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ABSTRACT: Chitin is the most abundant marine biopolymer, being recovered during
the shell biorefining of crustacean shell waste. In its native form, chitin displays a poor
reactivity and solubility in most solvents due to its extensive hydrogen bonding. This can
be overcome by deacetylation. However, this process requires a high concentration of
acids or bases at high temperatures, forming large amounts of toxic waste. Herein, we
report on the first deacetylation with deep eutectic solvents (DESs) as an environmentally
friendly alternative, requiring only mild reaction conditions. Biocompatible DESs are
efficient in disturbing the native hydrogen-bonding network of chitin, readily dissolving it.
First, quantum chemical calculations have been performed to evaluate the feasibility of
different DESs to perform chitin deacetylation by studying their mechanism. Comparing
these with the calculated barriers for garden-variety alkaline/acidic hydrolysis, which are
known to proceed, prospective DESs were identified with barriers around 25 kcal·mol−1

or lower. Based on density functional theory results, an experimental screening of 10
distinct DESs for chitin deacetylation followed. The most promising DESs were identified as K2CO3:glycerol (K2CO3:G), choline
chloride:acetic acid ([Ch]Cl:AA), and choline chloride:malic acid ([Ch]Cl:MA) and were subjected to further optimization with
respect to the water content, process duration, and temperature. Ultimately, [Ch]Cl:MA showed the best results, yielding a degree of
deacetylation (DDA) of 40% after 24 h of reaction at 120 °C, which falls slightly behind the threshold value (50%) for chitin to be
considered chitosan. Further quantum chemical calculations were performed to elucidate the mechanism. Upon the removal of 40%
N-acetyl groups from the chitin structure, its reactivity was considerably improved.
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■ INTRODUCTION

Synthetic-based polymers have been produced from non-
renewable resources (petroleum and coal) since the World
War II1,2 and are now getting accumulated in huge amounts in
landfills, rivers, and oceans. These plastics are well-known for
their hardness, flexibility, and resistance to most environmental
phenomena. However, these qualities are also the drawbacks
that lead to their persistence in the environment for very long
periods of time, contaminating the soil and aqueous
ecosystems.1 In 2018, 359 M tons of plastic were produced
worldwide. Of these, 62 M tons were produced in Europe, of
which only 29.1 M tons were collected to be treated.3 This
clearly evidences a growing demand for environmentally
friendly polymers. Therefore, the development and/or
extraction of polymers derived from natural and renewable
sources is of utmost importance as these are more easily
degraded in nature.4,5

Chitin is the most abundant marine biopolymer in nature
(annual growth of 100 billion tons). It is composed of
repeating units of N-acetyl glucosamine (GlcNAc) connected
by β-(1 → 4) linkages.2,6−8 It is mostly present in the
exoskeleton of crustaceans and therefore recovered during the
shell biorefining of crustacean waste (6−8 M tons produced/

year).6,7 The use of this biowaste allows not only pollution
reduction but also the recovery of high-added-value products,
namely, proteins (20−40%), calcium carbonate (20−50%),
chitin (15−40%), and several minor components including
lipids, astaxanthin, and other minerals,6,7,9 and contributes to
the circular economy approach for a greener future.9,10

In its native form, chitin displays poor reactivity and
solubility in most solvents due to its extensive hydrogen-
bonding network, necessitating a conversion to its water-
soluble derivativechitosan, which is suitable for a wider
range of applications.5,7,8,11 This is accomplished by
deacetylation. At least a 50% degree of deacetylation (DDA)
is required. Currently, there are two distinct approaches to
obtain chitosan, namely, through chemical and biological
processes.12 The first requires harsh conditions, for instance,
high concentrations of NaOH (≥40 wt %) and high

Received: December 10, 2020
Revised: January 14, 2021
Published: March 5, 2021

Research Articlepubs.acs.org/journal/ascecg

© 2021 The Authors. Published by
American Chemical Society

3874
https://dx.doi.org/10.1021/acssuschemeng.0c08976

ACS Sustainable Chem. Eng. 2021, 9, 3874−3886

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filipa+A.+Vicente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matej+Hus%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Blaz%CC%8C+Likozar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uros%CC%8C+Novak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.0c08976&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ascecg/9/10?ref=pdf
https://pubs.acs.org/toc/ascecg/9/10?ref=pdf
https://pubs.acs.org/toc/ascecg/9/10?ref=pdf
https://pubs.acs.org/toc/ascecg/9/10?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c08976?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
https://pubs.acs.org/page/policy/authorchoice/index.html


temperatures (≥100 °C) for several hours or days, whereas the
latter process uses enzymes.11 Even though biological methods
comprise a more sustainable approach, they are not industrially
employed owing to the high costs of enzymes and regulatory
concerns.11,12 As a result, a cheaper chemical approach is used
despite producing large amounts of toxic and corrosive
wastewater. Recently, a few authors have proposed the
reduction of NaOH employed by decreasing the solid/liquid
ratio from the typical 1:50 to 1:1013 or 1:514 upon the
mechanochemical conversion of chitin into chitosan. However,
this leads to the formation of low-molecular-weight chitosan13

or requires an aging process of up to 6 days with a 98% relative
humidity with saturated aqueous solutions of K2SO4.

14

Therefore, it is imperative that a more biocompatible and
cost-effective platform for chitin deacetylation be developed.
An attractive alternative is the use of deep eutectic solvents
(DESs) as these greener solvents have already demonstrated
outstanding performances for chitin extraction,15−18 dissolu-
tion,19,20 processing,21 and formation of films22 and nano-
fibers.23

DESs are mixtures of pure compounds, usually a hydrogen-
bond acceptor (HBA) and a hydrogen-bond donor (HBD), for
which the eutectic point temperature is below that of an ideal

liquid mixture.24 As analogous solvents to ionic liquids, DESs
share most of their unique properties but usually present a
greener character and cheaper and easier preparation. There-
fore, DESs have been applied over the last few years as
alternative solvents and/or catalysts for organic transforma-
tions in general, polymerization reactions, biomass processing,
and separation processes.25 In this manner, DESs emerged as a
promising alternative to the conventional and hazardous
approach used during the chemical deacetylation of chitin.
Thus, this work aimed at reporting for the first time the
possibility of performing chitin deacetylation using these
environmental-friendly solvents as well as the mechanisms
behind this process through quantum chemical calculations.

■ EXPERIMENTAL SECTION
Materials. Four HBAs were used in this work, namely, choline

chloride ([Ch]Cl, ≥98% purity) and choline dihydrogen citrate
([Ch]DHC, 99% purity) from Sigma-Aldrich, potassium bicarbonate
(99.7% purity) from Honeywell Fluka, and potassium carbonate (99%
purity) from Merck. Regarding the HBDs, glycerol (G, 98−101%
purity) acquired from Pharmachem Susňik, ethylene glycol (EG,
≥99.5% purity) purchased from Fluka, acetic acid glacial (AA, 100%
purity) supplied by Honeywell, and oxalic acid (OA, 98% purity),

Table 1. DESs Studied in This Work and Their Respective Molar Ratios and Structure
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malic acid (MA, 98% purity), and citric acid monohydrate (CA,
100.5% purity) from Sigma-Aldrich were used. Sodium hydroxide
(98% purity) was obtained from Honeywell Fluka. Chitin from
shrimp shells (practical grade, powder) was acquired from Sigma-
Aldrich.
Methods. Quantum Chemical Calculations. For electronic

structure calculations, Gaussian 16 was used.26 Quantum chemical
calculations were performed using the LCAO method and the density
functional theory. A hybrid functional (M06-2X)27 with Pople’s basis
set 6-311++g(d,p)28−31 sufficed for well-converged results. M06-2X is
known to predict accurately the main group thermochemistry and to
account for dispersion interactions, which are neglected by vanilla
DFT.32

Intermediates and transition states were relaxed until the forces
acting on all atoms dropped below 1.5 × 10−5 hartree/bohr and
checked with vibrational analysis to confirm that they had zero or one
imaginary frequency, respectively. The transition states were identified
using the synchronous transit-guided quasi-Newton method (STQN)
and verified by following the intrinsic reaction coordinate (IRC).
Vibrational analysis was used to obtain the necessary parameters for
the calculation of the translational, rotational, and vibrational parts of
the partition function, from which the enthalpic and entropic
contributions to the Gibbs free energies at 298 K and 1 atm were
calculated as in ref 33.
As the model compound for studying deacetylation, GlcNAc was

chosen. The mechanism for the cleavage of its amide bond with
various reactants was studied: OH− and H3O

+ (conventional alkaline
and acidic hydrolysis in aqueous solutions), glycerol, bicarbonate,
acetic acid, oxalic acid, malic acid, choline chloride, K2CO3:G,
[Ch]Cl:AA, [Ch]Cl:OA, and [Ch]Cl:MA. Implicit solvation as
implemented in the SMD variation of IEFPCM was used.34

DES Preparation. Each HBD was mixed with all of the HBAs
under study at 80 °C, in the molar ratio depicted in Table 1, while
considering the amount of water present in each compound. The
water content was previously measured using a Metrohm 831 Karl
Fischer coulometer for the liquid compounds and a moisture analyzer
HE53 from Mettler Toledo for solid compounds. The compounds
were mixed until a homogeneous and clear liquid was formed,
resulting in the formation of several DESs.
Chitin Deacetylation. Chitin deacetylation was carried out by

mixing the solvent with chitin in a solid/liquid ratio of 1:50 (w/V) at

80 °C for 24 h. To stop the reaction, distilled water was added to the
mixture, allowing the precipitation of chitin/chitosan that was later
filtrated and washed multiple times. The solid portion was dried
overnight at 35 °C and analyzed through attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy. The same
procedure was applied for the hydrotropy as well as the temperature
(80, 100, and 120 °C) and time (2−24 h) studies.

ATR-FTIR Spectroscopy. All analyses were performed at room
temperature with a Spectrum two (PerkinElmer, Manchester, U.K.) in
the range of 4000−650 cm−1 by accumulating 32 scans with a
resolution of 4 cm−1 and an interval of 2 cm−1. FTIR spectra of
commercial chitin and chitosan are presented in Figure S1. The DDA
of each sample was determined by the correlation between the
absorption bands at 1320 cm−1 (amide III band) and 1420 cm−1

(reference band) as proposed in eq 1 by Brugnerotto and co-
workers.35
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X-ray Diffraction. Commercial chitin and chitosan as well as the
samples from the most promising DESs and from NaOH were
characterized by powder XRD and recorded on a PW3040/60 X’Pert
PRO MPD diffractometer, which was operated at 45 kV and 40 mA
with a Cu Kα radiation source (λ = 0.154056 nm) at room
temperature with a step size of 2° in the 2θ range from 5 to 40°. The
crystalline index (CrI, %) was determined according to eq 2.

= [
−

] ×
I I

I
CrI 100110 am

110 (2)

where I110 is the maximum intensity of the (110) diffraction peak at
2θ = 20° and Iam is that of the amorphous diffraction signal at 2θ =
16°.

■ RESULTS AND DISCUSSION
Chitin displays a rigid structure, making it very difficult for the
solvent to penetrate and facilitate its dissolution and
deacetylation. Nevertheless, DESs have shown promising
results in chitin dissolution and allow an easier diffusion of
the solvent inside the biopolymer structure.20 Therefore, we

Figure 1. Mechanism of amide hydrolysis in alkaline (I) and acidic (II) aqueous solutions.
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chose these neoteric solvents for possible simultaneous
dissolution and deacetylation of chitin, considering that it is
possible to engineer the DESs based on the target application.
We stress that the capacity for deacetylation is contingent on
the ability to dissolve chitin beforehand. Herein, we started by
calculating the barriers of the proposed mechanism for
conventional deacetylation of chitin by means of DFT
calculations, which then served as a benchmark for the
comparison to the calculated barriers for the same reaction
with the studied DESs. Afterward, the same protocol was
followed for a few DESs, namely, some of the most common
acidic DESs ([Ch]Cl:AA, [Ch]Cl:OA, and [Ch]Cl:MA),36 the
well-known alkaline DES (K2CO3:G),

37 and a common neutral
DES ([Ch]Cl:G).36 These DESs were selected considering
that the literature suggests that only strong acids and bases are
capable of performing chitin deacetylation. Lastly, the
experimental approach was carried out to truly evaluate the
DES’s capacity to perform this deacetylation.
Molecular Modeling. Alkaline and Acidic Hydrolysis in

Aqueous Solutions. First, quantum chemical calculations were
performed to understand the mechanism of the conventional
(basic and acidic) deacetylation process.
Amides undergo hydrolysis in acidic or alkaline solutions via

a well-known mechanism.38−40 In alkaline conditions, OH−

attacks the carbonyl carbon, yielding a tetrahedral intermedi-
ate, which then ejects the amine. In acidic conditions, amidic
oxygen is first protonated, activating the adjacent carbon atom
for the attack with water. The ensuing intermediate then expels
the amine. If DESs are desired to be able to deacetylate, then
the mechanism must have comparable reaction barriers. We
therefore compare the calculated activation barriers and
reaction energies for the reaction with DESs to those of
alkaline and acidic hydrolysis in water.
As shown in Figure 1, alkaline hydrolysis can be modeled as

a two-step process.38,39 First, the attacking OH− binds to the
amidic carbon, which undergoes a C−N scission in the
subsequent step. The calculated Gibbs free energy barriers for
these steps are 22 and 21 kcal·mol−1, respectively. The overall
reaction is exothermic (ΔG = −7 kcal·mol−1). These values are
consistent with Car−Parrinello molecular dynamics simula-
tions from Zahn, where the barriers for H+- and OH−-assisted
hydrolysis were calculated to be 19 and 16 kcal·mol−1,
respectively.41,42

In an acidic environment, protonation of amide is a fast first-
step.38,39 The rate-determining step is the addition of the water
molecule to a protonated amide, which has a calculated barrier
of 27 kcal·mol−1. As the solvent actively participates in this
stepOH− originates from one water molecule, while H+

originates from another onean additional water molecule
was accounted for in the vicinity of the active site. Neglecting
this effect, which in effect means that both OH− and H+ would
originate from the same water molecule, yields a higher
calculated barrier of 41 kcal·mol−1. This would be the case in
the gaseous phase. Both transition states are shown in the SI
(Figure S2). A subsequent C−N cleavage is fast with a
negligible barrier of 3 kcal·mol−1. Again, the overall reaction is
slightly exothermic (ΔG = −5 kcal·mol−1).
In aqueous solutions of carbonate, which are alkaline, the

bicarbonate ion (HCO3
−) is also present. However, the first

step in the reaction is prohibitively slow (38 kcal·mol−1) for
the reaction to be feasible. In this step, the bicarbonate ion
would bind to the amidic carbon through one of its oxygen
atoms. In a subsequent fast step with a barrier of 7 kcal·mol−1,

the hydrogen atom would migrate to the nitrogen atom,
thereby also cleaving the C−N bond. The reaction is also
endothermic. However, the barrier for the reverse reaction
(decomposition of the bicarbonate-amide intermediate) is only
3 kcal·mol−1, meaning that the intermediate is unstable and
that it would readily decompose; the cumulative barrier must
be viewed as an apparent barrier in this case, which is also
larger than in the case of OH−. This does not mean that in
aqueous carbonate solutions, deacetylation is not possible; it
means that the principal active species is OH− rather than
HCO3

−. One should not overinterpret these values and rather
use them with caution. The calculated activation barriers, valid
only within the approximations made, unequivocally show
which reaction is the most temperature-dependent, while the
reaction rate is also a function of the pre-exponential factors.
In Figure 2, the relevant structures and the calculated Gibbs

free energies for all three mechanisms are drawn.

Chitin Deacetylation. Computational Screening. Since
we know that amide hydrolysis, in particular chitin
deacetylation, readily proceeds in strongly alkaline or acidic
conditions, the above-calculated barriers provide a benchmark.
DESs exhibiting barriers around 20−30 kcal·mol−1 are
therefore labeled as promising. See Table 2 for a summary
and Figure S4 for all of the calculated Gibbs free energies.

The rate-determining barriers listed in Table 2 warrant a
closer inspection. Low values imply that a certain formulation
is a feasible deacetylation agent and allow for the comparison
of analogous mechanisms (for instance, among [Ch]Cl:AA,
[Ch]Cl:OA, and [Ch]Cl:MA). However, this does not mean
that [Ch]Cl:MA (EA = 19 kcal·mol−1) is a better deacetylation
agent than strongly alkaline aqueous solutions (EA = 22 kcal·
mol−1). While lower values in general mean that the reaction
tends to be faster, other factors also affect the reaction rates.
For instance, transition states involving DESs are termolecular

Figure 2. Calculated Gibbs free energies for amide hydrolysis with
H3O

+, OH−, and HCO3
−. See Figure S3 for structures.

Table 2. Comparison of the Calculated Rate-Determining
Barriers for the Deacetylation of GlcNAc with Different
DESs, and OH− and H3O

+ for Reference

DES formulation rate-determining barrier (kcal·mol−1)

K2CO3:G 26
[Ch]Cl:G 31
[Ch]Cl:AA 23
[Ch]Cl:OA 25
[Ch]Cl:MA 19
OH− 22
H3O

+ 27
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(including three molecules), while those involving OH− or
H3O

+ are bimolecular. Termolecular reactions are slower due
to steric hindrance.
K2CO3:G. In this nonaqueous mixture, the carbonate ion and

glycerol molecule can be active species. The carbonate ion first
binds to the amidic carbon atom through an oxygen, which has
a barrier of 26 kcal·mol−1. A subsequent C−N bond cleavage,
mediated by glycerol, has a barrier of 8 kcal·mol−1. The
reaction is thus feasible.
[Ch]Cl:G. The reaction proceeds in a two-step fashion. First,

the glycerol molecule through its hydroxyl oxygen attaches to
the amidic carbon atom, while the hydroxyl proton binds to
the amidic oxygen atom, which has a reaction barrier of 31
kcal·mol−1. In a subsequent step, the proton migrates to the
amidic nitrogen, cleaving the C−N bond in the process, which
has an activation barrier of 27 kcal·mol−1. A one-step
mechanism, where the C−N cleavage is concerted with the
attack of glycerol, has a higher barrier of 40 kcal·mol−1. The
choline cation does not participate in the reaction but instead
only allows for the formation of DES.
[Ch]Cl:AA. Possible active species are the choline cation and

acetic acid (Structure 1 in Figure 3), which can react in a
concerted or two-step fashion. When they cooperate
concertedly (2*), the oxygen atom from choline binds to the

amidic carbon atom, while acetic acid protonates the nitrogen
atom, simultaneously causing the C−N bond scission. The
barrier for the concerted mechanism is 32 kcal·mol−1, which
should be attainable. In a two-step mechanism, the same C−O
bond is formed (3*), but the acid protonates the amidic
oxygen instead (barrier of 26 kcal·mol−1) (4). In the next fast
step with a barrier of 2 kcal·mol−1 (5*), the C−N bond is
broken via a proton migration (6). Due to similar activation
barriers, the pathways coexist.

[Ch]Cl:OA. Analogous mechanisms (concerted or two-step)
exist as for [Ch]Cl:AA. The barrier for the concerted
mechanism is 25 kcal·mol−1, while the barriers for the two-
step mechanism are 44 kcal and 4 kcal·mol−1. This hints that
this mixture is also suitable for deacetylation.

[Ch]Cl:MA. This mixture also follows an analogous
mechanism. The barrier in a concerted mechanism is 19
kcal·mol−1, while for the two-step mechanism the rate-
determining barrier is 22 kcal·mol−1. This renders [Ch]Cl:MA
the most promising of the screened DES formulations.

Experimental Screening. Herein, different DES were
prepared using four HBAs: potassium bicarbonate (KHCO3),
potassium carbonate (K2CO3), choline dihydrogen citrate
([Ch]DHC), and choline chloride ([Ch]Cl); and six HBDs:
glycerol (G), ethylene glycol (EG), acetic acid (AA), oxalic

Figure 3. Structures (intermediates and transition states, marked with asterisks) in deacetylation of GlcNAc with [Ch]Cl:AA. The reaction can
proceed as a one-step (1,2*,6) or a two-step transformation (1,3*,4,5*,6). With [Ch]Cl:OA and [Ch]Cl:MA, the mechanism is analogous. For the
exact geometry, see Figure S5.
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acid (OA), malic acid (MA), and citric acid (CA). In general,
the molar ratio HBA/HBD was chosen as 1:2, unless a
different ratio was required due to solubility (miscibility) or
performance issues. For instance, for K2CO3, it is only possible
to form a DES with a molar ratio of at least 1:3.5;37 therefore, a
1:4 ratio was used in this work. The same ratio was chosen for
KHCO3 for comparison purposes. Moreover, as [Ch]DHC:G
was used to study the influence of the molar ratio on chitin
deacetylation, it was prepared at both (1:2 and 1:4) molar
ratios.
Once formed, DESs were tested for their ability to promote

chitin deacetylation, as described in the Methods section.
Their performance was evaluated by their DDA, and the results
are compared with the initial DDA of chitin (7 ± 1%). The
results are summarized in Figure 4, and the respective FTIR

spectra are shown in Figure S6. As seen, DES can be divided
into three groups: (i) those effecting negligible deacetylation
(such as [Ch]DHC:G); (ii) those with modest deacetylation
(DDA around 15%), such as [Ch]Cl:EG ≈ [Ch]Cl:G <
KHCO3 < [Ch]Cl:CA < [Ch]Cl:AA; and (iii) DES with a high
deacetylation potential (DDA above 20%), specifically [Ch]-
Cl:OA < K2CO3:G < [Ch]Cl:MA. We also stress that after
deacetylation with [Ch]Cl:OA at 80 °C for 24 h, the sample
changed from a whitish powder to black, indicating a full
degradation of the polymer as opposed to controlled
deacetylation. In fact, it has been previously reported that
this DES is too acidic and sometimes leads to the degradation
of carbohydrates.43 Hence, the deacetylation with [Ch]Cl:OA
was followed in a shorter timespan: between 2 and 8 h, as
shown in Figure S7. The deacetylation was the most efficient
after 4 h, achieving a DDA of 19 ± 3%, which is plotted in
Figure 4.
This is consistent with DFT screening, where [Ch]Cl with

acids (MA, OA, AA) was identified as having suitably low
barriers for deacetylation to be feasible.
Due to physical difficulties with the final product, which

render this DES industrially unsuitable, [Ch]Cl:OA was not
studied further despite the encouraging initial performance. As
seen in Figure 4, the trend in deacetylation for the acidic-based
DES (measured with ascending DDA) is [Ch]Cl:AA <
[Ch]Cl:OA < [Ch]Cl:MA, which roughly follows the number

of hydroxyl and carboxylic groups in the acid. This increases
the polar character of the acids and increases the number of
hydrogen bonds they can form, possibly allowing a larger
perturbation of the hydrogen bonding in native chitin.
The exception is [Ch]Cl:CA, which is, despite being a

tricarboxylic acid, the bulkiest acidic DES, suffering from a
steric effect preventing it from diffusing noticeably into the
rigid chitin structure and perturbing it. Consequently, this DES
presents the lowest DDA within the acidic-based DESs.
K2CO3:G also showed interesting results, promoting a DDA

of ∼20% without any optimization. This is due to the fact that
it acts as a strong base and follows a conventional alkaline
hydrolysis mechanism (vide supra).
Upon a proper selection of DES, it is possible to promote

chitin deacetylation to some degree. We now focus on
improving yields and explaining the mechanism.

Hydrotropy Study. It is well-known that ionic liquids
display a hydrotropic mechanism when solvating more
hydrophobic compounds.44 More precisely, aqueous solutions
of hydrotropes (water-soluble compounds characterized by an
amphiphilic structure, yet unable to form micelles),45 such as
ionic liquids, are able to increase the solubility of water-
insoluble or sparingly water-soluble organic compounds due to
the formation of aggregates.44,46 Interestingly, DESs have
recently been shown to also be able to act as hydrotropes,46,47

leading to an enhanced solubility of the lignin’s monomers as
well as different types of lignins themselves.
In this sense, a hydrotropy study was performed for the most

promising DESs, namely, K2CO3:G and [Ch]Cl:MA, and for
[Ch]Cl:AA owing to the high fluidity of the system, which can
facilitate the deacetylation reaction. The results shown in
Figure 5 demonstrate that the DESs follow two different
patterns. When deacetylation is carried out by K2CO3:G and
[Ch]Cl:MA, the DDA increases with the amount of DES
present in the solution, demonstrating a monotonic increase of
chitin solubility and deacetylation. In these cases, a pure DES
is required for a more efficient deacetylation. In contrast, when
[Ch]Cl:AA was applied for the deacetylation, there was a
nonmonotonic solubility and deacetylation enhancement with
the DES concentration, with a maximum at intermediate DES
concentrations. This indicates that [Ch]Cl:AA is able to act as
a hydrotrope. Herein, solute−hydrotrope (chitin−[Ch]Cl:AA)
interactions are established between their apolar moieties,
resulting in strong and favorable interactions only due to the
presence of water.48 Consequently, at 70 wt %, there is a higher
solubilization and subsequent deacetylation of chitin, which
represents an approximate 5% increase in the DDA in
comparison with the pure DES. However, since chitin is a
long-chain polymer, it is difficult for this hydrotrope to fully
form “aggregates” that allow not only its solubilization but also
deacetylation.
Overall, these results show that K2CO3:G and [Ch]Cl:MA

allow the solubilization of chitin through the typically observed
cosolvency mechanism, whereas [Ch]Cl:AA displays a hydro-
tropic mechanism. Independent of the subjacent solubilization
mechanism and at the best conditions so far, K2CO3:G,
[Ch]Cl:AA, and [Ch]Cl:MA led to a DDA of 20 ± 3, 19 ± 2,
and 32 ± 4%, respectively. This represents already a
noteworthy modification of the chitin structure, especially
considering that almost no solvents are able to solubilize chitin.

Influence of HBA, HBD, and DES on Chitin Deacetylation.
When DESs are applied in reaction, extraction, and separation
processes, it is important to also evaluate how the HBA and

Figure 4. Performance of different DESs (pure solvents) on chitin
deacetylation at 80 °C for 24 h. The line represents the DDA of
commercial chitin (7 ± 1%). The * indicates that in the particular
case of [Ch]Cl:OA, the deacetylation was performed at 80 °C but for
4 h.
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HBD perform per se. This is of special relevance when aqueous
solutions of DESs are involved as, depending on the amount of
water present, the DES might no longer be present as a DES
but instead be an aqueous solution of two species. To pinpoint
the additional mechanistic effect of DES on deacetylation
beyond simple solubility mediation, first-principles calculations
were employed. In short, the calculated barriers for
deacetylation with different DES formulations should be
lower than those of their separated constituent parts (e.g.,
simple alcohols, acids, or [Ch]Cl).
Experimentally, we have shown that deacetylation proceeds

in several DESs of different formulations: [Ch]Cl:alcohol,
[Ch]Cl:organic acid, and K2CO3:G. We therefore investigate
the mechanisms when only single components are present and
compare the calculated barriers with those for complex DESs
(see the section Computational Screening).
Alcohols. The single-component mechanism can follow a

one-step or a two-step mechanism. In a one-step mechanism,

the oxygen of the hydroxyl group binds to the amidic carbon,
while the hydroxyl hydrogen moves to amidic nitrogen. The
amidic C−N bond is cleaved simultaneously. This barrier is 40
kcal·mol−1. In a two-step mechanism, upon the formation of
the C−O bond, the hydroxyl hydrogen binds to the same
oxygen atom. In the subsequent step, hydrogen migrates to the
amidic nitrogen, causing a C−N bond cleavage. The barriers
for these steps are 31 and 27 kcal·mol−1. For glycol, the
calculated barriers are consistently slightly higher, i.e., 42 kcal·
mol−1 for the one-step mechanism and 34 and 3 kcal·mol−1 for
the two-step mechanism.

Choline Chloride. In pure choline chloride, which is an
alcohol, the reaction could follow a similar mechanism.
However, the barriers are 54 kcal·mol−1 (single-step mecha-
nism) or 44 and 47 kcal·mol−1 (two-step mechanism), making
the reaction unlikely. Choline chloride on its own is thus not
conducive to the reaction. As stated before, the calculated

Figure 5. Hydrotropy study for the most promising DESs upon chitin deacetylation at 80 °C for 24 h: (I) K2CO3:G, (II) [Ch]Cl:AA, and (III)
[Ch]Cl:MA. The line represents the DDA of commercial chitin (7 ± 1%).

Figure 6. Calculated Gibbs free energies for the GlcNAc deacetylation with glycerol, acetic, oxalic, and malic acids in a two-step mechanism (I) and
one-step mechanism (II).
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barrier for [Ch]Cl:G was 31 kcal·mol−1, showing that it is
glycerol that is the most responsible for deacetylation.
Organic Acids. When using acetic, oxalic, or malic acid,

there are two possible routes. In concentrated aqueous
solutions of suitably strong bases, a sufficient concentration
of H3O

+ enables the previously mentioned mechanism (H3O
+-

mediated reaction). However, even with no appreciable H3O
+

concentration (either being weak or in a nonaqueous
medium), acids can catalyze the deacetylation. In a one-step
mechanism, the carboxylic oxygen atom attaches to the amide
carbon atom, while the carboxylic hydrogen atom (on the
other oxygen atom) binds to the nitrogen atom, cleaving the
C−N bond in the process. The Gibbs barriers for this process
are 16, 29, and 24 kcal·mol−1 for acetic, oxalic, and malic acids,
respectively. In a two-step mechanism, the carboxylic oxygen
again binds to the amide carbon atom, but the carboxylic
hydrogen protonates the amide oxygen atom instead. The
ensuing intermediate breaks apart through a proton migration
from O to N. The barriers for these steps are 9 and 30 kcal·
mol−1 for acetic acid, 10 and 31 kcal·mol−1 for oxalic acid, and
51 and 41 kcal·mol−1 for malic acid. Figure 6 depicts the
corresponding Gibbs free energy of one-step and two-step
mechanisms.
The results are consistent with experimental data, as well.

The barrier for pure AA is lower than for [Ch]Cl:AA, and
[Ch]Cl:AA performs the worst among the three in
deacetylation. We argue that any DDA we see in this case is
due to the residual effect of AA and not of the DES interplay.
For oxalic and malic acids, the barriers are higher than in their
combination with ChCl (29 vs 26 kcal·mol−1 for AA, and 25 vs
24 kcal·mol−1 for OA). These two formulations ([Ch]Cl:MA
and [Ch]Cl:OA) exhibited the best results.
Experimentally, this effect was studied on [Ch]Cl:AA for

two main reasons: (i) this is the only DES with a hydrotropic
mechanism and (ii) AA is liquid (MA and OA are solid),
allowing the study of a pure solvent. It was previously seen that
70 wt % [Ch]Cl:AA led to the highest deacetylation. Hence,
aqueous solutions of the HBA ([Ch]Cl) and HBD (acetic
acid) of this concentration were prepared for comparison with
the respective DES. Pure components were also tested. The
results are shown in Figure 7. When the aqueous solutions are
considered, it is evident that the DDA follows the trend HBA <
HBD < DES. Pure [Ch]Cl does not promote deacetylation

(above the initial 7%), which is also consistent with DFT
calculations (the rate-determining barrier of 44 kcal·mol−1 is
too high). In contrast, acetic acid (in an aqueous solution of 70
wt %) can react with chitin, up to some extent, resulting in a
DDA of ∼15% (barrier of 16 kcal·mol−1). The efficiency is
enhanced when the HBA and HBD are combined, reaching
∼20% DDA. This is a complex effect, caused by the structure
of chitin, and is therefore not captured by the DFT calculations
(which were performed on GlcNAc and show a larger barrier
of 26 kcal·mol−1). This corroborates the existence of the
synergistic effect of the DES components, as previously
observed in different works.49,50

When pure solvents are concerned, however, it is evident
that acetic acid and the respective DES have different
solubilization mechanisms that consequently lead to a distinct
deacetylation efficiency. Pure acetic acid exhibits the
cosolvency mechanism (DDA increases with concentration),
whereas [Ch]Cl:AA displays a hydrotropic mechanism as
mentioned before. Consequently, the availability of the acetic
acid and its interaction with the solute seem to be more
efficient than for the DES as it promotes a higher degree of
deacetylation.

Temperature and Reaction Time Influence on Chitin
Deacetylation. As temperature and time are two of the most
crucial parameters in organic transformations and reactions,
their influence on chitin deacetylation was investigated to
optimize the protocol. On K2CO3:G, 70 wt % [Ch]Cl:AA, and
[Ch]Cl:MA, the temperature was varied between 80 and
120°C and shorter time ranges were tested and compared with
the initial 24 h deacetylation. Figure 8 depicts the results.
K2CO3:G and [Ch]Cl:AA both achieve an ∼20% DDA at 80

°C after 24 h. The reaction is faster with the latter, with DDA
reaching ∼15% after 4 h, while in K2CO3:G the reaction is
slower. At higher temperatures, the reaction is faster (the
difference between DDA after 4 h and 24 h decreases).
However, increasing the temperature decreases DDA, the effect
being more pronounced for [Ch]Cl:AA, where DDA tends to
stabilize around 15%. At 100 and 120 °C, the difference
between DDA after 4, 6, and 24 h is not statistically relevant. In
contrast, [Ch]Cl:MA exhibits much more clearcut effects. We
observe an increase in DDA with reaction time. The
temperature effect is less pronounced, but increasing it to
120 °C still improved the DDA to ∼40%. Furthermore, in one
run, the reaction time was extended to 96 h, as shown in Figure
S8. No further increase in DDA was observed.
In summary, by properly choosing the DESs, it is possible to

optimize a green chitin deacetylation with a DDA up to at least
∼40%. Efforts in further improving the DDA were not
successful. We believe that this is due to the fact that the
biopolymer deacetylation should be mainly occurring in the
amorphous parts of chitin. Moreover, chitin is obtained after
precipitation with water, resulting in an aqueous solution of
DES. Upon ultrafiltration to separate the acetate, the secondary
product of this reaction, it is possible to evaporate the water
and reuse the DES, as it has been recently shown for similar
DESs.51

Chitin Deacetylation with NaOH Mineral Base. Lastly,
different NaOH concentrations (40 and 50 wt %) were used to
perform the conventional chitin deacetylation reported in the
literature. This allows a direct comparison between the
alternative deacetylation process (DES) and the typical one
applied. This is necessary to compare the efficiency of DESs in
a controlled fashion as it is well-known that chitin derived from

Figure 7. Influence of the HBA ([Ch]Cl), HBD (acetic acid), and
DES ([Ch]Cl:AA) on DDA at 80 °C for 24 h. The line represents the
DDA of commercial chitin (7 ± 1%).
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different species as well as the DDA determination through
distinct techniques lead to very different results. Herein, the
influence of different NaOH concentrations was studied over
time, as shown in Figure 9.
The results demonstrate that 6 h suffice for an efficient

conversion of chitin into chitosan and that the DDA obtained

ranges between 60 and 98%. When 40 wt % NaOH was used,
at least 8 h was required to obtain a high DDA (≥80%).
However, when using 50 wt %, 6 h suffice for comparable
DDA.
When performing deacetylation in a real setting, several

factors should be considered, especially what DDA is required
for a specific task. This allows for an informed evaluation if
further processing is required and what is the most feasible
economic and sustainable option: using lower alkaline
conditions for longer periods or increasing the NaOH
concentration but reducing the reaction time. The latter is
especially crucial when a fully deacetylated chitosan is required
since there is a 6 h reduction of the reaction duration (24 vs 18
h) when 50 wt % NaOH instead of 40 wt % is used.
This data is comparable to that in the literature. A detailed

comparison is less informative due to the variation of
parameters among studies: source of chitin, deacetylation
method, analytical technique, NaOH concentration, duration
of the reaction, temperature under study, and the solid/liquid
ratio used.52−55 Singh et al.52 also used 50 wt % NaOH and a
1:50 (w/v) solid/liquid ratio to study chitin deacetylation but
performed it at higher temperatures (110 and 130 °C) and for
shorter periods of time (2−8 h). DDA was also analyzed using
FTIR and while applying the exact same equation here
reported. As expected, their results showed an increasing DDA
trend with temperature and the duration of the reaction, which
is consistent with our data. Interestingly, after 8 h of
deacetylation and while using the same NaOH concentration,

Figure 8. Influence of time (light-green solid box, 4 h; green solid box, 6 h; dark-green solid box, 24 h) and temperature (80, 100, and 120 °C) on
chitin deacetylation for the most promising DESs: (I) K2CO3:G, (II) 70 wt % [Ch]Cl:AA, and (III) [Ch]Cl:MA. The line represents the DDA of
commercial chitin (7 ± 1%).

Figure 9. Influence of time and NaOH concentration upon chitin
deacetylation at 80 °C: Green solid box, 40 wt % NaOH; dark-green
solid box, 50 wt % NaOH. The line represents the DDA of
commercial chitin (7 ± 1%).
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we achieved a DDA of 83 ± 2% at 80 °C, whereas Singh et al.
reported a DDA of 86.8 ± 0.4% only at 110°C.52 This
evidences that the chitin source and the deacetylation method
play a major role in the process. Galed and co-workers53

showed that it was possible to achieve a DDA of ∼80% in ca. 1
h when using extremely concentrated NaOH (70 wt %) and
high temperatures (110 °C). However, with 50 wt % NaOH at
110 °C, they only achieved a DDA of approximately 70% even
after 5 h.
Comparing chitin deacetylation using DES or NaOH, it was

obvious that even the lowest tested NaOH concentration (40
wt %) after 6 h outperforms the optimized DES protocol
([Ch]Cl:MA, 24 h, 120°C) with a DDA of 60% compared to
40%.
Chitin is only considered chitosan upon the deacetylation of

50% of its amino groups; hence, this biocompatible
deacetylation of chitin is merely 10% shy of the threshold. In
terms of sustainability, this work reports a much greener
process that is still able to promote a noteworthy deacetylation
and increase chitin reactivity. As this is the first successful
application of DES for chitin deacetylation, representing by no
means an exhaustive screening campaign, we believe that the
developed protocol will be further improved in the future. The
final product with 40% of the N-acetyl groups present removed
is more prone to further processing. Lastly, with a 40% DDA,
the range of possible applications of chitin vastly expands.55

XRD. XRD patterns of commercial chitin and chitosan are
displayed in Figure 10 as well as the crystalline peaks from the
samples obtained with the most promising DESs studied in this
work: 100 wt % K2CO3-G and 70 wt % [Ch]Cl:AA after 24 h
of deacetylation at 80 °C and 100 wt % [Ch]Cl:MA after 24 h
of deacetylation at 120°C. Chitosan obtained using 50 wt %
NaOH after 18 h of deacetylation at 80 °C was also analyzed
for comparison purposes. Chitin displays two characteristic
crystalline reflections at 2θ ≈ 9.4 and 19.3°, whereas chitosan
presents its crystalline reflections at 2θ ≈ 9−10 and 20°. This
data is in agreement with that in the literature.17,56,57 The peak
at 2θ ≈ 9−11° corresponds to amide I (−N−CO−CH3), while

the peak at 2θ ≈ 19−20° corresponds to amide II (−NH2).
58

Regarding the results obtained with DES, it is evident that all
of the systems present an identical spectrum to chitin, which
was expected considering the results attained with FTIR.
Additionally, these samples presented a crystallinity index
identical to or higher than that of chitin. This was not entirely
anticipated since typically the crystallinity index decreases with
the DDA increase59 and with methods affecting the surface of
the polymer.57 However, there has been one study that has
reported the crystallinity index to have increased alongside the
DDA increase.58 Herein, the chitosan sample with the lowest
DDA of ∼80% presented a crystallinity index of nearly 63%
and showed an increasing trend up to a crystallinity index of
∼71% when the DDA was higher than 95%. The crystallinity
index is always dependent on the source and type of chitin, and
it can be correlated, to some extent, with the DDA and the
molecular weight of the final product.58,59 When the
deacetylation was carried out with 50 wt % NaOH, the
chitosan formed displays a regular crystalline pattern as the
commercial chitosan, with a crystallinity index lower than that
of chitin.

■ CONCLUSIONS

This works reports on the previously unreported ability of DES
to promote chitin deacetylation. A combined DFT theoretical
and experimental study revealed the most effective DES for
deacetylation and optimized conditions.
First, quantum chemical calculations for the deacetylation of

GlcNAc with several reagents were performed. Calculating the
barriers for alkaline or acidic hydrolysis, which are known to
proceed, as a benchmark, we have screened the most common
DESs for deacetylation. K2CO3:G, [Ch]Cl:OA, and [Ch]-
Cl:MA were recognized as the most promising. The
mechanism of deacetylation in K2CO3:alcohol proceeds in a
two-step fashion: first the carbonate ion binds to the amidic
carbon with a barrier of 26 kcal·mol−1 and then the C−N bond
is cleaved. In [Ch]Cl:acid mixtures, the concerted and two-
step mechanisms are both possible with barriers of 20−25 kcal·

Figure 10. X-ray diffraction patterns and crystallinity index (CrI) of commercial chitin and chitosan as well as the samples obtained with the most
promising DESs studied in this work: 100 wt % K2CO3-G and 70 wt % [Ch]Cl:AA after 24 h of deacetylation at 80 °C and 100 wt % [Ch]Cl:MA
after 24 h of deacetylation at 120 °C and the sample obtained with 50 wt % NaOH after 18 h of deacetylation at 80 °C.
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mol−1. Malic and oxalic acid performed the best. In
[Ch]Cl:alcohol mixtures, however, the deacetylation is not
facilitated compared to alcohols.
Based on DFT screening, experimental tests were

performed. In total, 10 different DESs were screened, and
K2CO3:G, [Ch]Cl:AA, and [Ch]Cl:MA showed the most
promising results with initial DDA ∼20% at 80 °C after 24 h.
These three were further investigated to tweak the protocol
with respect to concentration, temperature, and time. [Ch]-
Cl:OA, although performing well in shorter timeframes, was
not evaluated further due to decomposition of the initial
polymer and physical unsuitableness of the product.
To experimentally verify the mechanism of solubilization,

the effect of DES concentration was tested for K2CO3:G,
[Ch]Cl:MA, and [Ch]Cl:AA. On the one hand, K2CO3:G and
[Ch]Cl:MA displayed a monotonic increase in chitin solubility
and DDA with an increase in the DES concentration. In pure
solvents, DDA was the highest. On the other hand, [Ch]Cl:AA
presented a nonmonotonic solubility dependence and
deacetylation enhancement upon the DES concentration,
with a maximum at intermediate DES concentrations (70 wt
%). This indicates that [Ch]Cl:AA is able to act as a
hydrotrope.
Upon varying the reaction parameter, the highest achieved

DDA was 40% when using [Ch]Cl:MA for 24 h at 120 °C.
Although this is still shy of the 50% threshold, conventionally
proposed as a delineation between chitin and chitosan, the
DESs were able to considerably increase chitin’s reactivity, thus
making it more prone to further dissolution and processing.
We stress that there are countless possible combinations of
DESs. Although this screening campaigning 10 possibilities
falls short of the threshold, it still represents the first successful
application of DESs for chitin deacetylation. Further studies on
DES-mediated biocompatible and sustainable deacetylation of
chitin will undoubtedly improve this value considerably.
To sum up, in this work, we demonstrated a novel method

for the deacetylation of chitin, achieving considerable
conversions. This approaches a full-fledged transformation of
chitin into chitosan while using solely biocompatible solvents,
which has not, to the best of our knowledge, been previously
reported. By removing a substantial amount of N-acetyl groups
from chitin, its reactivity increased and made polymers more
accessible for additional processing. This further increases the
range of chitin’s application, for instance, in technical and
agricultural applications.55

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976.

Influence of reaction time on chitin deacetylation while
using pure [Ch]Cl:OA and K2CO3:G (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Filipa A. Vicente − Department of Catalysis and Chemical
Reaction Engineering, National Institute of Chemistry, 1000
Ljubljana, Slovenia; Phone: +386 1 4760 536;
Email: filipa.andre.vicente@ki.si

Uros ̌ Novak − Department of Catalysis and Chemical
Reaction Engineering, National Institute of Chemistry, 1000

Ljubljana, Slovenia; orcid.org/0000-0003-0561-8427;
Phone: +386 1 4760 283; Email: uros.novak@ki.si

Authors
Matej Hus ̌ − Department of Catalysis and Chemical Reaction
Engineering, National Institute of Chemistry, 1000 Ljubljana,
Slovenia; Association For Technical Culture of Slovenia
(ZOTKS), 1000 Ljubljana, Slovenia; orcid.org/0000-
0002-8318-5121

Blaz ̌ Likozar − Department of Catalysis and Chemical
Reaction Engineering, National Institute of Chemistry, 1000
Ljubljana, Slovenia; orcid.org/0000-0001-7226-4302

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.0c08976

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was made possible by the Mar3Bio project, financed
through the first call of the Marine Biotechnology ERA-NET
(funded under the European Commission’s Seventh Frame-
work Programme), and the BioApp project (Interreg V-A Italy-
Slovenia 2014−2020), its operation cofunded by the European
Regional Development Fund. The authors also acknowledge
the financial support from the Slovenian Research Agency
(research core funding No. P2-0152 and infrastructure core
funding I0-0039).

■ REFERENCES
(1) Brigham, C. Biopolymers: Biodegradable Alternatives to
Traditional Plastics. In Green Chemistry: An Inclusive Approach,
Török, B.; Dransfield, T. B. T.-G. C., Eds.; Elsevier, 2017; Chapter
3.22, pp 753−770.
(2) Shamshina, J. L.; Berton, P.; Rogers, R. D. Advances in
Functional Chitin Materials: A Review. ACS Sustainable Chem. Eng.
2019, 7, 6444−6457.
(3) PlasticsEurope. Plasticsthe Facts 2019, https://www.
plasticseurope.org/en/resources/publications/1804-plastics-facts-
2019. (accessed Jan 28, 2021).
(4) Rendón-Villalobos, R.; Ortíz-Sánchez, A.; Tovar-Sánchez, E.;
Flores-Huicochea, E. The Role of Biopolymers in Obtaining
Environmentally Friendly Materials. In Composites from Renewable
and Sustainable Materials, Poletto, M., Ed.; BoD−Books on Demand,
2016; p 151.
(5) King, C.; Shamshina, J. L.; Gurau, G.; Berton, P.; Khan, N. F. A.
F.; Rogers, R. D. A Platform for More Sustainable Chitin Films from
an Ionic Liquid Process. Green Chem. 2017, 19, 117−126.
(6) Yan, N.; Chen, X. Sustainability: Don’t Waste Seafood Waste.
Nat. 2015, 524, 155−156.
(7) Chen, X.; Yang, H.; Yan, N. Shell Biorefinery: Dream or Reality?
Chem. - A Eur. J. 2016, 22, 13402−13421.
(8) Shamshina, J. L. Chitin in Ionic Liquids: Historical Insights into
the Polymer’s Dissolution and Isolation. A Review. Green Chem. 2019,
21, 3974−3993.
(9) Clark, J. H. Green Biorefinery Technologies Based on Waste
Biomass. Green Chem. 2019, 21, 1168−1170.
(10) Nizami, A. S.; Rehan, M.; Waqas, M.; Naqvi, M.; Ouda, O. K.
M.; Shahzad, K.; Miandad, R.; Khan, M. Z.; Syamsiro, M.; Ismail, I.
M. I.; et al. Waste Biorefineries: Enabling Circular Economies in
Developing Countries. Bioresour. Technol. 2017, 241, 1101−1117.
(11) Zargar, V.; Asghari, M.; Dashti, A. A Review on Chitin and
Chitosan Polymers: Structure, Chemistry, Solubility, Derivatives, and
Applications. ChemBioEng Rev. 2015, 2, 204−226.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c08976
ACS Sustainable Chem. Eng. 2021, 9, 3874−3886

3884

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c08976/suppl_file/sc0c08976_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filipa+A.+Vicente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:filipa.andre.vicente@ki.si
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uros%CC%8C+Novak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0561-8427
mailto:uros.novak@ki.si
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matej+Hus%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8318-5121
http://orcid.org/0000-0002-8318-5121
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Blaz%CC%8C+Likozar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7226-4302
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c08976?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.8b06372
https://dx.doi.org/10.1021/acssuschemeng.8b06372
https://www.plasticseurope.org/en/resources/publications/1804-plastics-facts-2019
https://www.plasticseurope.org/en/resources/publications/1804-plastics-facts-2019
https://www.plasticseurope.org/en/resources/publications/1804-plastics-facts-2019
https://dx.doi.org/10.1039/C6GC02201D
https://dx.doi.org/10.1039/C6GC02201D
https://dx.doi.org/10.1038/524155a
https://dx.doi.org/10.1002/chem.201602389
https://dx.doi.org/10.1039/C9GC01830A
https://dx.doi.org/10.1039/C9GC01830A
https://dx.doi.org/10.1039/C9GC90021G
https://dx.doi.org/10.1039/C9GC90021G
https://dx.doi.org/10.1016/j.biortech.2017.05.097
https://dx.doi.org/10.1016/j.biortech.2017.05.097
https://dx.doi.org/10.1002/cben.201400025
https://dx.doi.org/10.1002/cben.201400025
https://dx.doi.org/10.1002/cben.201400025
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c08976?ref=pdf


(12) Younes, I.; Rinaudo, M. Chitin and Chitosan Preparation from
Marine Sources. Structure, Properties and Applications. Mar. Drugs
2015, 13, 1133−1174.
(13) Chen, X.; Yang, H.; Zhong, Z.; Yan, N. Base-Catalysed, One-
Step Mechanochemical Conversion of Chitin and Shrimp Shells into
Low Molecular Weight Chitosan. Green Chem. 2017, 19, 2783−2792.
(14) Di Nardo, T.; Hadad, C.; Nguyen Van Nhien, A.; Moores, A.
Synthesis of High Molecular Weight Chitosan from Chitin by
Mechanochemistry and Aging. Green Chem. 2019, 21, 3276−3285.
(15) Zhu, P.; Gu, Z.; Hong, S.; Lian, H. One-Pot Production of
Chitin with High Purity from Lobster Shells Using Choline
Chloride−Malonic Acid Deep Eutectic Solvent. Carbohydr. Polym.
2017, 177, 217−223.
(16) Zhao, D.; Huang, W.-C.; Guo, N.; Zhang, S.; Xue, C.; Mao, X.
Two-Step Separation of Chitin from Shrimp Shells Using Citric Acid
and Deep Eutectic Solvents with the Assistance of Microwave.
Polymers 2019, 11, 409.
(17) Saravana, P. S.; Ho, T. C.; Chae, S. J.; Cho, Y. J.; Park, J. S.;
Lee, H. J.; Chun, B. S. Deep Eutectic Solvent-Based Extraction and
Fabrication of Chitin Films from Crustacean Waste. Carbohydr.
Polym. 2018, 195, 622−630.
(18) Bradic,́ B.; Novak, U.; Likozar, B. Crustacean Shell Bio-Refining
to Chitin by Natural Deep Eutectic Solvents. Green Process. Synth.
2019, 9, 13.
(19) Sharma, M.; Mukesh, C.; Mondal, D.; Prasad, K. Dissolution of
α-Chitin in Deep Eutectic Solvents. RSC Adv. 2013, 3, 18149−18155.
(20) Vicente, F. A.; Bradic,́ B.; Novak, U.; Likozar, B. α-Chitin
Dissolution, N-deacetylation and Valorization in Deep Eutectic
Solvents. Biopolymers 2020, 111, No. e23351.
(21) Zdanowicz, M.; Wilpiszewska, K.; Spychaj, T. Deep Eutectic
Solvents for Polysaccharides Processing. A Review. Carbohydr. Polym.
2018, 200, 361−380.
(22) Saravana, P. S.; Ho, T. C.; Chae, S. J.; Cho, Y. J.; Park, J. S.;
Lee, H. J.; Chun, B. S. Deep Eutectic Solvent-Based Extraction and
Fabrication of Chitin Films from Crustacean Waste. Carbohydr.
Polym. 2018, 195, 622−630.
(23) Mukesh, C.; Mondal, D.; Sharma, M.; Prasad, K. Choline
Chloride-Thiourea, a Deep Eutectic Solvent for the Production of
Chitin Nanofibers. Carbohydr. Polym. 2014, 103, 466−471.
(24) Martins, M. A. R.; Pinho, S. P.; Coutinho, J. A. P. Insights into
the Nature of Eutectic and Deep Eutectic Mixtures. J. Solution Chem.
2019, 48, 962−982.
(25) Longo, L. S., Jr; Craveiro, M. V. Deep Eutectic Solvents as
Unconventional Media for Multicomponent Reactions. J. Braz. Chem.
Soc. 2018, 29, 1999−2025.
(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G. et al.. Gaussian 16, revision C.01. Gaussian Inc.:
Wallingford CT, 2016.
(27) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four M06-Class
Functionals and 12 Other Function. Theor. Chem. Acc. 2008, 120,
215−241.
(28) McLean, A. D.; Chandler, G. S. Contracted Gaussian Basis Sets
for Molecular Calculations. I. Second Row Atoms, Z = 11−18. J.
Chem. Phys. 1980, 72, 5639−5648.
(29) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-
consistent Molecular Orbital Methods. XX. A Basis Set for Correlated
Wave Functions. J. Chem. Phys. 1980, 72, 650−654.
(30) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V.
R. Efficient Diffuse Function-Augmented Basis Sets for Anion
Calculations. III. The 3-21+G Basis Set for First-Row Elements,
Li−F. J. Comput. Chem. 1983, 4, 294−301.
(31) Frisch, M. J.; Pople, J. A.; Binkley, J. S. Self-consistent
Molecular Orbital Methods 25. Supplementary Functions for
Gaussian Basis Sets. J. Chem. Phys. 1984, 80, 3265−3269.

(32) Walker, M.; Harvey, A. J. A.; Sen, A.; Dessent, C. E. H.
Performance of M06, M06-2X, and M06-HF Density Functionals for
Conformationally Flexible Anionic Clusters: M06 Functionals
Perform Better than B3LYP for a Model System with Dispersion
and Ionic Hydrogen-Bonding Interactions. J. Phys. Chem. A 2013,
117, 12590−12600.
(33) McQuarrie, D. A.; Simon, J. D. Molecular Thermodynamics,
1999.
(34) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal
Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113,
6378−6396.
(35) Brugnerotto, J.; Lizardi, J.; Goycoolea, F. M.; Argüelles-Monal,
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