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ARTICLE INFO ABSTRACT

Handling Editor: M.T. Moreira Finding a cheap and easily recycling material that can capture CO, under atmospheric pressure (1 atm) is of

paramount importance. In this context, combining ionic liquids (ILs) with abundant and natural materials, such

Keywords: as chitin-based biopolymers, appears as an interesting alternative. In this work, four acetate-based ILs were
Ch#f’sa“ selected to explore the solubility of chitin, chitosan, and carboxymethyl-chitosan. Using carboxymethyl-chitosan
;}l:;[;nspectmsmpy and biopolymer monomer units as models, different Nuclear Magnetic Resonance (NMR) techniques, namely, 'H,
Recyclability 13¢, nuclear Overhauser effect spectroscopy, and spin-lattice relaxation, were performed to evaluate the disso-

lution. Shrimp shells were used as a chitin source. Through a simple acid/base treatment, it was possible to
remove minerals and proteins, and use it to prepare biopolymer@IL materials for CO, capture tests. Efficient CO,
sorption capacity was observed upon bubbling CO, with a maximum of 2.32 mmolcoa/gsorbent- Under Na
bubbling, the system demonstrated excellent recycling capacity using a room temperature procedure that out-
performed aqueous amine solutions recycling. The absence of heating and vacuum recycling procedures, com-

Energy saving

bined with the use of Ny or compressed air is much more appealing for industrial applications.

1. Introduction

Chitosan (Cs) is the deacetylated form of chitin (Ct), that is the
second most abundant biopolymer, just after cellulose. Ct is particularly
common in exoskeletons of insects and crustaceans (Liu et al., 2018; Sun
et al., 2019; Zhong et al., 2020). Both are linear heteropolysaccharides
constituted by two monosaccharides, N-acetyl-D-glucosamine
(N-(GIcNAc)) and D-glucosamine (GIcN) connected by p-1,4-glycosidic
bonds (Mukhtar Ahmed et al., 2020). The main difference between them
is the deacetylation degree, since Ct is mostly constituted by GlcNAc,
while in Cs, GlcN is the predominant monosaccharide (>50%) (Pillai
et al.,, 2009). Cs preserves the exceptional properties of Ct, such as
biocompatibility, biodegradability, low toxicity, both are applied in
fields of pharmaceutical, wastewater treatment, cosmetic, heavy metal
chelation, heterogeneous catalyst, among others (Mukhtar Ahmed et al.,
2020; Sun et al., 2019; Xie et al., 2006; Zhong et al., 2020). Despite their
appealing advantages, many of these applications require the chemical
modification of the biopolymers and/or the formation of stable homo-
geneous biopolymer solutions. However, due to the strong inter and
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intramolecular hydrogen bonding between the polymer chains, both
native Ct and Cs are poorly dissolved in water, basic solutions, and
common organic solvents. Ct can only be dissolved in specific solvents
such as N,N-dimethylacetamide, hexafluoroacetone or
hexafluoro-2-propanol, while acetic acid, formic acid, and some strong
polar protic solvents, such as trichloroacetic acid exhibit good solvent
abilities for Cs (Roy et al., 2017; Sun et al., 2019; Wang et al., 2010; Xie
et al., 2006). However, these solvents are generally volatile, toxic, cor-
rosive, and difficult to recover. In addition, the use of concentrated
strong acids can reduce the molecular weight of biopolymer, by polymer
chain fragmentation (Wang et al., 2010; Xu et al., 2016). Consequently,
it is imperative to discover effective and sustainable solvents for Cs and
Ct dissolution. This work aims at developing Cs and Ct derived materials
for CO; capture, focusing on solutions of these polymers. With this goal,
we conducted a detailed study on the molecular interactions that
regulate both the solubilization and the behaviour towards CO,, with
the aim of providing both a rationalization and an optimization
regarding the use of Cs/Ct solutions for COy capture.

Tonic liquids (ILs) are ionic species with melting point under 100 °C,
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usually composed by organic cations and smaller inorganic or organic
anions. Due to their unique properties, such as non-flammability, high
thermal and chemical stability, ILs have attracted much attention as
greener replacements for traditional solvents in different areas (Paiva
et al., 2019; Trivedi et al., 2014; Yang et al., 2016). Their low vapor
pressure is one of the most important feature resulting in less air
pollution compared to volatile organic solvents (Mallakpour et al.,
2012). Moreover, ILs have a remarkable ability to dissolve biopolymers,
such as Ct and Cs (Feng et al., 2015; Ferreira et al., 2020; Li et al., 2012;
Liu et al., 2018; Paiva et al., 2019; Shamshina, 2019). Xiao et al.
considered that while the anions could interact with the hydrogen atoms
of the hydroxyl and amine groups, the cations could interact with the
oxygen and nitrogen of these same groups, respectively, destroying the
hydrogen bonds in Cs and favoring the dissolution in ILs (Xiao et al.,
2011).

Therefore, regarding the anions effect on Cs dissolution, some studies
demonstrate that anions with ability to form hydrogen bond with -OH or
—NH, of Cs are favourable to dissolution (Zhu et al., 2011). Thus, in
general higher Cs dissolution capacity is observed for acetate-based ILs
(up to 15 wt% in 1-ethyl-3-methylimidazolium acetate (EMIeOAc)
compared chloride-based ILs (3 wt% in 1-butyl-3-methylimidazolium
chloride (BMIeCl)). In the same topic, Chen et al. determined the ILs’
Kamlet-Taft f parameters to measure the hydrogen-bond-accepting
ability, using ILs with different anions (Chen et al., 2011). Their re-
sults demonstrated an almost linear relation between the solubility of Cs
and hydrogen-bond-accepting ability of the ILs. Regarding the cation
effect, Sun at al. presented an important study by evaluating the effect of
the cation alkyl chain size in imidazolium-based ILs (ImILs) with acetate
anion (Sun et al., 2014a). Higher ability to dissolve Cs was observed in
ImILs with shorter alkyl chain (2-4 carbons) compared to longer alkyl
chain length (6-8 carbons), following the order: 1-butyl-3-methylimida-
zolium acetate (BMIeOAc) (15 wt%) > EMIeOAc (13.8 wt%) > 1-hex-
yl-3-methylimidazolium acetate = (HMIeOAc) (12 wt%) >
1-octyl-3-methylimidazolium acetate (OMIeOAc) (7.4 wt%). Addition-
ally, their results contributed to demonstrate that ImILs present higher
ability to dissolve Cs than quaternary ammonium based ILs. So far, all
these examples show that an adequate combination between cation and
anion is requested to dissolve different amount of Cs.

Regarding Ct dissolution, despite similar studies have also been
performed in literature, several disparities in the percentage of disso-
lution can be found, mainly due to provenance and type of Ct (f-chitin
and a-chitin) (Prasad et al., 2009; Qin et al., 2010; Silva et al., 2011;
Wang et al., 2010; Wu et al., 2008; Xie et al., 2006). Nevertheless,
similar to what was observed in Cs dissolution, it is possible to state that
ImILs are generally the most effective cations when compared to
ammonium salts (Ferreira et al., 2020; Ma et al., 2020), being 16.66 wt%
the maximum dissolution reported so far, obtained with EMIeOAc by
Qin et al. (2010). Acetate ILs present higher dissolution capacity
compared to other anions, since changing the anion results in lower
dissolution: 3.3 wt% for EMIeCl and only 1.5 wt% for EMIeMeoPO4 (Qin
et al., 2010; Wang et al., 2010). Besides, mixtures of acetate-based ILs
were tested by Gurau et al. however, no significant improvement in
solubility can be described, resulting in 5.4 wt% Ct dissolution (Gurau
et al., 2012).

The solvating ability of an IL depends on the interaction between the
ILs’ anion/cation and the biopolymer. Even with the increasing research
in this area, just a few ILs have been reported as able to effectively
dissolve polysaccharides, and rare experimental evidence of interaction
sites between solvent and solute have been reported so far. In addition, a
reliable and non-destructive technique able to evaluate the dissolution
mechanism at the atomic level is still under investigation. The verifi-
cation of biopolymers dissolution in ILs can be difficult. Generally, in
translucid ILs, the dissolution of small amounts of Cs can be verified
visually (Trivedi et al., 2014). However, the study of maximum disso-
lution or the use of dark ILs requires a different approach. Polarized
optical microscopy (POM) (Li et al., 2012; Liu et al., 2013), X-Ray

Journal of Cleaner Production 367 (2022) 132977

Diffraction (XRD) (Sun et al., 2014b; Tran et al., 2013), Wide-Angle
X-ray Diffraction (WAXD) (Sun et al., 2014b; Xie et al., 2006), and
Fourier-Transform Infrared Spectroscopy (FT-IR) (Ma et al., 2013; Sun
et al.,, 2014b; Tran et al.,, 2013) are among the most used. Nuclear
Magnetic Resonance can also be used to verify the dissolution and study
the dissolution mechanism. In the last years, this technique has been
applied to verify and monitor the dissolution of cellulose in ILs. So far
only BBc{'H} NMR techniques were used to evaluate the Cs dissolution
in ILs, but no molecular interaction studies have been performed (Chen
et al., 2011; Sun et al., 2014a).

Despite the several studies using ILs for CO, capture, only a few
involving biopolymers dissolved in ILs were reported (Chen et al., 2014;
Eftaiha et al., 2016b, 2017; Qaroush et al., 2017; Sun et al., 2014b; Xie
et al., 2006). Xie et al. prepared a 10 wt% Cs/BMIeCl solution to
investigate the adsorption of CO, with Cs as reversible sorbent (Xie
etal., 2006). Later, Chen et al. studied the CO5 capture through mixtures
between biopolymers and ILs, as well (Chen et al., 2014). The group
prepared 4 wt% solutions of Cs/EMIeOAc and Ct/EMIeOAc and
concluded that both systems could absorb a trace amount of CO; from
the air physically and chemically. Recently, Eftaiha et al. studied the use
of a Ct-acetate/DMSO binary system in CO, capture and discovered that,
in the presence of DMSO, the Ct’s C6 hydroxyl group reacts with CO5 to
form organic carbonate (Eftaiha et al., 2016a, 2016b, 2017; Qaroush
et al., 2017). Despite the growing interest in the use of biopolymers for
CO4 capture, the regeneration of the materials is still an energy
consuming process and, due to poor solubility, rare examples of Ct-based
materials can be found (Eftaiha et al., 2016b). The energy penalty during
the regeneration of the CO5 capture materials is still a deal breaker for
most CO; capture approaches (Osman et al., 2020). The contribution of
total regeneration energy for using amine-based materials in direct air
capture approaches has been determined to be around 60-70% of the
cost (Elfving et al., 2021). In this context, to develop a competitive
material, an ideal sorbent should be recycled with minimum energy
consumption, preferably at room temperature.

Herein, we speculate the possibility of creating a cost-efficient and
easy recyclable biopolymer@IL-based material. Our hypothesis is that
by manipulating the composition of biopolymer/IL mixtures it is
possible to achieve a material able to perform CO, uptake and release in
an efficient manner. The main idea is to develop a CO sorbent able to
work under atmospheric pressure (1 atm) and room temperature, both
for sorption and desorption process. In this work, four acetate-based ILs
(BMIeOAc, EMIeOAc, choline acetate (ChoeOAc), 1,8-diazabicyclo
[5.4.0]-undec-7-ene acetate (DBUHeOAc) — Fig. 1) were selected to
prepare biopolymer@IL materials for CO, capture. Firstly, to properly
select the materials, we investigated the solubility of Cs-based poly-
saccharides (Ct, Cs and Carboxymethyl-chitosan (CM-Cs)) in acetate-
based ILs. The Cs-based polysaccharides used in this study range from
natural sources, such as shrimp shells, to commercial compounds with a
higher degree of treatment, such as CM-Cs. Using CM-Cs and poly-
saccharides monomers as models, the interaction between the
biopolymer and the BMIeOAc was investigated through 'H-NMR, 3C-
{'H} NMR, nuclear Overhauser effect spectroscopy (NOESY) and spin-
lattice relaxation (‘H T;) experiments. All materials were tested in
CO capture and an efficient CO, sorption system was demonstrated
with good recyclability and a low energy consuming process. Using an
NMR approach, we rationalized the Ct and Cs dissolution mechanism in
ILs and consequently provided evidence to understand the subsequent
CO; sorption mechanism. This study allows an unprecedent and sys-
tematic molecular view from the design of the materials to the appli-
cation in CO; capture.

2. Experimental section
2.1. ILs synthesis

General procedure: The following ILs BMIeOAc, EMIeOAc, ChoeOAc
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Fig. 1. ILs structures focused on this paper.

and BMIePro were obtained by simple anion exchange reaction of the
corresponding chloride salt, according to the previous well-established
procedure with small modifications (Zanatta et al., 2016). An etha-
nolic solution of the chloride salt (10 mmol, 20 mL) was slowly eluted
through a column containing 6.00 g of Amberlyst A26 (OH-form), pre-
viously prepared with sodium hydroxide 1 mol L1 (250 mL). To the
eluted solution, 1 Eq of correspondent HX (acetic acid or proline) was
added. The solution was stirred for 30 min, and the solvent was removed
under reduced pressure. The final ILs were dried for 16 h, at 333 K,
under vacuum. All the ILs were obtained with yield higher than 90% and
at least 95% of purity.

The DBUHeOAc was prepared according to a previously reported
procedure, with small modifications (Parviainen et al., 2015). In a round
bottom flask, DBU (4 mmol) was added and purged with Ny. The acetic
acid (4 mmol, 1 Eq) was slowly added dropwise at room temperature.
After the addition, the reaction mixture was stirred for 30 min at 373 K.

2.2. Chitin treatment

Chitin samples from shrimp shell and from an industrial source were
purified according to a procedure described in literature using acid and
basic aqueous solution treatment, resulting in chitin from shrimp shell
treated (CtST) and commercial chitin treated (CtCT) (Trung et al.,
2020). In a typical experiment, shrimp shells were demineralized by
continuously stirring with 0.80 mol.I.~! HCI solution (1:3.5 w/v) at
room temperature for 12 h. The samples were then washed with water
several times and then deproteinized with 0.75 mol.L ™! NaOH (1:2.5
w/v) at room temperature for 24 h. Finally, the samples were washed
with demineralized water until neutrality.

2.3. Dissolution of biopolymers in ILs

The dissolution experiments were performed in glass flasks with a
magnetic stirrer. The temperature was controlled digitally with a dry
bath block. Starting at 298 K, the biopolymer was gradually loaded (1-2
wt%) into the solvent (D30, DMSO, neat IL or D,O:IL). Subsequent
portions of the biopolymer were added once the solution became clear.
The complete list of prepared samples and respective names can be seen
at supporting information Table S1. The temperature was increased to a
maximum of 378 K. The dissolutions were evaluated by POM.

2.4. Sorption/desorption experiments

The samples for CO, capture were prepared using a mixture of sol-
vents DMSO-ds: D20 (0.5 mL) and 100 mg of material (biopolymer@IL
or IL). All the sorption experiments were performed through sample
pressurization by bubbling CO in 5 mm NMR glass tubes with a septum
at atmospheric pressure and ambient temperature for around 30 min

(830 cm?® COy). The recycle experiments were carried out by bubbling N5
for 15 min at room temperature.

3. Results and discussion

3.1. Understanding the dissolution: interaction study between IL and
chitosan polysaccharides

3.1.1. Different biopolymers dissolution

The well-known ability of acetate anion to interact with COy, to
dissolve biopolymers and their good chemical stability was explored to
prepare the materials for this work (Kostag et al., 2020; Simon et al.,
2017; Yang et al., 2019). The dissolution of five different biopolymers,
starting from Ct directly from shrimp shell, commercial Ct, and Cs was
tested in four IL acetate-based ILs (DBUHeOAc, ChoeOAc, EMIeOAc,
BMIeOAc) (Table 1). All materials obtained from the dissolution of the
biopolymer in ILs (called biopolymer@IL) were further applied in CO,
capture. For this reason, 3 wt% was set as the target percentage for
biopolymer dissolution, resulting in materials whose viscosity is more
adequate to CO; diffusion compared to gels generally produced using
higher biopolymer percentage.

From Table 1, it is possible to observe that both Ct samples were
insoluble in ChoeOAc (entry 2-3). Therefore, a simple acid and basic
treatment was conducted in Ct samples, yielding the solubilization of
both treated Cts (entry 4-5). All the samples were analysed by 'C CP-
MAS to evaluate the degree of acetylation (DA). As observed in Fig. 2,
no changes in DA can be observed, indicating the treatment was effec-
tive to remove minerals and proteins, but did not modify the chitin
structure. The relation between the integral of CHj signal and the
average of glucopyranosic ring carbons integrals was used to determine
DA (see complete equation on supporting information) (Kasaai, 2010).
In addition, from TGA analysis, no significant change in degradation
temperature was observed (supporting information Fig. S1). These re-
sults demonstrated that a simple treatment allows the preparation of an
economic and green material directly from shrimp shell, capable of
attaining higher dissolution capacity. From this result, the next bio-
polymer@IL materials were prepared using Cs and the treated Cts (CtCT,
CtST) which presented good solubility after treatment (Table 1, 4-14).

A deeper knowledge about the biopolymer@IL behaviour towards
CO4, capture requires a two-step analysis - we need first to rationalize the
biopolymer’s dissolution to later understand the mechanism of CO2
sorption.

3.1.2. CM-Cs dissolution
After the successful preparation of biopolymer@IL materials, we
focused on the biopolymer dissolution using different NMR techniques.
Chemical modifications of chitosan are usually performed to
improve processability. Carboxymethylation is the predominant
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Table 1
Dissolution experiments for Ct and Cs biopolymers in pure ILs.
Entry Biopolymer IL Temp.(K) Time (h) wt% of biopolymer Solubility
1 Cs Cho-OAc 363-378 24 3.0 Partially Soluble®
2 CtC Cho-OAc 363-378 24 1.5 Insoluble
3 CtS Cho-OAc 363-378 24 1.5 Insoluble
4 CtCT Cho-OAc 363-378 24 3.0 Soluble
5 CtST Cho-OAc 363-378 24 3.0 Soluble
6 Cs BMI-OAc 298-378 24 3.0 Soluble
7 CtCT BMI-OAc 298-378 24 3.0 Soluble
8 CtST BMI-OAc 298-378 24 3.0 Soluble
9 Cs EMI-OAc 298-378 24 3.0 Soluble
10 CtCT EMI-OAc 298-378 24 3.0 Soluble
11 CtST EMI-OAc 298-378 24 3.0 Soluble
12 Cs DBUH-OAc 363-378 24 3.0 Soluble
13 CtCT DBUH-OAc 363-378 24 3.0 Soluble
14 CtST DBUH-OAc 363-378 24 3.0 Soluble
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a) Cs

DA = 30%

b) CtC (chitin commercial )

\/1}“/ ZM_“J\M.W_

I\

67 1.70 0.27

/

DA = 98% A /\/
o NSV
089" 202 1.81 0.93
¢) CtCT (chitin commercial treated )
DA = 98% A | /|\ /\/
e e ‘
1 M 88 1. 96 1.74 o 91
d) CtS (chitin shirmp shell)
DA > 99% /JL
\v"\w
1.00 0.9 2.20 4.48 2 98

e) CtST (chitin shirmp shel treated)

\

A

/\

DA > 99% J
LM,.J\.J L
IMSQ 19H1so 0.95
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Fig. 2. 13¢ CP-MAS NMR spectra (125 MHz, 298 K, 5 kHz) of biopolymers before and after treatment.

chemical modification that can enhance some properties such as solu-
bility, biocompatibility, and biodegradability. Examples of carbox-
ymethylation derivatives are N,O-carboxymethyl chitosan, N-
carboxymethyl chitosan, and O-carboxymethyl chitosan (CM-Cs used in
the current study) (Anitha et al., 2009). This amphoteric Cs derivative
maintains all the main properties and applications of Cs, with the
advantage of a larger dissolution window. While Cs only dissolves in
acidic solvents, CM-Cs can be dissolved in water solutions (Kong et al.,
2012), for this reason, CM-Cs was used as a study model. The maximal
dissolution of CM-Cs in BMIeOAc was tested. CM-Cs is highly soluble in
water; therefore, it was possible to dissolve 15 wt% CM-Cs in water, but
not in bare (neat) BMIeOAc. Nevertheless, the CM-Cs dissolution
became possible when the IL was previously dissolved in water (D,0:
BMIeOAc mixtures, (wt/wt): 150 mg IL/g D20), with a maximum sol-
ubility of 15 wt%. To evaluate the effect of CM-Cs concentration into the

interaction with IL, the solutions CM-Cs3yto,@D20:BMIeOAc, CM-CSgywt
0%@D20:BMIeOAc, and CM-Csi5 wios@D20:BMIeOAc were prepared.
Different NMR techniques (A3, B e Tq, lH, and 'H-NOESY) were
employed to investigate the mechanism of dissolution.

In solution, slow movements of CM-Cs, as well as other biopolymers,
enhance the spin-spin interactions, resulting in a faster relaxation of
transverse magnetization (Foster et al., 2007). Consequently, it is very
difficult to obtain the proton signals of CM-Cs. For this reason, as well as
the low CM-Cs concentration, the 'H-NMR spectrum of CM-Cssyt
% @D20:BMIeOAc, and 'H HR-MAS NMR spectrum of CM-Csgyto,@D20:
BMIeOAc, don’t show resolved signals of CM-Cs (see supporting infor-
mation, Figs. S4 and S6, respectively). However, in the 'H HR-MAS NMR
spectrum of CM-Cs15 wto,@D20 is possible to detect signals related to the
carboxymethyl protons of CM-Cs, between 2 and 5 ppm (see supporting
information, Fig. S10).
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Although the direct observation of CM-Cs’ signals using NMR tech-
niques is very difficult, the analysis of the changes in the solvent’s
chemical shift is possible. Thus, the chemical shift deviations in 'H and
13¢_{'H} NMR of D,0:BMIeOAc and CM-Cssyo,@D20:BMIeOAc, CM-
CSguto,@D20:BMIeOAc, and CM-Cs15 wio,@D20:BMIeOAc were calcu-
lated. Despite the absence of noticeable changes in 'H NMR chemical
shifts (see supporting information, Table S2) it’s possible to observe that
the '3C-{'"H} NMR chemical shifts are more affected, presenting a more
pronounced variation (Fig. 3 and Table S3).

For the three solutions, the chemical shift’s behaviour was very
similar, the cation’s carbons suffer an upfield shift while the anion’s
carbons suffer a downfield shift. The upfield shift was higher in CM-Cs;5
wto@D20:BMIeOAc solution, especially in C2 and C6 carbons where A8
of —0.11 and —0.13 ppm, were respectively observed (Table S3). This
result is in agreement with the previously reported by the groups of Chen
and Sun (Chen et al., 2011; Sun et al., 2014a). According to the authors,
the interactions between the ~OH and/or -NH; groups of biopolymers
with the imidazolium cation’s protons lead to an increase of the electron
density around the C2 to C10 atoms, and consequently to a decrease in
the carbon chemical shift. Regarding the anion, a significant downfield
was observed for Ca and Cb atoms, for all three solutions. With a vari-
ation between +0.30 and + 1.15 ppm for Ca atoms and +0.21 and +
0.87 ppm for the Cb atoms, suggesting that, in this solvent system, the
anion plays a major role in the CM-Cs dissolution.

Similar results were obtained from H T; relaxation time analysis
(Fig. 4). The relaxation time T; is affected by the size of the molecule as
well as the viscosity of the system. This measurement becomes an
important tool, since the T; of small molecules significantly changes
when they are interacting with a larger molecule. Fig. 4 shows the
variation in 'H T; relaxation times according to the increase of CM-Cs wt
% in the D,O:BMIeOAc solutions. The increase in the CM-Cs concen-
tration leads to higher modifications in the T; values of imidazolium
ring (H2, H4, and H5) and of anion (Hb) signals. The combination of 3¢
chemical shift variation (Fig. 3) and the B T, values (Fig. 4) indicate a
modification in the chemical environment and molecular dynamics of
imidazolium cation (polar region) and anion, suggesting a possible
interaction with the biopolymer in these sites. The complete 'H T,
values can also be consulted in Table S2 (supporting information).

'H, 'H-NOESY analyses were performed to deeply study the in-
teractions between the CM-Cs and the D,O:BMIeOAc solvent system.
HR-MAS 1H, 'H-NOESY contour map of CM-Cs15 wio,@D20:BMIeOAc
composite shows a weak correlation between water and the signals
around 3.03-3.99 ppm. These signals are within the chemical shifts
previously referenced as containing CM-Cs signals (Fig. S10), suggesting
the polysaccharide interacts with water more strongly than with the IL.

1.2 1 1 1 1 1 1 1 1
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Fig. 3. 13C NMR chemical shifts variation of CM-Csxyo,@D20:BMIeOAc solu-
tions, where the ILs carbons (numbered according to Fig. 1).
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3.1.3. Interaction between monomers and IL

Ct and Cs are composed of different percentages of N-GlcNAc and
GlcN monomers. For this reason, the interaction between BMIeOAc and
each of these monomers was evaluated under NOESY analysis (Fig. 5
and S12). No interaction between IL and GlcN was observed (Fig. 5a).
On the contrary, correlations between CH of N-GlcNAc and imidazolium
ring of BMIeOAc (Fig. 5b), and correlations between the CH3 of the (N-
GlcNAc) and the N-CH3 (H10) of cation (see Fig. S13) were detected.
Indicating that the N-GlcNAc presents higher interaction with the IL
than the GlcN, which can be more hydrophilic. In addition, the NOE
pattern demonstrates a cross peak between DMSO-dg, the IL cation
(H10), and N-GlcNAc (CH), suggesting an interaction between all the
components of the system (see Fig. S13). This is in accordance with our
previous results, where interactions between IL and cellulose were
observed by adjusting the concentration of solvent mixtures (IL/DMSO/
H50) (Paiva et al., 2022). The interactions observed here allow us to
understand the biopolymer dissolution and motivate our proposal of the
CO4, sorption mechanism in section 3.2.3.

3.2. COg capture evaluation

3.2.1. Effect of IL and polysaccharides variation

The biopolymeryyo,@IL materials were dissolved in DMSO-dg:D20
and subjected to CO, bubbling (Table 2). The sorption capacity of all
materials was evaluated by 13C NMR technique, according to our pre-
vious reports (Corvo et al., 2013, 2015; Gongalves et al., 2019; Simon
et al., 2017, 2018; Zanatta et al., 2019, 2020b). The NMR spectroscopy
allows quantifying the amount of COy present through a direct rela-
tionship of the molar proportion between the IL and the absorbed CO,.
Generally, after the CO4 sorption, two additional signals were observed:
around 124 ppm, related to physisorbed CO5 in the sample, and 159 ppm
correspondent to a bicarbonate form (Fig. 6) (Goncalves et al., 2019;
Simon et al., 2017, 2018). Previous reports, using chitin acetate in
DMSO-ds demonstrated the presence of signals at 124.7 and 157.4 ppm
upon bubbling CO2, which were ascribed to physically dissolved CO in
DMSO and the generated alkylcarbonate peak, respectively (Eftaiha
etal., 2016a, 2016b). The same group has also demonstrated that adding
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Table 2
CO,, sorption capacity in biopolymeryy, @IL materials.”

Entry IL Biopolymer (wt%) molycos./moly, molcoz/moly, molco total/moly, mmolcos total/ §material
1 Cho-OAc - 0.28 n.d® 0.28 1.66
2 Cho-OAc CtST (3 wt%) 0.22 n.d® 0.22 1.31
3 Cho-OAc CtCT (3 wt%) 0.28 0.08 0.36 2.14
4 Cho-OAc CtCT (4 wt%) 0.30 0.09 0.39 2.32
5 Cho-OAc CtCT (5 wt%) 0.30 0.04 0.34 2.02
6 Cho-OAc Cs (3 wt%) 0.23 0.04 0.27 1.60
7 Cho-OAc CtCT (3 wt%)® 0.31 n.d® 0.31 1.84
8 BMIm-OAc - 0.34© n.d® 0.34 1.71
9 BMIm-OAc CtST (3 wt%) 0.35 © n.d® 0.35 1.76
10 BMIm-OAc CtCT (3 wt%) 0.30 © n.d® 0.30 1.52
11 BMIm-OAc Cs (3 wt%) 0.15 n.d® 0.15 0.73
12 EMIm-OAc - 0.12 @ n.d® 0.12 0.74
13 EMIm-OAc CtST (3 wt%) 0.10 0.08 0.18 1.03
14 EMIm-OAc CtCT (3 wt%) 0.11 0.01 0.12 0.63
15 EMIm-OAc Cs (3 wt%) 0.07 0.10 0.17 0.97
16 DBUH-OAc - 0.14 0.20 0.34 1.55
17 DBUH-OAc CtST (3 wt%) n.d® 0.34 0.34 1.55
18 DBUH-OAc CtCT (3 wt%) n.d® 0.20 0.20 0.91
19 DBUH-OAc Cs (3 wt%) 0.28 0.27 0.55 2.51
20 MDEA - n.d® 0.10 0.10 0.81
21 MDEA® - 0.82 (0.08)" n.d® 0.90 7.33

@ Sorption conditions: 0.2 g mL ™! solution of material in DMSO-dg:D»0 (95:5 v/v) after 30 min of CO, bubbling at 298 K. HCO3 signal c.a. 158-159 ppm, CO, free c.

a. 124 ppm.
® p.d. = not detectable.

(© Signal at 155 ppm observed related to reaction between CO, and imidazolium cation (sorption <0.01 of CO,-C2 zwitterionic complex).
@ Solution of 30% (v/v) of MDEA in D20 (0.150 mL of MDEA in 0.350 mL of D;0).
® Signal in 160.3 and 157.7 ppm, relative to carbonate (CO3 ) e and bicarbonate (HCO3) formation, respectively; (g) biopolymer + IL without previous dissolution.

water to chitin acetate/DMSO solution resulted in a peak at ca. 159 ppm
(assigned to HCO3) following CO, bubbling (Eftaiha et al., 2017). The
sorption capacity was measured volumetrically within an in situ
ATR-FTIR autoclave at 298 K, and 4.0 bar CO,, resulting in capacity
between 1.41 and 3.63 mmolcoa/gsorbent (Eftaiha et al., 2016b). Herein,
the use of acetate-based ILs may result in chitin acetate in situ following a
similar sorption mechanism. The modification on chemical shift of the
acetate (CHs) in hydrogen and carbon spectra, before and after the CO5
bubbling, should indicate a possible formation of chitin acetate (see
supporting information Figs. S23 and S24). This result is also corrobo-
rated by the FTIR spectra, with the appearance of a characteristic band

of bicarbonate around 1663 cm ™' when bubbling CO, (see supporting
information Fig. S25).

Comparing 3 wt% with 4 wt% CtCT solutions, a small increase in
sorption capacity is observed from 0.36 molcpa/moly, to 0.39 molcoy/
moly, (Table 2, entries 3 and 4, respectively). However, the addition of
more biopolymer to 5 wt% decreases the sorption capacity (0.34
molcpz/molyy), probably due to the increase in the viscosity of system. A
similar result was previously reported, in which the increase from 3 wt%
to 9 wt% in Ct/BMIeOAc system did not enhance the sorption efficiency
(Sun et al., 2015). The effect of previous dissolution of CtCT in Cho-OAc
was also evaluated, in comparison to the simple dispersion of
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biopolymer. The sorption capacity of the material when the biopolymer
was previously dissolved was 2.14 mmolcoz total/8material cOmpared to
1.84 mmolco2 total/8material Obtained for the mixture between IL and
CtCT (Table 2, entries 3 and 7, respectively, and Fig. S16), proving the
importance of previous solubilization to facilitate the interaction with
COo.

BMIeOAc-based materials do not show any signal around 124 ppm,
but exhibit a chemical shift around 159 ppm, indicating that all COy

dissolved in the samples is fully converted to bicarbonate species and
consequently that the sorption kinetic is quicker in this IL compared to
the others (Table 2, entries 8-12, Fig. S17). Furthermore, the presence of
a small signal around 155 ppm, reveals CO, chemisorption by the C2 of
the cation (Table 2, entries 8-10). The presence of acetate anion in ImIL
allows the imidazolium ring reaction with CO, via carbene chemistry,
this has previously been reported as the “acetate effect” in ImILs (Gurau
et al., 2011).

No obvious trend between the type of biopolymer (CtST, CtCT, and
Cs) and the amount of CO4 captured was observed. However, for each IL
there was always a biopolymer able to produce this increase. This could
indicate that a combination of factors triggers the effectiveness of the
sorption material, such as the interaction between cation, anion and
biopolymers. However, according to the IL, the addition of 3 wt% of
biopolymer was able to increase the sorption capacity compared to pure
IL, which is the case for Ct in ChoeOAc, BMIeOAc and EMIeOAc, and Cs
in EMeOAc and DBUHeOAc. This increase can be observed in the four
ILs studied with different biopolymers, as is the case of the EMIeOAc that
presents a sorption capacity of 0.11 molcpz/moly, for pure IL, and 0.18
molcoz/moly, for CtSTsyi,@EMIeOAc and 0.17 molcoz/moly, Csswe
%@EMIeOAc (Table 2, entries 12, 13, and 15 respectively, Fig. S18).
Besides the increase in the sorption capacity, the use of the biopolymer
in the sorption material can decrease the cost of IL-based absorbents.

Only physisorbed CO, was observed in CtCTsy,@DBUH-OAc and
CtST3w0,@DBUH-OAc materials (Table 2, entries 17-18). The Cszyt
%@DBUH-OAc composite demonstrated high sorption capacity, how-
ever, new signals appear compared to pure IL (Table 2, entries 16 and
19, respectively). These peaks may indicate degradation and/or by-
products, probably because of the heating during the dissolution pro-
cess (Fig. S19).

The CtCT4wi,@Cho-OAc presents the highest sorption capacity
without any degradation, resulting in 2.32 mmolco2/8sorbent, Which is
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remarkable for atmospheric pressure sorption. In our previous work we
have demonstrated a maximum sorption capacity of 1.69 mmolcoa/
Zsorbent for PIL@IL composites under 20 bar of COy (Zanatta et al.,
2020a). Despite the direct comparison with other works being difficult
due to the specific experimental condition used in each study, the
sorption capacity obtained here is comparable with significative litera-
ture examples. Composites formed between silica and BMI-OAc showed
sorption capacity <2.39 mmolcoa/8sorbent (298 K, 4 bar) (Anderson
et al., 2015). The CtCT4y,@Cho-OAc composite presents comparable
sorption capacity to oligochitosan hydrochloride (CS-HCI) dissolved in
DMSO (CS-HCl/DMSO), one of the most promising material previously
described with a sorption ability of CO3 2.41 mmolcoz/gsorbent UPON
bubbling gas (Qaroush et al., 2017). In the present work, a similar
sorption was obtained using a less manipulated starting material, i.e.
using shrimp shell as Ct source.

With the purpose of comparing to an industrial methodology, CO2
capture tests with MDEA were carried out (Mathonat et al., 1997). Using
the same solvent of this work (DMSO-dg:D20), the amine presents lower
sorption capacity than the biopolymeryyo,@IL materials (Table 2, entry
20). However, analysing a 30% aqueous solution of MDEA, the CO,
sorption capacity was 0.90 molcoa/molypga (Table 2, entry 21). In this
case, no physisorption was observed and two signals at 157.5 ppm and at
160.5 ppm appeared after CO, bubbling. These were attributed to bi-
carbonate and carbonate, respectively. Despite the MDEA presenting the
highest value found in all the experiments, the removal of COy from
amines is complicated and unsustainable at an environmental and eco-
nomic level. Since the amine regeneration represents around 70% of the
total cost of CO; capture, to prepare a solution easy to regenerate is still
a challenge (Ochieng et al., 2012; Rochelle, 2009; Romeo et al., 2008).
In this context, recycle tests were performed for selected samples.

3.2.2. Recycle tests
ChoeOAc samples demonstrate high sorption capacity and stability.
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For this reason, the CtCT3y,@Cho-OAc was selected to evaluate the
recyclability of the material. After each desorption cycle, 13C NMR were
performed to confirm the total desorption. Firstly, a recycle test heating
the sample (323 K) under reduced pressure was performed (Xie et al.,
2006), however, some CO, signal persisted in the NMR spectrum. In the
same cycle, a second recycling methodology was tested, by bubbling Ny
into the solution at 298 K. In this case, the desorption was completely
efficient (Fig. S20) (Zhu et al., 2017). After proceeding to a sequential
CO4, sorption cycle, a small decrease in sorption capacity was observed,
probably due to the slight changes in solution concentration caused by
the heating/vacuum procedure. Four more cycles were performed. From
this point forward, the desorption was performed simply through Nj
bubbling and the sorption capacity was maintained constant (Fig. 7 and
523). Even more interesting, the same recycle procedure was performed
for aqueous solution of MDEA 30% (v/v) and no efficient desorption was
obtained. This result is extremely important since the absence of heating
and vacuum recycling procedures represents a significant lowering in
the overall cost, which is much more appealing for industrial applica-
tions (Fig. S22), making biopolymer@IL materials a potential candidate
to compete with other commercially available compounds in the market.
Moreover, the regeneration of these materials is also possible bubbling
compressed air instead of pure N» (see supporting information), which is
even a more cost-effective recycling option.

3.2.3. Mechanism proposal

Combining the previous rationalization of the biopolymer dissolu-
tion and the CO capture results, a sorption/desorption mechanism was
proposed (Fig. 8). Considering the interaction between cation/anion/
biopolymer and the possibility of an equilibrium shift through Ny
addition, the formation of chitin acetate in situ with the sorption of CO4
is suggested. In this case, the CO, interacts with the water naturally
present in the ILs, yielding the HCO3 and protonating the NH of poly-
saccharide. The acetate ion is working as counterion of the biopolymer,

- ~ /
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Fig. 8. Proposed mechanism for CO, sorption in biopolymer@IL composites.
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balancing the net charge. Meanwhile, the HCO3 works as counterion of
IL’s cation. This behaviour is accentuated in chitin samples, due to
higher percentage of GlcNAc monomer. The Ny bubbling easily shifts
back the equilibrium to regenerate the material and the biopolymers
help the system to work as a buffer solution, since the basic pH of so-
lution is almost unchanged before and after the CO,. At the core of the
mechanism of sorption-desorption is in fact an ion-swing process with
OAC™ and HCO3 being exchanged between the IL and the biopolymer,
mediated by the water interaction.

4. Conclusions

We report here the interactions between acetate-based ILs and chi-
tosan family polysaccharides, studied from an NMR approach. The
dissolution studies of CM-Cs in BMIeOAc demonstrated that the optimal
amount of biopolymer in acetate-based ILs is 3 wt% since this amount
keeps the viscosity of the system manageable for further studies and
applications. Combining the results from dissolution studies of CM-Cs in
BMIeOAc with the interaction evaluation between biopolymer mono-
mers and BMIeOAg, is possible to state that although the anion plays a
dominant role in the dissolution, the interaction strength between cation
and anion is also an important feature to be considered. A methodology
for capture of CO, at atmospheric pressure (1 atm) and room tempera-
ture was proposed combining the synergic effect of IL and biopolymer in
the presence of DMSO. A maximum of 2.32 mmolcp2/gsorbent Of sOrption
capacity was observed upon bubbling CO;. The system has demon-
strated excellent recycling capacity with a simple methodology of Nj
bubbling at room temperature, which was also verified using com-
pressed air, opening new possibilities to reduce the energy cost associ-
ated to the overall process. The need to reduce CO3 emissions calls for
urgent action, and as such the implementation of greener and econom-
ical approaches is highly desired. The main progress demonstrated here
is the possibility use a cost-efficient material able work under atmo-
spheric pressure and room temperature in the sorption and desorption
process. Our data clearly emphasize the interest in pursuing a sustain-
able material for CO, capture, and consequently the importance of easily
recyclable materials.
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