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Applications of deep eutectic solvents in the
extraction, dissolution, and functional materials of
chitin: research progress and prospects

Jiake Wang, Changchang Teng and Lifeng Yan (iD

As a recyclable and inexhaustible renewable resource, chitin is one of the most abundant polysaccharides
in nature. It has excellent biocompatibility, biodegradability, and non-toxicity and has been widely used in
food packaging, tissue engineering, and other fields. Deep eutectic solvents (DESs) are regarded as a new
generation of green solvents due to their excellent biocompatibility and stability. Recently, the use of
DESs to process chitin has also received widespread attention. In this review, we first introduced DESs and
chitin, then discussed the relationship between the properties of DESs and the applications in the extrac-
tion, dissolution, and functional materials of chitin. In addition, the related applications are classified and
introduced. The opportunities and challenges for DESs when dealing with chitin systems are also

rsc.li/greenchem summarized.

Introduction

With the development of science and technology, people’s
quality of life has been greatly improved. However, while enjoy-
ing the convenience brought about by modern technology,
energy and environmental issues have become increasingly
prominent and have attracted widespread attention from all
countries. Due to people’s inadequate anticipation of the nega-
tive effects of highly developed industries and unfavorable pre-
vention, it has led to three major global crises: resource short-
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age, environmental pollution, and ecological destruction.
Sustainable development has become the theme of the 21st
century.

The development of environmentally friendly materials
using widely existing substances in nature can effectively solve
environmental problems, and researchers have made a lot of
effort for research. Among these natural materials, chitin
has been favored by researchers because of its wide sources
and excellent properties in nature. Chitin is composed of
f-(1,4) linked N-acetyl-glucosamine units, which is the second-
largest natural polymer after cellulose with an annual biosyn-
thesis amount of about 10 billion tons, and it is a recyclable
and inexhaustible renewable resource.”"” As the most abun-
dant nitrogen-containing biopolymer in nature, chitin is
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mainly distributed in the shells of marine arthropods, such as
shrimps and crabs, the shells of insects, the shells and bones
of mollusks, and the cell walls of higher plants.®® Chitin and
its derivatives (such as chitosan and etherified chitin) have
excellent biocompatibility, non-toxicity, biodegradability, and
physiological activity.”'® Due to these superior properties,
chitin and its derivatives have a wide range of applications in
the fields of textiles, medicine, food, cosmetics, and
bioengineering.''>°

Despite the abundance and excellent properties of chitin,
two critical factors hinder the production and utilization of
chitin:

The first factor is the extraction and separation of chitin. So
far, the main source of chitin is the shells of shrimp and crabs,
which are composed of 20%-40% protein, 20%-50% calcium
carbonate, and 15%-40% chitin.>'">* Therefore, the traditional
process of extracting chitin inevitably goes through two steps:
deproteinization and demineralization. At present, the industry
uses chemical methods and biological methods to carry out
these steps.**® In the traditional chemical process, de-
mineralization is achieved by treating with dilute hydrochloric
acid to remove calcium carbonate, and deproteinizing is per-
formed by treating the product with sodium hydroxide at high
temperatures. The process of chemical treatment involves the
use of a large number of acid and alkali, which causes great cor-
rosion to the equipment. In addition, the washing process pro-
duced large plenty of wastewater, which caused great pollution
to the environment. Biological strategies, such as enzyme treat-
ment and microbial treatment, can avoid the use of acid and
alkali and obtain high-quality chitin. The chitin obtained by
biological strategies has higher molecular weight and crystalli-
nity than that obtained by chemical treatment®>*® However, bio-
logical processes require a lot of time, high energy, and cost,
and the removal of minerals and proteins is incomplete, which
limits the use of this strategy.

The second factor is the dissolution process of chitin.
Chitin is a very stubborn polymer due to its high degree of
crystallinity and the existence of a large number of hydrogen
bonds between its molecules, which cannot be dissolved in
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conventional solvents (such as water, dilute acids, and alkalis,
and organic solvents).””*® Poor solubility brings great chal-
lenges to chitin-related applications. To date, there are two
types of traditional solvents for chitin: aqueous and non-
aqueous solvents (LiCI/DMAC and saturated CaCl,-2H,0/
methanol).>*> For aqueous solvents, there are mainly three
types of solvents: strong acid solution, inorganic salt solution,
and alkaline solution. (1) Chitin can be dissolved in high con-
centrations of hydrochlorie, sulfuric, and phosphoric acid
solutions. However, in the process of dissolution, the mole-
cular weight of chitin will be greatly reduced and the degree of
deacetylation will be enhanced, resulting in poor performance
of the prepared material. In addition, the use of large amounts
of acid also causes inevitable pollution to the environment. (2)
It has been found that chitin can also be dissolved in in-
organic salt solutions, such as LiSCN, CaCl,, and Nal solu-
tions. However, there are few studies on this type of solvent,
and the related dissolution mechanism is not clear. (3) The
alkaline solvent system has attracted much attention due to its
mild dissolution process and high solubility. It is found that
chitin has good solubility in the alkali metal/urea system
(KOH, NaOH, LiOH/urea). By the freezing and thawing
method, chitin and alkali metals interact with each other by
electrostatic interaction and hydrogen bond, which weakens
the force between chitin molecules. Meanwhile, urea mole-
cules block the aggregation of chitin molecules. The synergis-
tic effect between urea and alkali metals makes chitin have
good solubility in the aqueous solution of alkali metals.
However, the dissolution process of this system takes a long
time, and the solubility of chitin is limited, so it is difficult to
expand to industrial production. For non-aqueous solvent
systems, there are disadvantages of solvent instability and high
toxicity, and they are difficult to produce on a large scale. For
example, although the LiCl/DMAC system has a good dis-
solution effect on chitin, the toxicity of Li* and DMAC will
cause environmental pollution. In addition, this solvent
system is very sensitive to water, and the existence of water will
greatly reduce the dissolution effect. These shortcomings
seriously hinder the use of non-aqueous solvents.

In recent years, ionic liquids (ILs), ionic compounds con-
sisting of charged anion and cation pairs whose melting
points are below a certain temperature (e.g. 100 °C), have
attracted attention for their excellent solubility and separation
properties.’®?” Researchers have also made great progress in
separating and dissolving chitin with ionic liquids.*®*™*?
However, the high preparation cost, high toxicity, and difficult
recovery of ionic liquids hinder the application of ionic liquids
in chitin.** Finding a solvent with good performance and
environmental protection is a huge challenge.

Deep eutectic solvents (DESs) are multi-component eutectic
mixtures composed of hydrogen bond acceptors (such as qua-
ternary ammonium salts) and hydrogen bond donors (polyols
and polycarboxylic acids, etc.) in a certain molar ratio.****
They not only have many advantages similar to ionic liquids
(such as low vapor pressure, stability, and conductivity) but
more importantly, DESs are considered as a new generation of
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green solvents because of their biocompatibility, low cost, bio-
degradability, wide source and other advantages that ionic
liquids cannot achieve. Based on these advantages, people
have conducted in-depth research on DESs.*>™*® Great progress
has also been made in the study of DESs related to chitin.

The separation and application of chitin have been sum-
marized wonderfully in other reviews.**>> In this mini-over-
view, we begin with a brief introduction to chitin and DESs.
The progress of DESs related to chitin (including extraction,
dissolution, and related materials) is also summarized.
Finally, the development of DESs and chitin is summarized
and prospected.

Chitin and DESs

Chitin

As one of the oldest and most abundant polysaccharides,
chitin is widely found in nature. As the origin of life, there are
more than 180000 kinds of animals and 20000 kinds of
plants in the ocean. The main source of chitin is shrimp and
crab shells in the sea, which are inexhaustible. Chitin is a
linear polymer composed of 1000 to 3000 acetylglucosamine
residues connected to each other through 1,4 glycosidic
bonds. As mentioned above, natural chitin has a high degree
of crystallinity, including a, §, and y crystal forms.>>>* The
a-chitin is composed of two antiparallel chains and has strong
intermolecular hydrogen bonds, which is the most important
and most stable form in existence. The high crystallization and
a large number of hydrogen bonds in the molecular chain of
chitin make it difficult to dissolve. In addition, the low reactiv-
ity of chitin limits its application (Fig. 1).
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/

Fig. 1 The structure and configuration of chitin. (a and b) Ball-and-stick
model of the dGIcNAc monomer, where red is oxygen, blue is nitrogen,
and gray is carbon atom; (c) schematic diagram of chitin molecular
chain arrangement; (d—f) schematic diagrams of the molecular chain
orientations in the polymorphic configurations of different types of
chitin; (g and h) molecular chain packaging diagram and nanofiber
packaging diagram in chitin nanofibers.>* Copyright 2021 Elsevier Ltd.

a-chitin y-chitin
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To solve these problems, researchers have adopted two
strategies to use chitin: find a suitable solvent to use natural
chitin directly and modify chitin to obtain higher-value chitin
derivatives (such as chitosan). Chitosan is the product of
partial or complete N-deacetylation of natural chitin. Generally
speaking, it can be called chitosan if more than 55% of the
n-acetyl group is removed, which is the most important deriva-
tive of chitin because of its better solubility and higher reactiv-
ity. Chitin and chitosan are widely used in food, textile, agri-
culture, medicine, and other fields for their excellent pro-
perties such as biodegradability, biocompatibility, non-toxicity,
and bacteriostasis.

As described in the introduction, the existing solvent
system has disadvantages such as poor solubility, high pol-
lution, and difficulty in mass production. Researchers are
eager to find a new generation of green solvents to replace the
existing solvents and realize the direct use of chitin. DESs, as a
new generation of environmentally friendly solvents, provide
the possibility for the large-scale utilization of chitin (the dis-
solving of chitin by DESs will be described in detail in the fol-
lowing sections).

DESs

DESs consist of hydrogen bond donors (HBDs) and hydrogen
bond acceptors (HBAs) with strong hydrogen bond interaction
and electrostatic interaction and can be prepared by directly
heating and stirring raw materials. Normally, DESs are two-
component or three-component systems. HBAs are composed
of quaternary ammonium salts and metal salts (such as
choline chloride, betaine, LiCl, ZnCl,, etc.) while HBDs are
composed of polyols, polyacids, and polyamines (such as ethyl-
ene glycol, lactic acid, oxalic acid, urea, etc.). They have good
biocompatibility, biodegradability, stability, conductivity, and
100% atomic utilization. Due to the above advantages, DESs
have been widely used in the extraction and separation of
target components of biomass, smelting of precious metals,
preparation of gels, synthesis of organic reactions, and other
aspects.

DESs related to chitin are shown in Table 1, which can not
only be used to extract and separate chitin but also can interact
with chitin to prepare chitin nanofibers, deacetylated chitin
(chitosan), magnetic chitin, etc. In addition, with its excellent
solubility, DESs can directly dissolve chitin to prepare chitin-
related materials. Moreover, DESs can also be used as modi-
fiers to modify chitin and its derivatives. Due to the limited
space of this article, we will only focus on DESs related to the
application of chitin in the following paragraphs. For the
application and progress of DESs in other areas, readers can
refer to other wonderful reviews.”>®

Structure-property relationships between DESs and chitin

As a new generation of green solvents, DESs have unique pro-
perties. For example, compared with ionic liquids, DESs have
the advantages of a wide range of sources, simple preparation,
low toxicity, and low cost, while the thermal stability, non-
flammability, biodegradability, and excellent solubility of DESs

This journal is © The Royal Society of Chemistry 2022
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Table 1 DESs and raw materials related to the application of chitin
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Molar
Applications HBAs HBDs ratio Raw materials Ref.
Dissolution of chitin Choline chloride Urea 1:2 a-Chitin 62
Choline bromide 1:2
Betaine hydrochloride 1:4
Choline chloride Thiourea 1:2
1-Allyl-3-methylimidazolium chloride Thiourea 2:1 a-Chitin 63
1-Ethyl-3-methylimidazolium chlorides 2:1
1-Butyl- and 1-ethyl-3- 2:1
methylimidazolium bromides
Extraction and conversion of chitin ~ Choline chloride Thiourea 1:1 Lobster shells 64
Urea 2:1
Glycerol 2:1
Malonic acid 2:1
Choline chloride Malonic acid 1:2 Lobster shell 65
Malic acid 1:1
Lactic acid 1:1
Levulinic acid 1:2
Choline chloride Malic acid 1:1 Shrimp shells 66
Choline chloride pr-Lactic acid Not given Skimmed black soldier fly 67
Glycerol
Urea
Oxalic acid
N-Butyric acid
Betaine pr-Lactic acid
Glycerol
Urea
Oxalic acid
N-Butyric acid
Betaine HCI Urea 1:2 Shrimp shells 68
Choline chloride Urea
Ethylene glycol
Glycerol
Choline chloride Lactic acid (85%) 1:1 Shrimp shells 69
Malonic acid 1:1
Urea 1:2
Citric acid 1:1
Preparation of chitin nanofibers and Choline chloride Thiourea 1:2 Chitin (the degree of acetylation was 74
nanocrystals 94.1%)
Choline chloride ZnCl, 1:2 a-Chitin 75
Choline chloride Ferric chloride 1:1 a-Chitin 76
hexahydrate
Choline chloride Oxalic acid dihydrate 1:2 Chitin from crab shell 77
Citric acid
monohydrate
Malonic acid
Lactic acid
pL-Malic
Chitin composites Choline chloride Malonic acid 1:1 Chitosan (M, = 900 000) 78
Choline chloride Lactic acid 1:1 Chitosan (deacetylation degree of 76%) 79
Choline chloride Lactic acid 1:1 Chitosan (deacetylation degree of 80
81.7% and 76%)
Malic acid
Citric acid 1-hydrate
Glycerol 1:2
Choline chloride Lactic acid 1:1 Chitosan (deacetylation degree of 81
72.2% and 83.4%)
Choline chloride Citric acid-1-hydrate  1:1 Chitosan (deacetylation degree of 90%) 82
Choline chloride Lactic acid 1:2 Shrimp shells 83
1,4-Butanediol
Ethylene glycol
Urea
1,6-Hexanediol
Choline chloride Urea 1:2 Chitosan and carboxymethyl cellulose 84
Zn(OAc),-2H,0 Urea 1:4 Shrimp shells 85
Choline chloride Lactic acid 1:2 White button mushrooms 86
Urea
Thiourea
Betaine Urea
Lactic acid
Choline chloride Methacrylic acid 1:2 Chitosan 87
Betaine Methacrylic acid and  1:2:
H,0
Choline chloride Lactic acid 1:2 Chitosan 88

This journal is © The Royal Society of Chemistry 2022
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Molar
Applications HBAs HBDs ratio Raw materials Ref.
Chitin modification Choline chloride Urea 1:2 Chitosan 89
Choline chloride Glycerol
t-Lactic acid 1:2 Shells of red shrimp 90
p//pL-Malic acid 1:2to
1:5
Citric acid 1:2to
2:1
Choline chloride Acetic acid 1:2 Chitin from shrimp shells 91

make it possible to replace organic solvents. By regulating the
molar ratio and types of HBAs and HBDs, the properties of
DESs such as density, viscosity, pH, and polarity can be tuned.
Moreover, these properties influence each other and are temp-
erature dependent so that we can choose the optimal DESs
based on the needs of the application. In view of the limited
space here, we focus on the relationship between the pro-
perties of DESs and the applications of chitin, hoping to
provide a reference for selecting suitable DESs for the valoriza-
tion of chitin in the future. As for the structure-property
relationships of DESs, readers can refer to the previous won-
derful reviews.’®>°As shown in Table 2, we have listed several
typical examples of the applications of DESs to chitin, and dis-
cussed the structure-property relationships between DESs and
chitin.

As mentioned earlier, dissolving chitin begins by breaking
numerous hydrogen bonds between the molecules. For this
reason, choosing DESs with greater polarity can better dissolve
chitin (such as ChCl/urea, ChCl/thiourea). The solvent para-
meters of the Kamlet-Taft (KT) model (hydrogen-bond acidity
(@), hydrogen-bond basicity (f), and polarity (z*)) can also
provide a reference for dissolving chitin. DESs with higher a
and g values have better hydrogen bond donating/receiving
ability, which makes it easier to dissolve chitin.>”°%°*

The presence of H' can effectively separate chitin from
organisms, choosing DESs with lower pH (such as ChCl/oxalic
acid, ChCl/lactic acid, ChCl/citric acid) can result in chitin
with higher purity. Moreover, due to the advantages of the low
vapor pressure of DESs, using a microwave instead of the tra-
ditional heating method can extract chitin efficiently and
quickly.

Malic acid

Viscosity and density are important parameters of DESs.
Due to a large number of hydrogen bonds, van der Waals inter-
actions, and ionic interactions between the various com-
ponents, the density and viscosity of DESs are relatively high
and decrease with increasing temperature. DESs with lower vis-
cosity and density can better penetrate the structure of
biomass, thereby efficiently extracting chitin. The proton acid-
catalyzed cleavage is an important mechanism for the prepa-
ration of chitin nanofibers. Therefore, DESs with lower pH are
usually used to prepare chitin nanofibers.

In the following chapters, we will carry out an in-depth ana-
lysis based on specific applications.

Related applications of DES-chitin
system
Dissolution of chitin

Because of the obstinate nature of chitin, the dissolving of
chitin must break the high strength hydrogen bond between
its molecules, which requires the solvent to have high hydro-
gen bond breaking ability and ionic strength. There are a lot of
hydrogen and ionic bonds between the components of DESs,
and they are highly soluble to many substances such as lignin,
hemicellulose and even cellulose. Therefore, using DESs to dis-
solve chitin has become the focus of research.

The dissolution of chitin by DESs can be traced back to
2013. Sharma et al. studied the dissolution of a-chitin using
different DESs by heating, microwave, and ultrasound.
Typically, chitin was added to DESs and the mixture was
heated to 100 °C, using microwave and ultrasonic assistance

Table 2 Typical examples of the properties of DESs and related applications of chitin

Molar Tt Viscosity at 298 K Density at 298 K
Applications HBAs HBDs ratio  (K) (cP) (gml™) pH Ref.
Dissolution of chitin Choline Urea 1:2 285 750 1.21 10.07 61
Extraction and conversion of chitin chloride Glycerol 2:1 290 281 1.18 4.47 63
Malonic acid 2:1 283 1638 1.25 1.28
Oxalic acid 1:1 307 597 1.15 1.22 64
Ethylene glycol 1:2 237 37 1.12 4.38 65
Preparation of chitin nanofibers and Malonic acid 2:1 283 1638 1.25 1.28 76

nanocrystals
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After dissolution

Before dissolution
2% w/w

Fig. 2 (a) Optical photographs of a-chitin (2% w/w) solubilized in choline chloride/urea DES and 5% LiCl-N,N-dimethylacetamide; (b) phase con-
trast microscopic photograph (1006) of a-chitin (2% and 7% w/w) in choline chloride—thiourea 1:2 before and after dissolution (ultrasonication

assisted heating).®? Copyright 2013 Royal Society of Chemistry.

can reduce the time required for dissolution (Fig. 2).°* Using
choline chloride as the HBA and thiourea as the HBD, DESs
with a molar ratio of 1:2 had the highest solubility (9 wt%).
Replacing the HBD with urea also has a good solubility to
chitin (up to 7 wt%). However, when the hydrogen bond donor
is replaced with glycol and glycerol, chitin cannot dissolve in
DESs, possibly due to their poor ability to break hydrogen
bonds. These phenomena indicated that HBDs played an
important role in chitin dissolution. It is noteworthy that chit-
osan was insoluble in DESs, indicating the effect of the chitin
acetamido group on dissolution. This study opens the way for
DESs to dissolve chitin.

Idenoue et al. mixed thiourea with imidazolium ILs to
prepare an ionic liquid DES.*® The introduction of thiourea
increased the solubility of chitin (2 wt%-5 wt%) (Fig. 3). The
substituents and counterions on the imidazole ring also have
a great influence on the solubility of DES, but the specific
mechanism was not clear. It is worth mentioning that after the
chitin was dissolved, a transparent solution with no obvious
color was formed. This DES had great application potential in
the conversion and functionalization of chitin in the future.

Above all, DESs have great potential for dissolving chitin.
However, the large number of hydrogen bonds and Lewis acid-
base interactions in DES components complicate the mecha-
nism of dissolving chitin by DESs, and relatively few DESs
were reported for chitin dissolution. The viscosity of DESs and
the solvent parameters of the Kamlet-Taft (K-T) model can
provide a reference for dissolving chitin. The DES system dis-
solving chitin is a huge treasure trove, which needs researchers
to explore many new efficient DESs systems and realize the
large-scale application.

Extraction and conversion of chitin

As mentioned before, in the process of extracting chitin, min-
erals and proteins need to be removed, which involves the use
of a large amount of acid and alkali and will cause environ-
mental pollution. Therefore, finding a green way to extract
chitin has become a great concern. Recently, it has been dis-

This journal is © The Royal Society of Chemistry 2022
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CCD camera views

Left standing at room Stirring at 100 °C
temperature for 24 h for24 h

Fig. 3 (a) Preparation of DESs and (b) dissolution experiment procedure
of chitin in DESs.%® Copyright 2019 Multidisciplinary Digital Publishing
Institute.

covered that in addition to the dissolution of chitin, DESs can
also replace traditional strong acids and bases to extract chitin.

As shown in Fig. 4, as early as 2017, Zhu et al. designed
four DESs with choline chloride as the hydrogen bond accep-
tor, while thioureas, urea, glycerol, and malonic acid as hydro-
gen bond donors to extract chitin.®® High purity chitin was
extracted from lobster shells and compared with -chitin
extracted by chemical methods. Among them, the DES com-
posed of choline chloride and malonic acid had the best
extraction effect, the purity of chitin was the highest, and
chitin with two crystallinities (67.2 = 0.9% for sample MA-S
and 80.6 + 0.8%% for sample MA-P) was obtained. Not only
that, the DES extraction method obtained a higher chitin yield
than the chemical extraction method (21% and 16% for com-
parison), and the extracted chitin also has the potential for
application in adsorption materials and tissue engineering
materials. This work proves the potential of DESs in extracting
chitin in a green, environmentally friendly, and efficient way,
and is expected to realize the commercialization of chitin
extraction.

Green Chem., 2022, 24, 552-564 | 557
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Fig. 4 Schematic diagram of the DES extraction process.®* Copyright 2017 Elsevier Ltd.

Later, Hong et al. in the same research group studied the
effect of pH on the extraction of chitin from lobster shells by
regulating hydrogen bond donors.®® The results showed that
the acidity and temperature of DES have significant effects on
the extraction effect and molecular weight of chitin, and the
highest purity of chitin can be extracted from DES composed
of choline chloride and malonic acid. Moreover, they success-
fully converted CaCOj; into a more valuable salt, calcium levuli-
nate. This work opens up the possibility of extracting chitin of
different molecular weights in a green way (Fig. 5).

Similarly, Huang et al. prepared natural DESs (NADESs)
with natural substances, choline chloride and malic acid in
2018, and achieved the successful extraction of chitin from
DESs.°® Meanwhile, high-quality chitin with a crystallinity of
up to 71% was prepared by a microwave-assisted method. The
whole process did not involve the use of toxic chemicals, and
was an efficient and facile method. It provides a green and
simple strategy for extracting chitin from DESs, which has
great potential for application in the future.

In another work, Zhou et al. prepared a series of DESs
based on betaine and choline chloride and studied the factors

558 | Green Chem., 2022, 24, 552-564

affecting the extraction effect of Hermetia illucens chitin.®”
After being reused three times, DESs still had a good extraction
effect. The results showed that the H' released in DESs con-
tributed to demineralization, and a large number of hydrogen
bonds in DESs was the key factor of deproteinization. This
report provides a reference for extracting chitin from natural
DESs.

Recently, Zhao et al. extracted chitin from lobster shells
using a two-step process.®® Firstly, the chitin was deminera-
lized by citric acid. Then, the residual part was deproteinized
by using DES with the assistance of the microwave method,
and high-purity chitin was extracted. Besides, DESs can be
recycled several times without loss of extraction efficiency.
Bradi¢ et al. extracted chitin with a purity of up to 98% using a
system of choline chlorine-lactic acid in a zero-pollution
process with a yield of approximately 90% and achieved the re-
cycling and continuous use of DESs.®® These works provided
the possibility of large-scale production in the future.

The strategy of using DESs to extract chitin is still in its
infancy. However, due to its environmental protection and
high efficiency, DESs have great application potential in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Sustainable process for chitin and minerals fractionation from
shrimp shell by NADES.®> Copyright 2020 De Gruyter.

extraction of chitin, and they provide the possibility for the
industrial production of chitin. So far, the extraction effect of
acidic DES (such as ChCl/lactic acid, ChCl/oxalic acid) is
better, the release of H' in acidic DESs and the existence of a
large number of hydrogen bonds can effectively extract high-
purity chitin, and the use of the microwave method can also
greatly improve the extraction efficiency. We hope that in the
future, more and more people will participate in the research
of extracting chitin from DESs, conduct in-depth research on
the extraction mechanism, and expand this system from the
laboratory scale to commercial scale.

Chitin based functional material preparation with the assist-
ance of DESs. Chitin and its derivatives have many advantages
such as good biocompatibility, biodegradability, antibacterial
properties, non-toxicity, etc., and have a wide range of appli-
cations in all aspects. DESs also have excellent properties such
as biocompatibility, conductivity, and stability. Therefore, the
preparation of advanced materials by combining DESs with
chitin has gradually become the focus of attention. In the fol-
lowing, we will introduce related applications of DESs to chitin
and its derivatives.

Preparation of chitin nanofibers and nanocrystals. Chitin nano-
fibers and nanocrystals (ChNFs and ChNCs) are widely used in
composite materials, medical health, and tissue engineering
due to their low density, high surface area, good biocompat-
ibility, and mechanical properties.>"”>”! As early as 2014,
Mukesh et al. successfully obtained chitin nanofibers using
DESs composed of choline chloride and thiourea. However,
after replacing thiourea with urea, nanofibers cannot be pre-
pared, indicating the important role of hydrogen bond donors.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Schematic diagram of the one-step manufacturing of nanocrys-
tals (CNC).”® Copyright 2019 Elsevier Ltd.

And they successfully applied nanofibers to calcium alginate
beads as an enforcement filler, which proved the possibility of
preparing chitin nanofibers with DESs.”” Later, as shown in
Fig. 6, Hong et al. proposed a method using a DES composed
of choline chloride and zinc chloride as a solvent and catalyst.
After adding acetic anhydride or acetic acid, acetylation or
esterification and the hydrolysis of chitin occur simultaneously
in one step. DESs acted as a reaction solvent and also played
an effective catalytic role. This work provides a new method for
the preparation of functionalized chitin nanocrystals.”

Recently, Hong et al. prepared a DES with ferric chloride
hexahydrate and choline chloride at a molar ratio of 1:1.7*
The synergistic effect of Lewis acid and Brensted acid pro-
motes the effective hydrolysis of chitin. Meanwhile, with the
aid of ultrasound, ChNCs were prepared from chitin in a DES
with a yield of 88.5% and crystallinity of 89.2%. Moreover, the
prepared nanocrystal has proved its application value in stabi-
lizing emulsion. Yuan et al. studied the effect of various acidic
DESs on the production of chitin nanocrystals.”> The experi-
ments showed that the acid promoted the hydrolysis and
acetylation of chitin. During the DES treatment process, the
removal of amorphous areas increased the crystallinity of the
chitin nanofibers.

Similar to the extraction process of chitin, the synergistic
effect of Lewis acid and Brown acid facilitates the hydrolysis of
chitin, thereby preparing chitin nanofibers. By using micro-
wave-assisted and ultrasound methods, the efficiency of pre-
paring chitin nanofibers can be improved. During the prepa-
ration process, the reaction reagents can also be directly added
to the DESs to obtain functionalized nanofibers. These
methods raise green strategies for the preparation of func-
tional ChNFs and ChNCs, which have great application pro-
spects in the future.

Plasticizing of chitosan films

Due to the non-biodegradable and low recycling rate, a large
number of discarded plastics enter the ocean from the land
and permeate into the food chain. “White pollution” - plastic
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pollution is a serious threat to the ecological environment.
Replacing petroleum-based plastics with biodegradable and
green natural poly (polysaccharides) has aroused people’s
interest.”*”” Among them, chitosan, the green derivative of
chitin, is regarded as a good alternative to petroleum-based
plastics for its excellent biodegradability, antibacterial pro-
perties, wide source, and film-forming ability. However, the
poor mechanical properties and stability of chitosan mem-
branes restrict their application. Recently, the use of environ-
mentally friendly small molecule DESs to plasticize chitosan
membrane to improve the performance has aroused people’s
interest.

Sokolova et al. prepared DES-plasticized chitosan films
based on choline chloride and malonic acid by the solution
casting method, and the influence of the DES content on film
morphology, structure, thermal stability, and mechanical pro-
perties was studied.”® The strong interaction between DESs
and chitosan made it have a good plasticizing effect on chito-
san film. Similarly, Almeida et al. took a DES (prepared with
choline chloride and lactic acid in a 1:1 molar ratio) as the
plasticizer and prepared the chitosan film through a knife-
coating technique to explore the effect of the DES content on
the chitosan film. Experiments showed that the addition of a
DES leads to the enhancement of mechanical properties,
better water vapor permeability, and water absorption capacity.
The plasticized chitosan film has good application potential in
food packaging.

Galvis-Sanchez et al. studied the effect of NADESs based on
choline chloride on chitosan films prepared by thermo-com-
pression molding.*® The results showed that the morphology,
mechanical properties, and water resistance of chitosan films
can be effectively regulated by selecting the type of DES and
the degree of deacetylation of chitosan. Therefore, this work
opens a new perspective for the production of chitosan films
for specific purposes. Jakubowska et al. studied the effect of
DES-based on choline chloride and lactic acid on the pro-
perties of chitosan films.*" The flexibility and oxidation resis-
tance of the DES plasticized chitosan film was significantly
increased, meanwhile, the water vapor transmission rate was
also improved. The modified chitosan film shows great appli-
cation potential in packaging materials.

In addition to the indirect plasticization described above,
DESs can also be used to prepare chitin/chitosan films and
achieve direct plasticization. After mixing choline chloride,
citric acid, and chitosan, Galvis-Sanchez et al. prepared Chit-
ChCI-CA films by thermo-compression molding, which exhibi-
ted high flexibility, transparency, and water vapor per-
meability.** Saravana et al. prepared chitin films using chitin
extracted from shrimp shells by DESs as raw materials.®® They
obtained high-purity chitin using a DES composed of choline
chloride-malonic acid and prepared a chitin film. Moreover,
the mechanical properties, swelling properties, and biodegrad-
ability of the prepared films are comparable to those of stan-
dard films.

Due to the antibacterial, non-toxic, and biodegradable pro-
perties of chitin, chitin film is a good alternative to replace pet-
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roleum-based plastics. Through the modification of DESs, a
functionalized chitin film can be obtained, which has promis-
ing application prospect in the future.

Chitin composites

In addition to the above studies, the applications of DESs in
chitin composites have also been studied.

Wong et al. first mixed chitin with carboxymethyl cellulose
(CMC) at different mass ratios and then studied the effect of
the DES composed of choline chloride and urea on the chitin-
CMC film.** The DES modified membrane had a great
improvement in electrical conductivity and had good thermal
stability, and is an ideal material for polymer electrolyte
membranes.

Feng et al. adopted urea-Zn(OAc)2-2H,0 as the DES, which
removed calcium carbonate and loaded Zn** through ion
exchange, and removed proteins by the aggregation of urea
clusters.®> Meanwhile, Zn®*" provided excellent antibacterial
properties for the composite membrane. Therefore, in a
simple and green method, a chitin/zinc antibacterial complex
was prepared from shrimp shells in one step. This work pro-
vides a reference for the direct conversion of waste shrimp
shells into chitin/metal complexes.

Recently, Kim et al. extracted ten types of chitosan—glucan
complexes (CGCs) with different properties from mushroom
using five DESs.®® By selecting different DESs, CGCs with
different properties and structures can be obtained, which pro-
vides the possibility of subsequent functionalization and appli-
cation in diverse areas. Ma et al. prepared magnetic chitin
using DES as the functional monomer, showing excellent reco-
gnition and selectivity, and then realized the selective separ-
ation of catechins in black tea.?” Vorobiov et al. embedded the
DES-based on choline chloride and lactic acid into the chito-
san film, which had a conductivity of 2.5 mS ecm™" and a
voltage window of 1.6 V.®% The chitosan film after compound-
ing showed potential application in energy storage materials.

The DES strategy can prepare chitin composite materials
under mild and environmentally friendly conditions. These
preparation processes were simple and environmentally
friendly, and have good application prospect in the subsequent
preparation of various functional biomaterials.

Chitin modification

As mentioned above, due to the poor solubility and low reactiv-
ity of chitin, the modification of chitin has become one of the
most important research directions of chitin, where the use of
green and safe DESs to modify chitin/chitosan has attracted
research interest. The reactions related to chitin modification
are shown in Fig. 7.

Bangde et al. achieved the methylation of chitosan by using
the DES of choline chloride-urea and choline chloride-glycerol
in 2016.%° Not only that, they replaced methyl iodide with
lipase and dimethyl carbonate due to the good biocompatibil-
ity of the DES. This investigation has realized the green
methylation conversion of chitosan in the DES for the first
time.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Schematic diagram of the reaction related to chitin modification.

Feng et al. obtained O-acylated chitin with a variety of
choline chloride-based natural deep eutectic solvents
(NADESs) directly from shrimp shells.?® They pointed out that
H' can simultaneously take part in demineralization, deprotei-
nization, and acetylation. Under the best conditions, O-malate
chitin can achieve a purity of 98.6% and a degree of substi-
tution of 0.46, which has good antibacterial and anti-tumor
effects. Recently, Vicente et al. studied the mechanism of dea-
cetylation of chitin by a DES and obtained chitosan under
mild conditions.”® After deacetylation at 120 °C for 24 h using
the DES of choline chloride-malic acid, the degree of deacety-
lation of chitin reached 40%, and the low reactivity and solubi-
lity of chitin were greatly improved.

These studies have enriched the applications of chitin and
provided a simple, effective and environmentally friendly
approach to obtain chitin derivatives, showing great appli-
cation prospects.

Recycling of DESs

Considering the large-scale industrial application of the DES-
chitin system, the recovery of DESs is very important. However,
most attention has been paid to the application of DESs in
chitin treatment, and only a few studies have reported the
recovery of DESs.

At the earliest in 2014, Mukesh et al. separated chitin and
DESs by centrifugation when preparing chitin nanofibers, and
then removed the water in the DES solution by rotary evapor-
ation with a DES yield of 84%.”> Moreover, the recycled DES
can be reused, and the properties of the chitin nanofibers
obtained are equivalent to those prepared using original DESs.

In the process of extracting chitin with a natural DES
(NADES) composed of choline chloride and malic acid, Huang
et al. separated chitin and NADES by centrifugation, and the
recovered NADES was directly reused without any treatment.®®
The results showed that NADES can be reused three times
without affecting the extraction of chitin. However, after more
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than three times, too much protein would accumulate in
NADES, resulting in too much viscosity to be used to extract
chitin. Similarly, Feng et al. studied the recovery effect of the
DES composed of choline chloride-malic acid, and they
showed that the DES had a good extraction effect after at least
five cycles of recycling.

Zhao et al. studied the repeatability of DESs in detail in the
process of extracting chitin from shrimp shells using a micro-
wave-assisted method.®® The results showed that DES can be
reused at least five times. However, with the increase in the
number of repetitions, the hydrogen bond of the DES was
destroyed, resulting in decreased instability. Meanwhile, due
to the increase of proteins and other impurities, the viscosity
of DESs would gradually increase, resulting in a poor extrac-
tion effect.

So far, in the DES recycling process, the chitin and DESs
have been separated by centrifugation or filtration. However,
some soluble minerals and proteins would continue to remain
in DESs, which would affect the recycling effect with the
increase of recycling times. In addition, the presence of water
will greatly affect the performance of the DES. Therefore, it is
necessary to remove water from the recovered DES solution.
However, the low vapor pressure of DES determines that water
can only be removed by evaporating. This is undoubtedly an
inefficient and energy-intensive way.

It is worth studying to find a suitable solvent to remove pro-
teins and minerals in DESs and to replace water with low
boiling point solvents.

Summary and outlook

Chitin and its derivatives have huge application potential due
to their wide range of sources, biodegradability, biocompatibil-
ity, and non-toxicity. The use of environmentally friendly DESs
for the dissolution, modification, and preparation of chitin-
related materials has also made great progress.

However, the application of DESs to chitin is still in its
infancy, and a lot of research is needed to make the system
mature and even commercialized. For example, the mecha-
nism of DESs dissolving chitin is still not clear, and its solubi-
lity is relatively poor, which limits its application. Chitin treat-
ment with DESs is a complex system, which is affected by
many factors such as viscosity, pH, polarity, and reaction con-
ditions of DESs. However, people often ignore the mechanism
of DES processing, which can provide theoretical guidance for
people. Further studies are needed to determine the appropri-
ate DESs and reaction conditions through structural design
and synthesis to achieve the specific application value of
chitin.

In addition, considering the large-scale application, the re-
cycling of DESs is also worthy of research. At present, the
process of recycling DESs is relatively complicated, requiring
steps such as filtration, centrifugation, and rotary steaming,
which are undoubtedly energy-consuming and not environ-
mentally friendly, and the processing efficiency of DESs often
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drops significantly after processing chitin after 3 cycles.
Finding an effective recovery method, such as the use of low-
boiling anti-solvents to reduce the energy consumption of
rotary evaporation, is conducive to the rapid industrialization
of DESs.

Moreover, there are too few kinds of DESs to deal with
chitin, and most of them focus on DESs with ChCl as the HBA.
In fact, the properties of DESs vary significantly with the types
and properties of HBAs and HBDs. We can achieve the
efficient utilization of chitin by selecting the best DESs. This
requires us to conduct in-depth and extensive research, explore
and summarize the properties of different DESs, and use to
achieve the efficient utilization of chitin. In the process of
chitin processing, we tend to ignore the use of minerals and
proteins and discard them as waste. In the following research,
we should strive to achieve the full utilization of biomass.

The work of extracting chitin with DESs has only been
studied since 2017, and there are still many areas that need
improvement, and the whole application of chitin based
marine bioresources is also a key point. Developing more
green and efficient DESs and realizing the recycling of DESs
require joint efforts, but we are confident that one day, DES
processing chitin systems will be successfully industrialized.
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