degree of acylation of chitin. The effect of operational conditions
was evaluated in producing chitin. The temperature (~130 °C) was
recorded as the optimal temperature to fabricate chitin with the highest
yield. The higher temperature demonstrated the more beneficial in re-
moving carbonate and protein from the chitin structure. The influence
of the mole ratio between shrimp shells and DES was examined. The
outcomes showed that the increased amount of DES in comparison to
shrimp shells can destroy the hydrogen bonding network of the amino
group and thus decrease the yield of produced chitin. The molar ratio of
1:10 between shrimp shells and malic acid was announced as the opti-
mal molar ratio (Feng et al., 2019). Dissolution of chitin contains two
main steps including demineralization and deproteinization. The space
between the chitin-protein fibers is occupied with proteins and miner-
als. The superiority of demineralization depends on the ability of HBA
to remove minerals (crystalline CaCO3) from the spaces between the
chitin-protein fibers which causes the failure of the linkages within the
inner structural organization of the shrimp shells and superior dissolu-
tion process. Also, the extent of chitin deproteinization depends on the
amount of hydrogens bonds formed between DES and shrimp shell com-
ponents. The hydrogen bond interactions in the shrimp shells are debili-
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tated by contending hydrogen bond formation between the DES struc-
ture and carbohydrates of shrimp shells structure, which contribute to
the breakage of the intramolecular hydrogen bond network of shrimp
shell, chitin dissolution in DES, and chitin separation from the proteins.
Lobster shell samples were preliminarily demineralized by a hydrochlo-
ric acid-pre-treated process. The deproteinization of the lobster shell
was performed using ChCl-based DES mixtures. At this point, the DESs
were prepared by merging ChCl and different HBD (e.g., malonic acid,
malic acid, lactic acid, levulinic acid). The order of magnitude of depro-
teinization of lobster shell samples was attributed to the kind of acid
used in HBD, as follows: ChCl-malonic acid > ChCl-Lactic
acid > ChCl-malic acid > ChCl-levulinic acid. The partial hydrolysis
of chitin under a high concentration of acid condition of DES led to low-
ered viscosity of DES-treated chitin compared to chitin extracted by
conventional methods. Moreover, glycosidic bonds in chitin were hy-
drolyzed by the acidity of DES mixtures causing a reduction in molecu-
lar weight.

The DA of chitin was recently evaluated using different DES mix-
tures. The outcomes revealed that the different DESs own minimal in-
fluence on the DA of chitin. As shown in FTIR analysis, it was proved
that the chemistry of DES-treated chitin and pure chitin is almost iden-
tical. O—H and N—H stretching, CH, asymmetric stretching, CH, CH3
symmetric stretching, and three significant amide bands (Amide I,
Amide II, and Amide III) appeared in both DES-extracted chitin and
chitin. However, the disappearance of the 1477 cm™! band in DES-
extracted chitin compared to pure chitin was ascribed to the depro-
teinization effect of DES (Hong et al., 2018). In a different work, ChCI-
lactic acid and betaine-glycerol increased the disruption of chitin's ro-
bust hydrogen bonding and facilitated the NaOH penetration compared
to ChCl: oxalic acid, which caused higher deacetylation and dissolution.
The high degree of deacetylation (ca. 80%) for chitin produced by DES
was comparable with other conventional methods for chitin extraction
(Vicente, Bradié¢, Novak, & Likozar, 2020).

Many reasons can be mentioned for the appropriateness of DESs as
solvents for the extraction, and production of chitin in different forms,
including powder, nanocrystals, and nanofibers. The donating and ac-
cepting capability of protons and electrons in the DES structure affect
the efficiency of the chitin extraction process, which can increase or de-
crease the attendance of hydrogen bonding, and consequently, increase
or decrease the dissolution ability of DES. The more NH; or OH groups
in DES structure and a robust intermolecular hydrogen bonding reduces
the ability of DES for the collapse and dissolution of chitin. Existing of
strong electron-withdrawing groups in DESs accelerates the disruption
of hydrogen bonds, therefore increase the dissolution of the chitin. Fig.
4 displays the general dissolution process of chitin, where the ac-
etamido and hydroxyl groups of the chitin structure were concentrated
by HBA molecules of DES solutions, resulting in the cleavage of intra-
and intermolecular hydrogen bonds of chitin (Fig. 4a).

Then, HBAs were connected to chitin (NH-HBA-HO) by hydrogen
bonding, which contributed to the twisting and peeling of the molecu-
lar chain. Instantaneously, HBD molecules of DES penetrated gaps be-
tween the molecular chains and thus prohibited restoration of the crys-
talline phase of chitin after the peeling (Fig. 4b). Lastly, the chitin
chains were distributed in solution as the entirely isolated molecular
form (Fig. 4c). The stable and crystalline features of chitin limit the
processability and solubility of raw chitin. In addition, the existence of
acetamido groups, which contribute to the preservation of intra- and in-
ter-molecular hydrogen bonds, can increase the toughness of the chitin
structure to be dissolved. The anions of DES solvents tie to acetamido
and hydroxy groups of chitin chain using hydrogen bonds which give
rise to deteriorating both the intra- and intermolecular hydrogen bonds
(NH...O=C and OH...0O=() in the crystalline structure of chitin, and
flexibilization of chitin chain. Also, the interaction between functional
groups of DES, such as chlorides, and acetamido and hydroxyl groups of
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chitin, leads to a reduction in the solubility of chitin in the DES solvents
(Sharma, Mukesh, Mondal, & Prasad, 2013).

Furthermore, the high acidity of DES solution can raise hydrogen
bonding disruption of chitin structure, and increase chitin dissolution
process out of consideration of the subtle nature of chitin when unpro-
tected from acids. The higher temperature of the DES-chitin mixture
can contribute to the more collapse of connections between the inter-
molecular hydrogen bonding of chitin, and easier the dissolution of
chitin structure. From the biocompatibility point of view, most of the
DESs are based on simple components, such as organic acids (lactic,
malic, citric, succinic acids) and primary metabolites (such as amino
acids and choline), which exist in the living cells conferring high bio-
compatibility.

2.2.2. Morphology of DES-based chitin structures

The surface morphology of chitin can be divided into five different
categories, comprising 1) rough and hard surface morphology without
any nanofibers and pores, 2) only nanofibers, 3) the combination of
pores and nanofibers, 4) two types of pores in combination with
nanofibers, and 5) only pores (Li, Qin, & Zhao, 2020). As previously
mentioned, higher porosity and crystallinity of chitin structure mean
more usability of chitin in heavy metal removal with higher adsorption
capacity (Duan et al., 2013). Moreover, chitin with fibrillar surface con-
struction can be beneficial in the textile industry. For example, the o-
form, as the dominant form of chitin compared to - and y-forms with
anti-parallel packing, owns the layers of approximately 20 single
chains, in which the fibrils are steadied by the intramolecular interac-
tion between hydrogen bonding (Liao & Huang, 2020). The number of
hydrogen-bonding interactions in the chitin structure determines its
thermal and mechanical stability. The more hydrogen bonding between
chitin structure and water molecules in the extraction process means
less intramolecular interactions between hydrogen bonding of chitin
network with lower packing tightness and strength, which cause chitin
with lower crystallinity, and mechanical and thermal stability (Q. Ma et
al., 2020). In addition, the high degree of hydration or acidic hydrolysis
of chitin can decrease the thermal and mechanical stability because of a
reduction in the numbers of inter-and intra-molecular hydrogen bond-
ing (Singh, 2019). Crucially, the appropriate selection of solvent for
chitin extraction to prevent a reduction in the mechanical and thermal
stability, and crystallinity, is the main challenge in chitin production,
which in fact can be solved by DESs. Chitin extraction using DESs has
been focused to raise the crystallinity, thermal stability, mechanical
strength, and cost-effectivity of produced chitin. DES can be utilized in
chitin extraction without disrupting inter-and intra-molecular hydro-
gen bonding in the chitin structure. SEM analysis can be employed to
comprehend the surface morphologies of the chitin produced by DES,
while other features of the chitin, such as physical, mechanical, and
crystallinity stability, can be evaluated by XRD analysis. Also, TG analy-
sis is a reliable method to estimate the thermostability of chitin. Ther-
mal stability can indeed decide the possibility of chitin usage in the ap-
plications such as extreme biomimetics.

Chitin nanocrystals, created from crab shells, were prepared by the
DES solvent originated from mixing ChCl and various organic acids, in-
cluding oxalic acid, lactic acid, malonic acid, citric acid, and DL-malic
acid. AFM analysis recorded sizes from 29 to 83 nm for the diameter of
chitin nanocrystals. Furthermore, the length of malonic acid-based
chitin nanocrystals displayed the shortest quantity among other DES-
based nanocrystals chitins, which was attributed to the easy penetra-
tion of malonic acid into the amorphous part of chitin, enhancing the
hydrolysis process. High compatibility between DESs and chitin struc-
tures preserved the crystallinity of DES-base chitin nanocrystals con-
trasted with pristine chitin structure. Lactic and DL-malic acid DES-
based chitin nanocrystals proved lower thermal stability compared to
pure chitin, while oxalic acid, malonic acid, citric acid-based DES chitin
nanocrystals showed unchanged thermal stability. The stability of
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4 The cleavage of intra and intermolecular hydrogen bonds
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Fig. 4. Dissolution process of chitin by DES made of hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD).

chitin nanocrystals at high temperature for chitin processing (up to
200 °C) demonstrated themselves as potential reinforcements for hy-
drolysis.

DESs can decrease or increase the crystallinity of chitin. The break-
ing of intramolecular and intermolecular hydrogen bonds and the for-
mation of amorphous chitin, as a result of DES utilization, can decrease
the crystallinity of chitin.

In addition, the acidity of DES can contribute to the hydrolysis of the
amorphous regions without any destructive effect on the crystalline ar-
eas of chitin structure. In other words, DESs can lead the chitin struc-
ture to acquire less amorphous and higher crystallinity construction.

XRD analysis of betaine-oxalic acid-DES-prepared chitin presented
that the crystallinity of chitin decreased from 51.76 to 38.82% com-
pared to intact chitin, which was associated with the splitting of intra-
and intermolecular hydrogen bonds and the production of amorphous
chitin after the treatment of chitin surface by DES solutions. According
to TG analysis, lactic acid and butyric acid DESs-based chitins displayed
lower thermal stability in comparison to pure chitin as a result of the
lower molecular weight of DES-based chitin. Chitin treated with lactic

acid and butyric acid DESs exhibited bigger pore sizes compared to the
pure and acid/alkali-extracted chitin (Zhou et al., 2019).

When P-toluenesulfonic acid/ChCl (PTA-ChCl) DES was used to pro-
duce chitin nanocrystals, the crystallinity of pristine chitin and PTA-
ChCl DES-treated nanocrystals chitin showed similar outcomes, while
SEM images revealed that the chitin structure owned an irregular mor-
phology as opposed to nanocrystals including PTA-ChCl DES with regu-
lar and rod-like shape structure. The sizes of 293.4 nm and 26.6 nm
were calculated for the length and width of PTA-ChCl DES-treated
nanocrystals chitin, respectively (Jiang et al., 2020).

XRD pattern proved that ChCl-malonic acid-based produced chitin
possessed lower crystallinity in comparison to pure chitin as opposed to
other (ChCl-thiourea, ChCl-urea, ChCl-glycerol) DES-based chitins,
showing equal crystallinity compared to pristine chitin. CaCOs is an in-
organic constituent of lobster shells in the chitin structure. The ChCl-
malonic acid-based chitin displayed lower crystallinity contrasted to
pure chitin, which was attributed to the vanished peak related to CaCO3
in XRD results. The acidity of ChCl-malonic acid removed CaCO3 from
the chitin structure, which caused the crack of intra-and intermolecular
hydrogen bonds. This crack led to the generation of an amorphous
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chitin structure with a tiny lower crystallinity. TGA analysis demon-
strated that the thermostability of chitin is dischargeable when ex-
tracted by DES. The extreme degradation temperatures of chitin sam-
ples were observed at the temperature of 349 °C. SEM images pictured
the smaller particle size of DES-based chitin compared to pure chitin.
The smaller particle sizes of chitin were caused by the easier dissolution
of chitin in the DES (Zhu et al., 2017). ChCl-thiourea DES was utilized
to produce chitin nanofibers, as strengthening fillers for calcium algi-
nate beads. DESs can eliminate minerals and proteins in the chitin ex-
traction process, and consequently increase the smoothness of the
chitin structure. The SEM images of DES-treated chitin indicated slim-
mer and unaggregated nanofibers compared to untreated chitin with
agglomerated structure. The chitin nanofibers produced by DES pre-
sented a higher yield (ca. 84%) in contrast to HySO4-produced chitin
nanofibers. Interestingly, NMR analysis was in agreement with the XRD
pattern that revealed the attendance of carbonyl band of the amide of
chitin in all DES-based chitin nanofibers, this testified the preservation
of chitin structure after incorporation with DES precursors. Chitin
nanofibers prepared by DES solution offered lower width (between 25
and 45 nm) and higher length (between 163 and 450 nm) compared
with HySO4-prepared chitin. The lower width and higher length could
be more suitable in the construction of nanofibers (Mukesh et al.,
2014).

ChCl, as HBA, and different HBDs (malonic acid, malic acid, lactic
acid, levulinic acid) revealed crystallinity values in chitin samples of
87.48%, 79.82%, 82.21%, 81.27%, and 84.56% values for pure chitin,
ChCl-malonic acid, ChCl-malic acid, ChCl-lactic acid, ChCl-levulinic
acid, respectively. The results disclosed the minimal difference between
DES-based chitin and pure chitin. TG analysis confirmed higher thermal
stability of pure chitin in comparison to other DES-based chitin, which
can be described by the higher molecular weight and crystallinity of
pure chitin. SEM images implied the larger pore size in the DES-based
chitin structure compared to other conventional chemically extracted
chitin, which was attributed to the hydrolysis of produced chitin under
the high acidity of the DES mixture. DES reduced the ash content in the
chitin production process because of lessening calcium carbonate and
other minerals from the raw material, which results in remaining the
original morphology of chitin (Fig. 5) (Hong et al., 2018).

Wong et al. prepared chitin films using ChCl-urea, to increase the
crystallinity and thermal stability of prepared DES-based chitin films,
and compare them to the standard chitin. High dispersion of chitin
without aggregation was cited as the main reason for the high crys-
tallinity of chitin film prepared by DES, which formed the high thermal
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stability of chitin film. DES as a solvent for chitin preparation was pre-
ferred over other conventional solvents because of the high biodegrad-
ability, high crystallinity, and thermal stability of resulting DES-chitin
films (Ramirez-Wong et al., 2016). Also, ChCl-lactic acid and betaine-
glycerol increased the disruption of chitin's robust hydrogen bonding
and facilitated the NaOH penetration compared with ChCl-oxalic acid
DES, which generated higher deacetylation and dissolution. The high
degree of deacetylation (80%) was comparable with other conventional
methods for chitin extraction (Vicente et al., 2020). a-Chitin was dis-
solved in different DESs, including ChCl-urea, ChCl-thiourea, and be-
taine hydrochloride-urea, by Sharma et al. (M. Sharma et al., 2013),
who noticed that ChCl-thiourea-based chitin displayed a more regular
distribution of fibers with a homogeneous macrostructure contrasted to
other DES-based chitin fibers. According to Sharma's analysis, the crys-
tallinity of the chitin structure was disrupted in the DES mixture, which
was associated with the breaking of the hydrogen bonds, resulting in a
better chitin dissolution (M. Sharma et al., 2013). Chitin originated
from shrimp shell was extracted using ChCl-malonic acid DES to pre-
pare chitin films. DES-based and pristine chitin films displayed heavily
dimpled, some coarse and extremely fibrous structures on their clave
surfaces, illuminating an analogous arrangement of chitin. This was as-
sociated with N—H---OC hydrogen bonds connected to the parallel
chitin chains by the amide groups. (Saravana et al., 2018). Ferric chlo-
ride hexahydrate and betaine chloride were mixed with chitin to form
chitin nanocrystals. The average diameter, length, and crystallinity of
chitin nanocrystals were calculated at about 10 nm, 268 nm, and
89.2%, respectively. Interestingly, a rod-like morphology was observed
for chitin nanocrystals, which were compared to the attained O-
acetylation chitin nanocrystals. The outcomes declared that the acetyl
groups of attained O-acetylation chitin nanocrystals weaken the hydro-
gen-bonded crystalline structure of chitin and reduce the crystallinity of
nanocrystals evaluated with DES-extracted chitins (Hong et al., 2020).

In conclusion, the molecular chains of the chitin structure were ori-
ented in an antiparallel arrangement, which can cause the construction
of a thermodynamically stable grid, reinforced by plentiful hydrogen
bonds. DESs can be divided as good (ChCl-thiourea, ChCl-urea,
ChCl-glycerol) and poor (ChCl-malonic acid) solvents considering their
capability in changing the number of hydrogen bonding of chitin. The
less disruption of hydrogen bonds guarantees more stable chitin in
terms of thermal and mechanical properties. The resulting DES-chitin
structure with more hydrogen bonds can be ascribed by the appropri-
ateness of DES solvent for chitin extraction, which results in a chitin
network with higher thermal stability, mechanical strength, and crys-
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Fig. 5. Chitin isolation from lobster shell powder using DES (Hong et al., 2018) (License number 5040650130565).
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tallinity. Stacking sheets of chitin structure in the good solvents par-
tially vanished with a molecular distribution of chitin chains. The peel-
ing of the molecular chain of chitin structure in bad solvents was not
detected. Inappropriate DES solvent for chitin causes the cleavage of
hydrogen bonds (OH...0) and the separation of a crystal into blocks.
The thermal stability of DES-based chitin depends on its crystallinity.
The higher crystallinity of DES-based chitin structure is related to
higher thermal stability. Also, the pore size of DES-based chitin can be
larger than pure chitin out of consideration the hydrolysis of chitin un-
der harsh acid circumstances in the production process of chitin.

3. Chitosan

Chitosan, as biopolymer and polysaccharide, contains N-acetyl D-
glucosamine and D-glucosamine units, which can be produced from the
deacetylation of chitin (Khajavian et al., 2020a, b). Chitosan is identi-
fied as the soluble form of chitin, and it has been used in many indus-
tries, such as food packaging (Diaz-Montes and Castro-Muifioz, 2021a,
b) and membrane technologies (Castro-Mufoz & Gonzdlez-Valdez,
2019), in different forms like film, since it exhibits superior features, in-
cluding biodegradability, non-toxicity, functionality, biocompatibility,
cost-effectivity, and availability in nature (Zinadini et al., 2014). As
previously introduced, the low mechanical stability and weak plasticity
generally limit the development and consolidation of chitosan films.
The use of synthetic polymers and DES in the chitosan network can up-
regulate the mechanical strength of chitosan films. However, synthetic
polymers, like polyvinyl alcohol as the best choice in the synthetic poly-
meric utilization approach, cannot increase the mechanical strength of
chitosan films high enough to industrialize the chitosan films
(Vatanpour, Salehi, Sahebjamee, & Ashrafi, 2018). Also, the discharge
of synthetic polymers from the synthetic polymer-prepared chitosan
films can decrease the biocompatibility features of produced chitosan
film. DESs, as the new alternative for synthetic polymers in the chitosan
structure, can be employed to not only increase the mechanical stability
of chitosan film, but also the plasticity. High mechanical stability and
plasticity can be valuable in the membrane and food packaging indus-
tries, respectively. In the case of food packaging, chitosan has been
highlighted within the alternatives of “green packaging” (Hosseini &
Gémez-Guillén, 2018), becoming more attractive when blended with
nutraceutical compounds (Diaz-Montes and Castro-Mufioz, 2021a, b;
Martins, Cerqueira, & Vicente, 2012).

3.1. Chitosan film production using DESs

Chitosan is the N-deacetylated derivative of chitin with a distinctive
degree of acetylation between 0 and 50%. The crustacean shells, as the
abundant sources of chitin, can be commercially used to produce chi-
tosan. Chitosan structure includes plenty of amino and hydroxyl func-
tional groups. The amino functionality of chitosan can cause various
chemical reactions, including acetylation, quaternization, and specific
interactions in aldehydes and ketones alkylation, grafting, chelation of
metals, which result in the production of various interesting materials
displaying several properties, such as antimicrobial, anti-acid, antiul-
cer, non-toxic, non-allergenic, total biocompatibility and biodegrad-
ability, etc. Furthermore, the hydroxyl functional groups of chitosan
can facilitate several chemical interactions containing, o-acetylation, H-
bonding, grafting, etc. (Pillai, Paul, & Sharma, 2009). Cost-effectivity
and high adsorption capacity result in using chitosan-based films for
heavy metal adsorption (Castro-Mufoz, Gontarek, & Figoli, 2019;
Lasheen, El-Sherif, Tawfik, El-Wakeel, & El-Shahat, 2016). In addition,
the food packaging industry has focused on using chitosan due to its
good film-forming features, chemical stability, and high reactivity
(Haghighi, Licciardello, Fava, Siesler, & Pulvirenti, 2020). Neverthe-
less, the low mechanical stability is referred to as the main intrinsic dis-
advantage of chitosan film. In this context, DESs can be utilized to raise
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the mechanical strength of chitosan films. The adding of DES can in-
crease the plasticity and mechanical features of the chitosan films, as a
result of a reduction in the stress and an increase in the elongation at
break of prepared DES-chitosan film, respectively, compared to pristine
chitosan film. Fig. 6 illustrates the changeable properties of chitosan
films with the addition of DES into the chitosan matrix.

The chemical structure of HBD with different functional groups,
such as one hydroxyl and carboxyl groups, can interact with the poly-
meric structure of chitosan (including also amino and hydroxyl groups)
as a crosslinker or plasticizer agent, incrementing the mechanical sta-
bility of chitosan films via intermolecular binding. Intermolecular bind-
ing can be performed by covalent bonds that complement inherent in-
termolecular hydrogen bonds. Different strategies are cited to generate
chitosan films including solution-casting (Castro-Munoz et al., 2019),
layer-by-layer (Castro-Mufoz, Agrawal, & Coronas, 2020), extrusion,
thermo-compression molding, and solvent evaporation (Castro-Mufioz,
2020). The typical approach for the preparation of DES-chitosan films is
the so-called solution-casting method that could involve solvent evapo-
ration and is a straightforward and cost-effective method.

Very recently, chloride-malonic acid DES was proposed to plasticize
the chitosan film using a solution casting method. For a better dissolu-
tion of chitosan, 2% w/v acetic acid was used and combined with DES
(80 wt%), followed by stirring at 25 °C for 5 h to acquire complete ho-
mogenization. The DES-chitosan mixture was discharged into Petri
dishes, and desiccated in an oven at 25 °C for 7 days which easily
caused the creation of thin DES-chitosan films (Jakubowska et al.,
2020). Almeida et al. (Almeida, Magalhaes, Souza, & Gongalves, 2018)
also investigated the influence of ChCl-lactic acid and curcumin (as ad-
ditive) for increasing the mechanical strength of the biopolymer films.
Herein, ChCl and lactic acid with a molar ratio of 1:1 were mixed at
85 °C until a clear solution was detected and later cast. In general, it
was found out that the films with DES displayed higher water vapor
permeability, water solubility, and water sorption capability. Unfortu-
nately, the embedding of the curcumin enhanced the barrier properties
of the resulting films conducting to a reduction of water vapor perme-
ability. Additionally, tensile strength was observed to be enhanced
when using lower amounts of curcumin. The combination of ChCl-urea
DES and chitosan carboxymethyl cellulose (Chitosan-CMC) mixture al-
lowed to tailor a new DES/Chitosan-CMC membrane. Within the opti-
mization, the specific amount of the chitosan (1 wt%) and CMC

Mechanical stability

{? / Chitosan ) DES %,

'3 K ol O,o,

& ; 1Rs 2 2,
S/ e TP %
5 LA, o %

Mo _J
L L -
& N
Y F
X DES-Chitosan film &
<. D
e &

Thermal property

Fig. 6. Changeable properties of chitosan films with the addition of DES.
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(1 wt%) were combined at room temperature. Subsequently, DES solu-
tion was added to the chitosan-CMC mixture with a proportion of
75:25. The above mixture (50 mL) was cast on a glass petri dish and put
in an oven (60 °C). The dried membrane was washed with deionized
water several times. The research demonstrated a positive outcome of
the proton conductivity in the films without excessive swelling using
DES compared with those without DES, with a small improvement in
the thermal stability. (Wong, Wong, Walvekar, et al., 2018a).

DES was utilized to produce porous chitosan with tailored morphol-
ogy in the absence of crosslinker, and in the form of film using a modi-
fied evaporation-induced phase separation process. 2% w/v solution of
chitosan was acquired by mixing acetic acid aqueous (80% v/v) and
correct amount of chitosan. The chitosan solution was stirred at room
temperature to obtain a homogeneous solution. The DES solution was
prepared by mixing ChCl and urea in the molar ratio of 1:2 at 80 °C to
attain a uniform liquid. DES and chitosan solutions were mixed at 60 °C
and cast with the optimum molar ratio of 1:1. Petri dishes and glass
vials were utilized for the creation of films, respectively (Delgado-
Rangel et al., 2020). Similarly, chitosan films were plasticized by ChCl-
lactic acid DES, where chitosan powder was dissolved in acetic acid so-
lution (49 mL of 2% w/v) and then mixed in the DES mixture (60 wt%).
The DES-chitosan mixture was agitated at room temperature for 5 h un-
til a fully homogenized solution was obtained. The uniform solution
was transferred into the petri dish and dried in an oven at 25 °C for
7 days (Jakubowska et al., 2021). ChCl-urea DES was employed as an
additive to increment the mechanical stability of chitosan film. DES so-
lution was prepared by the combination of ChCl and urea (molar ratio
of 1:2) in a nitrogen-purged bottle at the temperature of 120 °C for 4 h.
The homogenous DES (1 wt%) solution was added to the chitosan solu-
tion, including 1 wt% of chitosan and 100 mL of 0.1 M acetic acid, and
then agitated for 4 h at 47 °C. 50 mL of DES-chitosan solution was cast
onto a petri dish and air-dried for 10 days. After the evaporation of
acetic acid, the prepared films were dried in an oven for another 24 h at
60 °C to guarantee the comprehensive removal of DES. Dried films were
washed by distilled water up to neutralized pH was achieved (Wong,
Wong, Walvekar, et al., 2018b). The effect of DES, which was con-
structed by ChCl (HBA) including different HBD (malic acid, lactic acid,
citric acid, and glycerol), on plasticizing of chitosan film was assessed
for the food packaging applications. Dried chitosan particles (for 24 h
at 60 °C) were mixed with the previously prepared DES mixture in the
ratio of 70/30 for 15 min. The DESs-chitosan mixture was put into an
oven at 80 °C for 30 min. Then, the mixture was combined with an
aqueous acetic acid solution (3 wt%) for 15 min (chitosan/acetic acid
solution: 25/75 w/w). 1 g of the chitosan-DES mixture was located in a
circular mold (diameter = 5 cm and thickness = 2 mm). After remov-
ing the circular mold, the molded paste was protected with aluminum
foil between two stainless steel plates and then thermo-compressed in a
hydraulic press at 110 °C. Then, before removing from the foils, the hot
chitosan films were cooled for 20 min (Galvis-Sanchez, Castro,
Biernacki, Gongalves, & Souza, 2018). The chitosan/DES films played
as a supporting matrix for polypyrrole-based film electrodes in vapor
phase polymerization of pyrrole. For the preparation of the chitosan-
DES film, the chitosan powder was added to the ChCl-lactic acid (1/
2 mol mol~1) DES in the mass ratios of 1:4 (chitosan:DES). The combi-
nation of DES-chitosan was dissolved in deionized water in the concen-
tration of 2 wt%. The mixture was agitated at 25 °C, then cast in petri
dishes, and desiccated at room temperature (Vorobiov, Smirnov,
Bobrova, & Sokolova, 2021). In a different approach, chitosan films
were prepared by ChCl-citric acid DES by thermo-compression molding
method. Chloride and citric acid (1:1) were mixed with chitosan for
15 min by pestle and mortar in optimum quantities, then heated in an
oven at 70 °C for 30 min. The hot DES-chitosan paste was detached, and
mixed with the aqueous acetic acid solution (3 wt%) for 15 min
(Galvis-Sanchez, Sousa, Hilliou, Gongalves, & Souza, 2016). The casting
of the resulting dope solution was done as previously reported (Galvis-

12

Carbohydrate Polymers xxx (xxxx) 118702

Sanchez et al., 2018). Microcrystalline cellulose (MCC) and ChCl:glyc-
erol were combined with chitosan solution to increase the mechanical
stability of chitosan film. Also, curcumin (1 w/v%) was added as the
antibacterial activator. The optimized MMC/DES/chitosan mixture was
dispensed on petri dishes and dried for 24 h (Pereira & Andrade, 2017).
With a very similar strategy, a mixture based on ChCl (2.71 g) and mal-
onic (2.32 g) was utilized to plasticize the chitosan structure. In addi-
tion, cellulose nanocrystals (CNC) were added to the DES-chitosan mix-
ture as filler. The CNC/DES/chitosan mixture was agitated for 5 h and
later cast on a glass surface with a thickness of 20 pm. Finally, CNC/
DES/chitosan films were air-dried at 25 °C for 6 days (Smirnov et al.,
2020). Until now, different strategies have been adopted by the re-
search community, in which the casting method has been identified as
the most versatile way for preparing DES-chitosan films. Table 2 sum-
marizes the application and morphological effect of different DESs in
the preparation of chitosan-based films. The table shows the food indus-
try as the most applicable area for DES-based chitosan films.

3.2. Characterization of DES-chitosan films

Since it is well known that chitosan possesses a large number of
amino and hydroxyl groups, the HBA and HBD of the DES can easily in-
teract with polymer structure. Such interactions can change the chem-
istry and morphology of resulting DES-chitosan films compared with
pristine chitosan film. Therefore, it is essential to study the chemistry of
DES-chitosan structure using analysis (like FTIR) to visualize such inter-
actions. The following subsection addresses the “chemistry” behind the
chitosan and DESs reported in the literature.

Table 2
Different DESs used for the production of chitosan-based films.
HBA HBD Ratio Morphology effect  Application Ref.
ChCl Malonic 1:1 Dense morphology, Food packaging (Jakubowska
acid without any pores et al., 2020)
ChCl Lactic 1:1 Uniform Food packaging (Almeida et
acid morphology, al., 2018)
without visible
holes or cracks
ChCl Urea 1:2 Less brittle and Film (Wong,
more flexible Wong,
Walvekar, et
al., 2018b)
ChCl Urea 1:2  Higher degree and Production of (Delgado-
homogeneously monoliths and films Rangel et al.,
dispersed of 2020)
porosity
ChCl Lactic 1:1 Rough Food packaging (Jakubowska
acid et al., 2021)
ChCl Malic 11 Non-homogenous  Food packaging (Galvis-
acid Séanchez et
al., 2018)
ChCl Lactic 1:1 Non-homogenous  Food packaging (Galvis-
acid Séanchez et
al., 2018)
ChCl Gitric 1:1 Homogenous and  Food packaging (Galvis-
acid smooth Séanchez et
al., 2018)
ChCl Glycerol 1:2  Heterogeneous Food packaging (Galvis-
domains with voids Séanchez et
al., 2018)
ChCl Lactic 1:4  Wrinkled surface Potential separator (Vorobiov et
acid morphology for electrochemical al., 2021)
energy storage
devices.
ChCl Malonic 1:1 Increased Film (Smirnov et
acid elongation at break al., 2020)
ChCl Glycerol 1:1 Smooth Food packaging (Pereira &
morphology Andrade,
2017)
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3.2.1. Chemical properties of DES-based chitosan film structures

Chitosan has been introduced as a strong base as a result of the exis-
tence of the amino groups (Salehi et al., 2012). In principle, chitosan
can be solubilized in an acidic environment (below pH 6.0), in which
chitosan's amines are deprotonated and the polymer loses its charge
and thus converts it to an insoluble form (Haghighi et al., 2020). Also,
the chitosan can be solubilized, depending on the ratio between both
units D-glucosamine and N-acetyl-D-glucosamine, if the deacetylation
degree touches 50%. Chitosan is more soluble than chitin that is attrib-
uted to the -NH, bond protonation on the C-2 location of the D-
glucosamine repeat unit containing the alteration of polysaccharide to
polyelectrolyte in the pH below 6 (Akyuz et al., 2017).

On the other hand, many strategies have been utilized to improve
the different features of chitosan film, comprising mechanical and ther-
mal stability, water vapor permeability, biodegradability, and crys-
tallinity (Sharma, Sharma, & Jain, 2021). The incorporation of DES into
the chitosan is the most superior approach to enhance the aforemen-
tioned features of chitosan-based films. The components of DES can co-
operate with chitosan structure, resulting in a crosslinking and there-
fore enhancing its functionality, together with mechanical and thermal
stability. The carboxyl groups of particular DES can interact with the
amino groups of chitosan creating an amide connection, which leads to
a higher crosslink feature of DES-chitosan films compared with pristine
chitosan. Hence, the cross-linking protocol enhances the mechanical
stability of chitosan produced by DES. Moreover, chitosan-DES interac-
tions can affect the creation of chromophore molecules, and change the
color of prepared DES-chitosan film. A high amount of hydroxyl groups
in the DES can increase the interaction between amino groups of chi-
tosan and -OH groups of DES (Guerrero, Muxika, Zarandona, & de la
Caba, 2019).

FTIR analysis displayed particular alterations in the chemistry of
chitosan films after mixing with ChCl-malonic acid DES. Considerable
variations (1600-1530 cm~!) compared to pure chitosan films, re-
vealed the existence of amide I (C=O stretching) and amide II (C—N
stretching and C—N—H bending vibrations) bands in the structure of
DES-chitosan. The new stretching of C=0 groups in the polymeric ma-
trix of DES-chitosan films was detected at 1720 cm~?, which was attrib-
uted to the carboxylic groups characteristic of HBD, malonic acid. The
intensity of 1480 cm~! (CH; bending) and at 950 cm~! bands related to
DES in the DES-chitosan films, rose with an increase in the DES amount.
The increased amount of DES contributed to a more heterogeneous
structure of DES-chitosan films. Also, the more degree of deacetylation
of chitosan meant more homogenous surface structure. A higher degree
of deacetylation of chitosan means the higher difference in the quantity
of hydrophilic functional groups (OH and NH,), which leads to an in-
crease in the robustness of hydrogen bonds between adjacent macro-
molecules. The reinforced hydrogen bonds improve the plasticization
process of chitosan film (Jakubowska et al., 2020).

FTIR clarifications proved the increase of intermolecular hydrogen
bonds between ChCl-urea DES and chitosan because of the increased
amount of DES. The amide groups of urea led to firm hydrogen bonding
with the chloride anions of ChCl, and OH and NH, groups of chitosan,
simultaneously (Delgado-Rangel et al., 2020). The majority of bands
characteristic of the pure chitosan was revealed in the FTIR analysis of
chitosan films prepared by ChCl-lactic acid DES. The number of O—H
and N—H vibrations (3700-3000 cm!) involved in the creation of H-
bonds between constituents, including chitosan, DES, and water, in-
creased with upregulating DES content. The hydrogen and ionic bonds
were dominant interactions in the structure of DES-chitosan film
(Jakubowska et al., 2021). FTIR results declared that the incorporation
of ChCl-urea DES into the chitosan structure was able to create the sac-
charide ring (C—0—C) between DES and chitosan, which approved
effectively the formation of a resilient solid biopolymer membrane
without adding cross-linking mediator (Wong, Wong, Walvekar, et al.,
2018b). The combination of ChCl-citric acid DES and chitosan showed
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films with higher smoothness and more homogenous surface compared
to other DES-chitosan mixtures. The amide I and the amide II bands of
the protonated amide group were observed for all DES-chitosan films in
the FTIR outcomes (Galvis-Sanchez et al., 2018). The chemical analysis
displayed that the cellulose molecules had an affinity to be dissolved in
the ChCl-urea DES structure and less incorporated into the hydrogen-
bond network (Smirnov et al., 2020).

As a conclusion for the chemistry of DES-chitosan films, the amide I
(C=0 stretching) and amide II (C—N stretching and C—N—H bend-
ing vibrations) bands appeared in the chitosan structure after the incor-
poration of DES into the chitosan films. The C=O groups of DES-
chitosan films were attributed to the carboxylic groups that are charac-
teristic of HBD (e.g., malonic acid). The strength of CH, bending upreg-
ulated with the increased amount of DES into the chitosan structure.
The higher degree of deacetylation of chitosan proved the higher differ-
ence in the quantity of hydrophilic functional groups (OH and NH,),
which causes the differences in the number and robustness of hydrogen
bonds between adjacent macromolecules and being responsible for the
plasticizing effect of DES. The quantity of O—H and N—H bonds tack-
led in the formation of H-bonds, as dominant interaction in the DES-
chitosan films, increased with upregulating DES content. To some ex-
tent, it can be stated that more hydrogen bond means more mechanical
and thermal stability of chitosan films. Fig. 7 displays the influence of
DES on the chitosan film structure. The DES-based chitosan film plasti-
cization was performed by creating connections between hydrogen
bindings of chitosan chains and the hydrogen bond-dominated struc-
ture of DES.

3.2.2. Morphology of DES-based chitosan film structures

Superior features of chitosan, including biodegradability, antibacte-
rial ability, film-forming ability, renewability, absorbability, nontoxic-
ity, are cited as the main attributes for producing chitosan-based films
(Kalaycioglu, Torlak, Akin-Evingiir, Ozen, & Erim, 2017). The low me-
chanical stability, which is in direct proportion with the molecular
weight and deacetylation degree of chitosan, is the main drawback of
chitosan films (Mujtaba et al., 2019). Some studies exhibited that the
mechanical properties of chitosan can be improved by the incorpora-
tion of DESs into the chitosan films. Elongation at break (Eb), tensile
strength (TS), and Young's modulus (YM) values are certainly an-
nounced as the main measurements for evaluating mechanical proper-
ties of prepared films, in which the increased elongation at break can
upregulate the mechanical strength of chitosan films. A better elonga-
tion at break is translated to less film rupture. Furthermore, the proper
crosslink of chitosan structure using DESs can enhance the mechanical
strength of chitosan film. The possibility of the crosslinking process of
chitosan via DESs can be divided into the different strategies, including
(i) covalent amide/imine linkage, (ii) metal-protein complex forma-
tion, (iii) H-bond formation (between —OH group with different types of
amino acids)(Qiao, Ma, Zhang, & Yao, 2017). Moreover, DES can re-
duce the accumulation of particles in the polymeric structure of chi-
tosan, which can be attributed to the enhanced mechanical stability of
the chitosan monosaccharides, as a result of robust hydrogen bonds be-
tween DES components, and the hydroxyl and amine groups of chi-
tosan. Moreover, DES can be employed to plasticize the chitosan film
structure, practicalizing the usage of chitosan films in the food industry.
In theory, a plasticizer can be described as an additive that when com-
bined into the polymer can increase the flexibility, workability, and dis-
tensibility, and decrease the brittleness of the prepared polymer. DES
can decrease the tension of deformation, hardness, density, viscosity,
and electrostatic charge of chitosan films, simultaneously, which result
in high plasticity and superior features including flexibility, resistance
to fracture and dielectric constant. In addition to this, particular proper-
ties, such as transparency, thermal stability, the smoothness of surface,
and water vapor transmission ability, can be enhanced utilizing DES.
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Fig. 7. Chitosan structure a) before the incorporation of DES (ChCl-Urea), b) after incorporation of DES (HBA + HBD) and plasticization process.

The ChCl-malonic acid DES was mixed with chitosan film to apply it
in the food packaging industry. Thermogravimetric analysis revealed
that the thermal stability of chitosan films decreased after combination
with DES, out of consideration of the loss of absorbed water bound to
the hydroxyl and amino groups of chitosan by fragile hydrogen connec-
tions. The temperature of 125 °C was recorded as the first point in
which the weight loss process was befalling. The outcomes indicated
that the higher amount of DES in chitosan films means the higher mass
loss, which caused a reduction of thermal stability of chitosan films.
This reduction in thermal stability was ascribed to the malonic acid de-
composition, because of the decarboxylation of malonic acid. SEM
analysis proved that the uniform and very smooth surface of pristine
chitosan films turn into a heterogeneous surface with dense morphol-
ogy and without any pores of DES-chitosan film, out of the considera-
tion of existing of DES with low molecular weight in the chitosan struc-
ture. According to AFM analysis, when DES content exceeded 60 wt%,
the roughness of DES-chitosan films increased by adding DES. DES-
chitosan films with 70-80% displayed smoother surface compared to
DES-chitosan film with 50 wt% DES, which was attributed to the pene-
tration of DES components into the chitosan matrix and thus the disrup-
tion of inter-and intramolecular hydrogen bonds. Furthermore, the in-
corporation of DES into the chitosan structure caused a more continu-
ous and plasticized phase of DES-chitosan films. The low amount of DES
in a DES-chitosan film cannot fill the entire space between chitosan
macromolecules, which leads to nodules in the film structure. Uplifting
the amount of DES resulted in growing the ball-shaped nodules and
shaping the continuous phase with macromolecules. When DES content
in the DES-chitosan film increased, the thickness of the film obeyed the
degree of deacetylation of chitosan. Differently from previous reports,
tensile strength analysis revealed that the addition of DES into the chi-
tosan films contributed to reducing the mechanical stability of films
with a more rigid structure because the higher amount of acetyl groups
(lower degree of deacetylation) tends to create more intermolecular hy-
drogen bonds, reducing the plasticity of DES-chitosan films thanks to
the higher intermolecular interaction. The color of films employed in
the food packaging industry is defined as one of the crucial factors for
prepared material. At this point, translucent materials are more pre-
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ferred for the food packaging industry due to the better appearance and
shelf presence of the product. In the conventional method, like thermo-
compression molding, the color of DES-incorporated chitosan films
tends to become yellow, which was undesirable. However, the solvent
evaporation technique could produce DES-chitosan films with high
translucent compared to conventional methods. Importantly, water va-
por transmission rate (WVTR) is another important factor in the food
packaging industry. The value or range of WVTR relies on the product,
which is aimed to be protected. Unfortunately, there is no defined para-
meter to evaluate the appropriateness of a produced film considering
this WVTR. The incorporation of DES into the chitosan film increased
the WVTR of film out of consideration of the high hydrophilicity of DES
used as a plasticizer in the chitosan construction (Jakubowska et al.,
2020). It is important to point out that hydrophilic chitosan-DES mater-
ial could be suitable for specific selective membranes technologies
(such as pervaporation), which are commonly used in the removal of
polar compounds from azeotropic mixtures (Castro-Muifioz, Galiano, &
Figoli, 2020; Castro-Mufioz & Boczkaj, 2021).

ChCl-lactic acid DES was synthesized and later evaluated to increase
the plasticity of chitosan films, together with the visual appearance and
optical properties. The surface of DES-chitosan films displayed a yel-
lowish, uniform, semi-translucent, and malleable surface. A surface
without pores, cracks or insoluble particles, proved well-prepared films
to be used in the food packaging industry. In the SEM images, small par-
ticles inside the compacted DES-chitosan films were observed caused by
the incorporation of DES. The tensile strength of chitosan films de-
creased when increasing the amount of DES, which was related to the
fact that the movements of polymer chains were eased when the struc-
ture of DES-chitosan film becomes less dense; unlike pure chitosan film,
a freer volume in the DES-chitosan films was noted. The hydrophilic
features of DES used in chitosan films also raised the water vapor diffu-
sion water solubility of DES-chitosan films (Almeida et al., 2018).

Wong, Wong, Rashmi, and Khalid (2018) performed the character-
ization of ChCl and urea (DES)/CMC membrane. The embedding of
DES between the polymeric chains of CMC and chitosan caused an in-
crement in the thickness of DES/CMC/chitosan membranes. SEM im-
ages exhibited that the DES addition upregulates the intramolecular
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hydrogen bonding between chitosan and CMC polymer, which con-
tributes to a smoother with almost negligible agglomeration on the
chitosan membrane surface.

The robust ionic interaction of oppositely charged ions between DES
and the polymeric chains of chitosan-based membrane increased the
mechanical stability, proton conductivity, polymer chains flexibility of
membrane, and more particularly, avoided the polymer in the solid
form to be dissolved in water. The hydrogen bond interactions between
the C—O groups of chitosan with urea in DES were explained as the
plasticizing effect of DES. The high proton conductivity of DES-
plasticized chitosan membrane was ascribed to the existence of DES,
which resulted in a reduction of the crystallinity of DES-chitosan mem-
brane contrasted to the pristine chitosan membrane. The reduced crys-
tallinity was attributed to the broken-hydrogen bonds between amino
groups and hydroxyl groups by complexation, which caused higher
amorphousness in the DES-chitosan membrane in comparison to the
pristine chitosan membrane. DES also enhanced the thermal stability of
Chitosan-CMC blend films (Wong, Wong, Rashmi, & Khalid, 2018).

In recent work, ChCl-urea DES was once again evaluated to con-
struct chitosan films. The higher quantities of DES in the chitosan struc-
ture provoked to amalgamate smaller pores and consequently produced
larger pores. The DES-chitosan samples, containing high DES quantity,
can contribute to creating large irregular areas by the removing of the
additional DES from the network at the evaporation process. For in-
stance, a high chitosan ratio in comparison to DES (chitosan/DES 3:1)
avoided the creation of pores and instigated a porous free film struc-
ture. The flow of the DES in small domains through the chitosan matrix
formed holes, which were left behind after the removal of DES by acetic
acid without extraction of insoluble chitosan (Fig. 8). Upregulating the
amount of chitosan in proportion to DES amount, reduced the swelling
capacity of the DES-chitosan membrane, which was described by the re-
stricted swelling of the polymer as a result of a dense chitosan network
(Delgado-Rangel et al., 2020).

When Jakubowska et al. employed ChCl-lactic acid DES to increase
the plasticity of the chitosan films, the SEM images of DES-chitosan
films showed uniform morphology without noticeable holes or cracks,
similar to the pristine chitosan films, which was associated with the hy-
drogen connections, and interactions between protonated amino
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groups of chitosan and carboxylate groups of lactic acid because of the
compatibility between both substrates. On the other hand, AFM analy-
sis exhibited that the excessive amount of DES (<60%) into the poly-
meric matrix of chitosan can create micro intrusions of different phases
and higher surface roughness in the DES-chitosan films. The increased
amount of DES in the chitosan films uplifts the water vapor absorption
process, which contributed to an increased thickness of the DES-
chitosan films contrasted to the pure chitosan film. Thermal stability of
DES-chitosan films decreased with rising the amount of DES because
the water bonds tend to discontinue their connection to the hydroxyl
and amino groups of the chitosan structure, creating a connection with
components of the high hydrophilic structure of DES. The tensile
strength of DES-chitosan films also decreased by rising the DES
amounts. However, the tensile strength tests disclosed that the mechan-
ical stability of DES-chitosan films depends on the DDA of chitosan. The
chitosan, presenting DDA around 95%, can improve the mechanical sta-
bility by three times higher than chitosan with DDA of 70% using the
similar amount of DES. The mechanical features were credited to the
dissimilarity in the number of amino groups accountable for H-bonds
creation, controlling the rigorousness of the pristine and plasticized
polymer network of chitosan. The incorporation of DES into the chi-
tosan structure led to the homogenous and semi-transparent surface
with a slight yellowish tint, and without visible holes, which was ap-
proved by surface color measurements. It was concluded that DES com-
ponents and chitosan sources (shrimps waste in this case) can affect the
transparency of DES-chitosan films (Jakubowska et al., 2021).

By adding ChCl-urea DES, Wong and his colleagues proposed the en-
hancement of the elongation at the break of chitosan films. At this
point, the DES increased the elongation at break and flexibility of DES-
chitosan film and reduced the aggregation of particles in the chitosan
structure, which was ascribed to the improved polymerization of the
chitosan monosaccharides, as a result of robust hydrogen bonds be-
tween DES components and the hydroxyl and amine groups of chitosan.
The ionic conductivities of the DES-chitosan films were also evaluated
by complex electrochemical impedance spectroscopy. The increment of
DES into the chitosan increased the ion conduction through the result-
ing DES-chitosan films, which was attributed to the existence of mobile
ions in the hydrated state that contribute to the conduction process

extraction
with MetOH

&drying

Fig. 8. Creation of porous chitosan using DES solvent (Delgado-Rangel et al., 2020) (License number 5040660197457).
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(Wong, Wong, Rashmi, & Khalid, 2018). As demonstrated by Wong,
Wong, Rashmi, and Khalid (2018), Galvis-Sanchez et al. (2018) docu-
mented that ChCl-citric acid DES-chitosan film proved the highest elon-
gation at break compared with other DES-chitosan film, which was in
agreement with SEM results presenting the most homogeneous surface
and compact structure. This was qualified by the highest amount of car-
boxyl groups in the citric acid compared with other HBDs (e.g., malic,
lactic acids). The higher carboxyl groups in the DESs, like the ones pro-
vided by citric acid, may favor a more and stronger hydrogen bond be-
tween —OH groups of chitosan and DES structure, as a result of the exis-
tence of the adjacent carbonyl moiety. It was highlighted that the inter-
action between DES and chitosan structure has relied on the accessibil-
ity of Hoy hydrogen of the DES as the plasticizer. In the same study, the
water vapor permeability of chitosan films exhibited an increase with
the addition of ChCl-glycerol DES due to the fact that glycerol mole-
cules could be placed between adjacent chitosan chains, and hence de-
crease the intermolecular attractions that caused the easy transport of
water vapor molecules. The moisture barrier property of film was en-
hanced by the addition of DES into the chitosan film, owning to the hy-
drophilic structure of DES, which results in adsorbing higher quantities
of water at high humidity circumstances (Galvis-Sanchez et al., 2018).

Vorobiov and his coworkers entangled a ChCl/lactic acid-based
polymer electrolyte into the chitosan structure, as a separator for elec-
trochemical energy storage devices. The conductive features of chitosan
increased with the introduction of DES into the chitosan out of consid-
eration of increased charge carrier density in the film (Vorobiov et al.,
2021). Thermo-compression molding methodology was employed to
prepare chitosan films using ChCl-citric acid DES. Some aggregations
were observed in the ChCl-citric acid/chitosan films in the compression
molding method compared to the films prepared by acetic acid as a sol-
vent for chitosan, which was attributed to the reorganization of chi-
tosan molecules caused by the interaction between citric acid of DES
and acetic acid used for chitosan dissolution. Also, the result of the
WVP demonstrated that it can be affected by different parameters, in-
cluding chitosan molecular weight, type and concentration of DES, and
film preparation technique. The interaction between the polysaccharide
and DES formed the slight interstitial spaces between the polymeric ma-
trixes and increased the permeation rate of DES-chitosan films. Thermal
stability outcomes displayed that the thermal degradation of DES-
chitosan occurred earlier compared to pristine chitosan at 200 °C. The
opacity feature of chitosan films improved by the incorporation of DES
into the chitosan films which was associated with the higher thickness
values of DES-chitosan films. Maillard reactions, which were described
as the color alterations that occurred in the duration of the thermo-
compression molding of chitosan films as non-enzymatic browning re-
actions, was occurred in the preparation of chitosan film using DES
(Galvis-Sanchez et al., 2016). Pereira and his colleagues incorporated
ChCl-glycerol DES into the chitosan construction. In this way, DES con-
tributed to the better homogenization of the polymeric structure of chi-
tosan with smooth morphology and higher tensile strength of DES-
chitosan surface (Pereira & Andrade, 2017). Cellulose nanocrystals
(CNC) and ChCl-urea DES were utilized in the chitosan films to improve
their morphology features.

The crystallinity of chitosan films is determined by the quantity of
the intra and intermolecular hydrogen bonds broken by DESs in the dis-
solution process. More disruption of the intra and intermolecular hy-
drogen bonds means less crystallinity. The crystallinity of chitosan did
not change after the incorporation of DES but contributing to better sol-
ubilize cellulose macromolecules contrasted to water according to bet-
ter destruction of H-bonds. In addition, the reactions between —OH
groups of CNC, and the constituents of the CS/DES mixture, led to the
increased elongation at break. The interaction between the urea C=0
group and chloride ions of DES and hydroxyl groups of cellulose de-
stroyed CNC particles in the solvation process (Smirnov et al., 2020).
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According to the current development works, it can be preliminarily
concluded that DES, as an additive, can significantly increase the plas-
ticity and mechanical stability (especially elongation at break) of chi-
tosan films. In principle, DES can lower the tension of deformation,
hardness, viscosity, and the electrostatic charge of chitosan polymer,
which contribute to the chitosan films with more flexibility, resistance
to fracture, and plasticity compared to pristine film. On the other hand,
DESs can increase the elongation at the break of the chitosan mem-
brane, as one of the measurements for mechanical stability evaluation.
The increment of elongation at the break by upregulating DES can be
attributed to the increased free volume in the polymer matrix, which re-
sults in an expansion of a free volume promotion of polymer chains
translation, which is vital to the steadiness of the film in the elastic flow
regime of deformation. Also, the existence of DES in the chitosan struc-
ture decreases the tensile strength and crystallinity, while increasing
the smoothness of chitosan construction. A reduction in the tensile
strength of chitosan after incorporation of DES can be ascribed to the
fact that the higher amount of acetyl groups or lower degree of deacety-
lation tends to create more intermolecular hydrogen bonds, which in
turn reduces the tensile strength of DES-chitosan films due to the more
intermolecular interaction. However, carboxyl groups in DES structure
can provide the stronger hydrogen bond between -OH groups of chi-
tosan according to the presence of the adjacent carbonyl moiety. Impor-
tantly, the hydrophilic structure of DES can also enhance the WVTR of
the resulted chitosan film.

4. Other applications of DESs in chitosan structure

Apart from preparing chitosan film using DES solvents, these sol-
vents can be smartly utilized for the chemical functionalization of chi-
tosan, producing chitosan-based imprinted buildings, beads, and mono-
liths. In this section, the chemistry and characterization of these DES-
incorporated chitosan structures will be discussed.

4.1. N,N,N-trimethyl chitosan and DES

N,N,N-trimethyl chitosan (TMC) is one of the derivatives of chi-
tosan with high solubility at neutral and alkaline pH because of the
perpetual positive charge on its amine group. Traditional solvents, in-
cluding acetic acid, N-methyl-2-pyrrolidone (NMP), dimethyl sulfate
(DMS), dimethyl formamide (DMF), can be used to prepare TMC.
However, low selective N-methylation, low productivity, and haz-
ardous materials involved in the TMC preparation are quoted as the
weaknesses of produced TMC by traditional solvents. Here, DES can
enhance biodegradability, productivity, non-toxicity, and thermal
strength, low flammability of DES-prepared TMC compared with
other TMC prepared by conventional methods.

Bangde and his coworkers incorporated DES into the amine groups
of chitosan to produce trimethylated, di-methylated and mono-
methylated polymer. Experimentally, chitosan was added to the mix-
ture including DMF:H,0 (1:1; v:v; 20 mL), and then poured into methyl
iodide with fixed alkaline settings by 0.5%. ChCl-urea DES was mixed
with chitosan mixture (300 rpm) at 25 °C for 48 h. The methylated chi-
tosan was centrifuged after the precipitation of the DES-chitosan mix-
ture at the adjusted pH of 9 by 0.1 N NaOH. The centrifuged methylated
was rinsed several times by acetone, and freeze-dried to acquire water-
soluble white powder. The attendance of methylated chitosan peaks
(1630-1660 cm~') proved the characteristic absorption of the N—CHj
bond as a result of the quaternary ammonium group
(1415-1430 cm™!). The DES-chitosan showed superior methylated chi-
tosan contrasted to other chemical methylation, which was attributed
to the high selectivity of DES towards N-methylation in the DES-
chitosan materials. ChCl-urea DES delivered mild alkaline circum-
stances, which caused generated methylated chitosan without degrad-
ing the parent polymer (Bangde, Jain, & Dandekar, 2016). In another
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study, TMC was produced by dimethyl carbonate (DMC) in a reaction
medium comprising of ternary deep eutectic solvents (TDES). TDES is
typically known as a subclass of DES with the combination of three in-
gredients. In this work, TDES was synthesized by mixing ChCl, urea,
and glycerol (1:2:2) at 80 °C, until a clear liquid was attained. TMC
was produced as follows: chitosan (300 mg) was added in 0.5 mL of
deionized water, 2 mL of TDES, 6 mL of methyl iodide, and 6 mL of
0.1 N NaOH. The final mixture was agitated in a pressure tube (at
1300 rpm, 60 °C) for 8 h. Then, the mixture was chilled at room tem-
perature (27 °C) and then precipitated by acetone. After the centrifu-
gation process, the chitosan powders were freeze-dried and preserved
as fine powders. The resulting TDES showed a higher ability to acti-
vate enzymes (e.g., lipase) compared with other DES, which was re-
lated to the plenty of hydrogen bonding as hydrogen bond activators
in the TDES structure. It was concluded that the methylation of chi-
tosan was an interface phenomenon at the contact surface between
TDES and DMC. The connectedness between TDES with catalyzed fea-
tures and DMC increased the possible connection between the enzyme
and the functional groups of chitosan and DMC. XRD outcomes (Fig. 9)
revealed that the amorphous nature of TMC created new peaks in the
chitosan structure after the methylation process of chitosan. Also, FTIR
analysis proved that the angular deformation of the N—H bond of the
amino group removes the functional amino group in the structure of
N,N,N-trimethyl chitosan produced by DES-based solvents, compared
to pure chitosan (Mahajan, Bangde, Dandekar, & Jain, 2020).

The production of TMC using DES can decrease organic reactant
quantities, reaction time, and generate the methylated chitosan without
influencing the molecular weight of the formed product. Therefore,
DESs are effective and safe solvents to create TMC compared with
harmful organic solvents.

Carbohydrate Polymers xxx (xxxx) 118702
4.2. Imprinted chitosan-based structures by DES

The molecular imprinting technique can be employed to prepare a
cross-linked polymer matrix around an imprint molecule, which in-
cludes tailor-created attaching sites considering their shape, size, and
functional groups for the accurate acknowledgment of exact biological
and chemical moieties. The elimination of template molecules and
functional monomers has been announced as the main disadvantage of
traditional methods for producing imprinted structures, which result in
decreasing the number of accessible sites. In a chitosan-based structure,
molecularly imprinted chitosan by DES solvents has been proposed to
eliminate the aforementioned disadvantages. DES was applied to manu-
facture molecular-imprinted magnetic chitosan (Fe304-CTS@DES-
MIPs) to employ selective acknowledgment and removal of (+)-
catechin, (—)-epicatechin, and (-)-epigallocatechin gallate in black tea.
ChCl-methacrylic acid DES (1 mL), synthesized Fe304@chitosan
(200 mg), ethylene glycol dimethacrylate (7.5 mmol), (+)-catechin
(0.1 mmol), and methanol (4 mL) were mixed for 24 h at room temper-
ature, which contributes to the creation of template and monomers. Af-
ter the polymerization and saturation process, the polymer was crushed
and sieved (105 pm) by mesh, followed by rinsed in methanol-acetic
acid solution and dried at 60 °C. Fe304-CTS nanoparticles by the self-
assembly of DES were employed to produce an imprinted and polymer-
ized layer. DES presented a high capability to create hydrogen-bonding
interaction between its construction and the target molecules, which
caused the use of DES as a functional monomer. The vibrations of H-
bondings, C—0, and C=0 in the FTIR analysis were attributed to the
presence of DES. The selective separation of prepared DES-based poly-
mer proved high ability for the separation of (+)-catechin (ca. 95%),
(—)-epicatechin (ca. 92%), and (—)-epigallocatechin gallate (ca. 90%),
proposing DES as a functional monomer for selective bioactive combi-
nations without interfering imprinting process (Ma, Dai, & Row, 2018).
The molecularly imprinted chitosan microspheres-magnetic graphene
oxide was produced using DES, which acted as a functional monomer

= 1500
1000 - \lr [al) ar (a2)
|
& 9= 23"
J 1004 l f "
B W " & ‘.‘.
soa o W e Ty
500 .'\.\ ey,
-\n = 1."“.I'\'l-"‘--.' s
. i
M ——
e b
0 e r - - . 3
mn 40 an a0 50 [ Til 1] Ll i 0 H 1!:' 5 . . e e
28 (degree) 20 [degree)
(k1) % (b2]
o] ik AN oA
el . i I L M __,-"" I.V; 1l |I. g_ j
" -“; i ] .-\"-'II -'Ié. -:- 'IIL .!.1.4..;
‘ 3 g wy [ 4 L BT a4y
i A 1tk H L
o] 1 gt \ & 1
N-H,O-H 4F L 1 | 3 #
\ p LR o | 1=
™ o @E e | ."J
AR S
N-H '] ol i
20 CH ¥ ] ;; H={CHi]s
w00 mee | e e 2ew w00 1030 sl whe  ahe | moo a smes | wke g sk

wavenumber (cm-1)

wavenumber [cm-1)

Fig. 9. The comparison of XRD and FTIR results of al and b1) pristine chitosan and, a2 and b2) N,N,N-trimethyl chitosan produced by DES-based solvents (Mahajan

et al., 2020) (License 5039390333753).
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and template, simultaneously. ChCl-2,4,6-trichlorophenol DES was se-
lected as a solvent to provide imprinted structure. DES-related vibra-
tions, including the vibration of -CN and the symmetrical vibration of
NH, displayed an overlapped stretching vibration. The increment in
specific surface area of the imprinted structure by DES compared with
traditional methods was credited to the creation of a shape-selective
cavity that was a result of the hydrophilic structure of DES. The chi-
tosan microspheres-magnetic graphene oxide imprinted by DES wit-
nessed a high ability to adsorb chlorophenol compounds and their de-
rivatives. Fig. 10 shows the preparation process of the molecularly im-
printed chitosan microspheres in combination with DES (Li & Row,
2020).

4.3. DESs-chitosan combinations for producing beads and monoliths

Two types of DES, including ChCl-urea and ChCl-glycerol, were uti-
lized to synthesize chitosan-DES beads to remove malachite green dye
molecules from aqueous solutions. The mixture of chitosan (10 g) and
DES (300 mL) was stirred at 60 °C for 1 h. The suspension of chitosan-
DES mixture NaOH (0.5 M NaOH) results in chitosan beads. The result-
ing beads displayed a stable structure in the aqueous environment. The
difference between chitosan-ChCl-urea and chitosan-ChCl-glycerol was
in the OH stretching, which disclosed more shift for chitosan-ChCl-
glycerol in comparison to chitosan-ChCl-urea, this was ascribed to the
existence of a huge amount of OH in the glycerol constituent of chi-
tosan-ChCl-glycerol. Notably, the higher number of OH groups means
more and stronger electronegativity of atoms and bond length, which
contribute to strong intermolecular interaction and thus a more robust
hydrogen bond between DES and chitosan structure. Chitosan-ChCl-
glycerol witnessed a rougher and more porous structure compared with
chitosan-ChCl-urea, which caused more small openings and contact ar-
eas. In particular, the hydrolysis of the chitosan molecule chain upregu-
lated the surface area of DESs-chitosan beads compared with pristine
chitosan, showing pore sizes as 2 < diameter < 50 nm. The maximum
adsorption capacity values of chitosan-ChCl-urea and chitosan-ChCl-

Cl
HO™-NH’
OH
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glycerol were calculated as 6.54 mg/g and 8.64 mg/g, respectively,
such values were higher than pure chitosan beads as a result of higher
surface area and active sites (Sadiq, Rahim, & Suah, 2020). Fig. 11 dis-
plays the FTIR analysis of pure chitosan beads, chitosan-DES beads be-
fore and after malachite green dye adsorption. The FTIR analysis of chi-
tosan-DES beads nearly remained unchanged compared to the pure chi-
tosan beads as a result of a weak intermolecular interactions occurred
in the DES functionalized chitosan beads.

Carbon aero- or xerogel monoliths can be applicable in several ap-
plications, including, catalyst support for electrochemical devices, wa-
ter purification, and CO, capture. However, the employment of carbon
monoliths has been restricted by the challenges in shaping and process-
ing. The preparation process of carbon monoliths includes different
stages containing the infiltration of monolithic templates, the car-
bonization of resins, and the activation of structured mesophase. The
complex and additional synthetic stages, such as template elimination
and activation process, and low environmentally friendly as a result of
the existence of phenol-based compounds or formaldehyde, urged the
invention of new eco-friendly approaches. Hence, DES-chitosan based
structures can be operated to remove the aforementioned drawbacks,
together with the increase in mesoporosity, nitrogen-content, and func-
tionality of the prepared carbon monoliths compared with traditional
techniques; also, this material provides more active sites for the adsorp-
tion of the different adsorbate. Towards the preparation of monolith,
the mixture of hexaketocyclohexane-urea DES, chitosan, acetic acid
and, water was autoclaved at 100 °C for 12 h. The prepared gel mono-
lith was removed and rinsed with deionized water. After the drying
process, the carbonization process was performed at 500 °C for 1 h (un-
der nitrogen atmosphere). FTIR analysis revealed the disruption of the
interconnection of hydrogen in the pristine chitosan, creating new hy-
drogen bonds between chitosan and DES structure in the monoliths. A
huge amount of ketone- and hydroxy-functionalities in the DES struc-
ture increased the interaction between DES and chitosan structures by
hydrogen bonding. After hydrothermal processing, covalent connec-
tions between these functionalities, and the amine- and amide-

Polymerization

T o CE

Glutaraldehyde

C
|
N*
Remove /
- f template g
HO gy | > & -
L CHOH O . HDO H "y ! 0
ON—"4f o CHOH O ow—SHMo H™% oo
H H w0 e . H o CHOH
yre e SUE L H ” o~N" >H
HO W : : NH HO W N NF
OH  HO ‘ Cl HO o

C -_'C-i

c

Fig. 10. The preparation process of the molecularly imprinted chitosan microspheres in combination with DES (Li & Row, 2020) (License 5140340775834).
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Fig. 11. FTIR analysis of pure chitosan beads, chitosan-DES beads before and after malachite green adsorption (Sadiq et al., 2020) (License 5140360101525). (For
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functionalities of the chitosan, caused a rigid polymer network of the
DES-chitosan-based carbon monoliths. The transformation in the car-
bonization process, from the net-like structure of the precursor polymer
to the morphology of interconnected primary nanospheres, was ap-
proved by SEM images. As part of the characterization, the surface area
of the material was calculated about 348 m?/g using BET analysis,
which was more than only 78 m?2/g of the initial polymer monolith.
This was attributed to the highly polymer-like structure of pristine
monolith without DES that cannot endure crystallization forces within
the drying process. The prepared monoliths displayed higher adsorp-
tion capacity (ca. 63 mg/g) compared with pristine monoliths for the
adsorption of Rhodamine B dye, which was ascribed to the more surface
area and functionality of prepared monoliths by DES (Jordan, Yu, Yu,
Antonietti, & Fechler, 2018).

4.4. The use DES-chitosan based material as a support

The extraction of proteins and DNA has been studied considering
DES as solvent out of the consideration of superior features compared to
other solvents including, design ability and biocompatibility. To practi-
calize the use of DES, DES has been proposed as a modifier for support
materials. As an example, chitosan-modified Fe;0,-magnetized multi-
walled carbon nanotubes (mCS/MWCNTSs) were coated on a polyethyl-
ene glycol-based DES to enhance the solid-phase extraction of salmon
sperm DNA. Polyethylene glycol (as HBD) and tetraethylammonium
chloride (as HBA) were selected to produce DES solvent. The mixture of
CS/MWCNTs and DES was stirred and sonicated for 1 h. The resulting
DES-CS/MWCNT was dried at 50 °C under vacuum. The electrostatic in-
teraction was mentioned as the main interaction between DNA anion
and the cation part of DES, which performed a vital part of the DNA ex-
traction process. 143.5 mg/g was recorded for the DNA extraction us-
ing DES-CS/MWCNT, and the reusability of DES-CS/MWCNT was
proved after three cycles. (Xu et al., 2017).

5. Conclusions and future perspectives

This review elucidated comprehensive evidence on the application
of DES solvents in the sustainable extraction of chitin and its derivative
chitosan structures. The advantages and disadvantages of DES-chitin
and DES-chitosan structures were addressed to provide a better per-
spective for optimal utilization of DES in the chitin and chitosan struc-
tures, which may promote the industrialization of chitin constructions.
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It is important to mention that the core application of DES in the
chitin area has been directed to extract the biopolymer from different
resources. The extracted chitin by DES presented a high purity (over
90%) and crystallinity (over 80%) depending on the type of DES used.
To date, it is likely, ChCl-based DES (especially conformed to organic
acids such as malic, lactic malonic acids) are among the most assayed
green solvents for such a purpose, obtaining well-designed nanocrystal
structure with different morphologies. Thanks to the selective interac-
tion between DES and the raw material of chitin, the resulting product
presents an excellent dissolution degree of chitin with high purity. Also,
the compatibility between DES and chitin source leads chitin to pre-
serve its crystallinity at the end of the extraction process. Over the
course of this review, it has been pointed out that the kind of HBA and
HBD (along with their mole ratio), the ratio between DES and raw ma-
terial of chitin and extraction method can affect the quality of produced
chitin, however, by handling such operating parameters during extrac-
tion, the resulting chitin can be precisely tuned to meet the desired
physiochemical parameters towards specific applications. For instance,
it has been evidenced that chitin extraction by ChCl-urea promoted a y-
mono-phase in the tailored films.

On the other hand, the main application of DES in the chitosan
structure has been focused to increase the plasticity and mechanical
properties (e.g., elongation at break) of the resulting DES-chitosan
films. DES can greatly improve the flexibility and resistivity against
fracture of chitosan films, compared with other solvents. Moreover, by
optimizing DES-chitosan structure, it can be utilized in the food packag-
ing industry and membrane technologies, which may result in new ma-
terials with high adsorption capacity out of consideration of the high
functionality of the chitosan structure. Finally, considering that plenty
of DESs can be formed based on different HBA and HBD molecules, the
types of compounds and their molar ratio will be determinants for the
final properties of the new sustainable chitosan structure. At this point,
it is quite possible that new DESs will be synthesized according to their
potentiality and inherent features in comparison to traditional solvents,
therefore, such new DESs could be applied in tailoring new sustainable
biopolymer-based structure contributing to the new era of “green chem-

istry”.
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