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ABSTRACT

Carbon dioxide (CO») is known as one of the major greenhouse gases responsible for
the ongoing global warming, causing extreme weather patterns and natural calamities that
affect today's society. During the last century, the concentration of CO, in the atmosphere has
increased drastically, due to the growing fossil fuel utilization and industrial activities. There-
fore, mitigating CO, emissions and the implications they bring to the ecosystems has become
an emergency.

Over the last few years, carbon capture and utilization (CCU) technologies have been
the focus of attention, as they represent a potential solution not just to reduce the CO, emis-
sions by capturing it directly from the industrial facilities, but also to convert the captured
COz into other value-added products and useful substances (such as cyclic carbonates) to face
the ever-growing energy supply-demand.

In the field of CCU, ionic liquids (ILs), materials that present unique properties that can
be adjusted by changing the combination of cation/anion pairs, have been reported to exhibit
promising results. Furthermore, the development of IL-derived materials through the intro-
duction of functional groups (such as amines) or the integration with solid sorbents (like pol-
ymers) can address some drawbacks inherent to ILs, namely their limited CO, uptake capacity
and production costs, resulting in materials with novel properties and optimized performance
for carbon capture and conversion.

Based on this, the main goal of this work was to develop chitosan@IL-derived compo-
sites to use in CCU applications, as chitosan is an abundant natural polymer, with ease of
processability and CO,-philic groups in its structure. Hence, with the assistance of polyelec-
trolyte complexation and freeze-drying methodologies, porous cryogel beads based on chi-
tosan@IL-derived composites have been produced. Several experimental parameters have
been modified to assess their effect on the beads' morphology, which were characterized by
techniques such as BET, FTIR, NMR, and SEM. Furthermore, the CO. sorption capacity of the
beads, as well their catalytic activity in the cycloaddition reaction of CO; to styrene oxide to
produce styrene carbonate were evaluated through FTIR and 'H NMR, respectively. The re-
sults show that the chitosan@IL-derivatives are promising materials for CO> capture under
environmental conditions (1 bar, 20°C). Additionally, when used as a catalyst, it was possible
to achieve a conversion of 72% and a selectivity >99% for the styrene carbonate in just 4h at a

CO; pressure of 5 bar, temperature of 80°C, and in the presence of TBA.Br as co-catalyst.

Keywords: Ionic Liquids, IL-derivatives, Chitosan, CO, Capture, Catalysis
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RESUMO

O didéxido de carbono (CO.) é um dos principais gases de efeito de estufa responsavel
pelo aquecimento global, provocando alteracdes climéaticas dramaticas e desastres naturais
sem precedentes que afetam a sociedade dos dias de hoje. Durante o altimo século, a concen-
tracdo de CO; na atmosfera aumentou drasticamente devido ao uso crescente de combustiveis
fosseis e atividades industriais. Neste sentido, mitigar as emissdes de CO>, bem como reduzir
0 seu impacto nos ecossistemas tornou-se uma emergéncia.

Nos anos recentes, as tecnologias de captura e utilizagdo de carbono (CCU) tornaram-
se o foco das atengdes por representarem uma solugao potencial, ndo s6 para reduzir as emis-
soes de CO; através da sua captura direta da industria, mas também para converter o CO»
capturado noutros produtos de valor acrescentado e substancias tteis (como carbonatos cicli-
cos) para enfrentar as necessidades progressivas de recursos energéticos.

Dentro do campo das CCU, os liquidos iénicos (ILs), materiais que apresentam propri-
edades tnicas que podem ser ajustadas alterando a combinacdo do par catido/anido, tém
vindo a demonstrar resultados promissores. Além disso, o desenvolvimento de materiais de-
rivados de liquidos iénicos, através da introducao de grupos funcionais (como aminas) ou a
integracdo com sorventes sélidos (como polimeros), permite ultrapassar algumas das barrei-
ras inerentes aos ILs, nomeadamente a capacidade de captura de CO: e os custos associados
ao processo, resultando entdo em materiais com novas propriedades e desempenho otimizado
na captura e conversao de CO..

Neste contexto, o presente trabalho teve como principal objetivo desenvolver um mate-
rial compdsito a base de quitosano e derivados de liquidos i6nicos (chitosan@IL-derivative),
para ser utilizado nos processos de CCU, uma vez que o quitosano é um polimero abundante
de origem natural, com boa processabilidade e grupos CO,-filicos na sua estrutura. Assim,
recorrendo a metodologias como complexagdo polieletrolitica e liofilizagdo, foram produzidas
esferas porosas de criogeis, constituidos pelos compdsitos de chitosan@IL-derivative. Diversos
parametros experimentais foram variados, de modo a verificar o seu efeito na morfologia das
esferas, que por sua vez foram caracterizadas por técnicas como FTIR, NMR, SEM e BET. De
destacar ainda que, a capacidade de captura de CO; das esferas e a sua atividade catalitica na
reagdo de cicloadi¢do de COza 6xido de estireno, para produzir carbonato de estireno, foram
avaliadas através de FTIR e tH NMR, respetivamente. Os resultados obtidos demonstram que
as esferas de chitosan@IL-derivatives sdo materiais promissores para a captura de CO; em con-
di¢des ambientais (1 bar, 20°C). Adicionalmente, ao serem utilizadas como catalisador permi-
tiram alcancar uma conversao de 72% e seletividade >99% relativamente ao carbonato de es-
tireno, em apenas 4h, a uma pressao de CO» de 5 bar, temperatura de 80°C e na presenga de
TBA.Br como co-catalisador.

Palavras-chave: Liquidos I6nicos, Derivados de Liquidos I6nicos, Quitosano, Captura
de CO,, Catalise
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1.
INTRODUCTION

1.1. The problem of carbon dioxide

It is known that global warming and climate change are mainly a consequence of the
greenhouse gases such as CO, N2O, and CHy, which are trapping the heat in the Earth's at-
mosphere [1]. As a result of the growing fossil fuel utilization and industrial activities, the
average atmospheric concentration of CO; has increased drastically, ranging from 172-300
ppm before the latest industrial age, to 415 ppm in 2020 [2]. It is then imperative to reduce
such anthropogenic CO, emissions. Furthermore, due to the increasing world population, it
is equally important to invest in new and renewable energy sources, which will be required
to meet the associated growing energy supply-demand of societies [3].

Carbon capture and utilization (CCU), which is an emerging approach encompassing
several methodologies to better manage CO» concentration that includes the capture and con-
version into value-added products, has gained a lot of attention in the research field as it can
provide a solution to both emissions control and energy-supply challenges [1]. In fact, carbon
capture (CC) technologies have already started being employed in industrial facilities that
tend to generate CO; through the combustion of fuels. The most common processes used to
capture CO; from these sectors are pre-combustion, post-combustion, and oxy-combustion,
depending on the source of CO; [4]. Despite that, post-combustion CC is currently the most
mature process, requiring minimal retrofitting on existing facilities contrary to the other pro-
cesses [5]. It involves the removal of CO; from flue gases produced after burning the fuel in
the presence of air, which usually are at atmospheric pressure, in temperature ranges between
320-400 K, and contain low CO; concentration (3 -15 %). Even though flue gases present these
unfavorable conditions, several methods can efficiently separate CO, from the post-combus-
tion gas stream, such as absorption, adsorption, membrane separation, and cryogenic separa-
tion [6].

1.2. Absorption

Absorption is the most commonly used CO; separation method owing to its higher effi-
ciency and lower cost [7]. In this process, a liquid sorbent is used to separate CO from the
flue gas [5]. Due to their advantages as chemical absorbents, such as high reactivity with CO»
molecules, large CO; capacity, high absorption rate, high selectivity, and low viscosity, aque-
ous amines are the main and most efficient absorbent used for CC [2]. Monoethanolamine
(MEA), and tertiary amines such as methyl diethanolamine (MDEA) are the most commonly
used CO, absorbents among all amine groups [1]. Although they are effective, the application

of amines faces some drawbacks, such as thermal and chemical stability (volatilization and



oxidative degradation of the amine), high energy required to operate the separation process,
equipment corrosion, and consequent increase in production costs [7].

Recently, ionic liquids (ILs) have emerged as a potential alternative to aqueous amines
solutions[8]. ILs can be defined as liquid electrolytes composed entirely of ions with typical
melting points below 100°C [9] and unique properties such as negligible vapor pressure, high
thermal stability, non-volatility, and recyclability [1]. Furthermore, the physical and chemical
properties of ILs can be adjusted by altering the combination of cation/anion pairs, as well as
by functionalizing the alkyl chains [10]. Hence, we can promote relevant properties to make
ILs more suitable for CC, such as high CO» solvation and high CO; selectivity [11]. Some com-
mon cation/anion moieties found in ILs are represented in Figure 1.

R4 R, AN +/R1 R4 o F
N + N | -
N/\N 7 | R—N*—R; )J\ F—|:3'_F Cl
o

\_/ - R, |

Imidazolium Pyridinium Ammonium Acetate Tetrafluoroborate Chloride

Figure 1 - Common cations (green) and anions (blue) found in ILs structures

ILs can capture CO» via physical or chemical absorption [12]. In physical absorption,
changes of the cation/anion pair influence the CO; solubility. For instance, Yang et al.[13]
reported that the CO; dissolving capacities of four representative ILs decreased as it follows:
[BMIM][BF4] > [BMIM][CI1] > [EMIM][BFs] > [EMIM][CI]. However, conventional ILs or room-
temperature ionic liquids (RTILs) like the previous ones and several others have a low CO>
capture capacity in comparison with amine-based solvents. To overcome this challenge task-
specific ionic liquids (TSILs) have been developed. TSILs are compounds in which the anion,
cation, or both covalently incorporate CO»-philic functional groups (such as amines) as a part
of the ion structure, hence promoting chemical absorption and increasing the CO» capture
capacity of conventional ILs [9], [12]. Experimental results described elsewhere in the litera-
ture show that the carbon capture of TSILs is comparable to alkanoamines [1], [14]. Bates et
al.[15] synthesized an amine-functionalized IL and observed that CO> reacts with the amine
on the IL, and then, this intermediate reacts with another amine forming an ammonium car-
bamate double salt, resulting in one CO, molecule captured for every two IL molecules which
is similar to the mechanism between organic amines and COs.

Even though the CC capacity is improved by the introduction of functional groups,
TSILs present some drawbacks such as higher viscosity and hence slower CO; diffusion/ab-
sorption rate than conventional ILs. Furthermore, additional challenges like their high pro-
duction costs and complicated synthesis need to be faced in order to make TSILs more suitable
for industrial CC [1], [6].

1.3. Adsorption

Alternatively to the absorption processes, in adsorption, a solid sorbent is used to bind
CO; on its surface. The main criteria for sorbent selection are the specific surface area, CO»
selectivity, and regeneration ability by increasing the temperature or pressure, which allow
the adsorbent to be recycled and the adsorption process to be reversible and efficient. Thus,
porous solid materials offer a promising approach to capture CO; from the gas stream due to



their unique characteristics such as high surface area, high porosity, and versatility, being
their properties and applications mainly dependent on Brunauer-Emmett-Teller Specific Sur-
face Area (Sper), pore-volume, and pore size distribution [16]. To date, several highly porous
adsorbents, which operate mainly via physical adsorption, have been developed. These ma-
terials, also defined as low-temperature adsorbents, cover conventional porous materials such
as zeolites, carbon-based materials, metal-organic frameworks (MOFs), and porous polymer
networks (PPNs) [3], [5]. Notably, in a study conducted by Hedin et al.[17] at a partial pressure
of 0.1 bar of CO; and temperature ranges between 273-303K, among several zeolites, MOFs,
PPNs, and microporous carbons, the highest values for CO, sorption were obtained when
using the zeolite NaX (4.0 mmol.g ) and Mg-MOF-74 (5.8 mmol.g?).

Additionally, the formation of composites from these materials with ILs or amines,
which work mainly via chemical adsorption, has been reported to improve their CC capacity.
As highlighted by Newhold et al.[6], ILs which have been immobilized in mesoporous silica
and porous polymers attained faster adsorption at lower pressures compared to the individ-
ual solid sorbents. Kinik et al. [18] observed as well an increase in the CO, uptake of several
MOFs after the incorporation of distinct ILs. Moreover, Mengdie et al. [19] developed several
composites containing the polymer Pebax 1657 and different imidazolium-based ILs reporting
an increase in CO; selectivity. Furthermore, amine-based adsorbents, that like ILs, commonly
use silicas, MOFs, carbons, polymers, and zeolites substrates as supports, have also been re-
ported to optimize CO; selectivity in comparison to the previous solid sorbents [12].

Although adsorption-based separation technologies exhibit good results in capturing
CO,, no large-scale operation has been fully deployed yet. In addition, the technologies pro-
posed so far are not cost-effective at their current stages of development. Hence, it is still nec-
essary to keep on studying and developing high-performance sorbents to optimize the CC
process [3].

1.4. IL-based materials

As it has been reported throughout this work, the formation of IL-based materials such
as TSILs or IL@solid sorbent composites can result in promising materials with novel proper-
ties and optimized performance for CO; absorption or adsorption. Following that line, during
the last decade, polymeric ionic liquids (PILs), an innovative class of polyelectrolytes (PEs)
composed of polymeric backbones with IL species in each repeating unit have gained consid-
erable interest in CCU, due to their broad range of physicochemical properties, and the pos-
sible chemical structure designs that can be obtained using different IL monomers (such as
the ones found in Figure 1) and polymeric backbones combinations. PILs not only present
some of the unique polymer’s features, such as easy processability, mechanical stability, and
shape durability but also owing to the IL species in their repeating unit, PILs have adjustable
properties that can be defined by tuning the cation/anion pair [16], [20],[21]. Additionally,
despite ILs generally being liquid over a wide temperature range, most PILs are amorphous
solids or gel-like materials, typically with low glass transition temperatures [6], and hence are

suitable for both CO» absorption and adsorption processes.



Several studies have highlighted the increased CO; sorption capacity of PILs when com-
pared to their IL monomers [10] but this was first introduced by Tang et al. [22] through the
examination of distinct PILs and ILs. For instance, the authors observed that ammonium-
based PILs absorbed about seven times more CO, than their corresponding RTIL monomers.
Furthermore, they also reported that the PILs showed a totally reversible and faster CO, sorp-
tion/ desorption capacity compared to RTILs.

According to the literature, several factors can influence the CO; sorption of PILs, such
as the cation, anion, backbone, and porosity [6], [22]-[28]. Special attention should be given to
this latter parameter. Within the PILs class, porous PILs which cover essentially all nano-,
micro-, meso-, and macropores have emerged as promising materials for gas sorption appli-
cations [29] as they possess optimized properties when compared to other porous sorbents,
namely, the enhanced mechanical stability, easy processability, higher durability, and con-
trollability over the porous structures [16]. Despite that, porous PILs CO, uptake is still lower
than the main technologies used in adsorption (zeolites and MOFs) as highlighted by Zulficar
et al.[4] and in absorption (amines) according to Yuan et al.[30]. Additionally, the application
of porous PILs in industrial levels requires further investigation regarding the scale-up possi-
bility, stability, and porosity control. Recent advances and strategies to refine and develop
differentiated porous materials from PILs have mainly focused on ionic porous organic poly-
mers (IPOPs), molecularly imprinted polymers (MIPs), and aerogels, which have been re-
viewed in detail by Barrulas et al. [16].

1.5. Conversion of CO> using IL-based materials

COz is an abundant resource and a valuable energy source, presenting the advantages
of being biorenewable, non-toxic, non-flammable, and having low cost [31]. Despite that, few
industrial processes use it as raw material because of the large energy input required to trans-
form it [32]. Thus, it is important and necessary to use highly reactive catalysts to carry out
the reaction between the CO, and several materials including epoxides, hydrogen, alcohols,
acetals, oxetanes, amines, and carbon-carbon unsaturated compounds to obtain products such
as carbonates, formic acids, formamides, methanol, carbamic acid esters, lactones, carboxylic
acids, and other value-added products [33].

In this regard, the development of an efficient catalyst to overcome the low reactivity
under mild reaction conditions of the CO; cycloaddition with epoxides (Figure 2) is of major
importance and interest due to the great applicability of the resulting cyclic carbonates, that
can be used as polar aprotic solvents in the chemical industry, raw material in pharmaceutical
and fine chemical production, electrolytes in secondary batteries and polymeric materials pre-
cursors [34].

v
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Figure 2 - Cycloaddition of CO» to epoxides to produce cyclic carbonates



There are two types of catalysts, homogeneous and heterogeneous, that can be distin-
guished by whether the catalyst occupies the same phase as the reaction mixture (typically
liquid or gas) or not. Homogeneous catalysts (for example, transition metal complexes, alkali
metal halides, imidazolium ionic liquids) also known as high-activity catalysts, are widely
used and very efficient. However, they are hard and expensive to isolate from the reaction
systems and require a high investment to be produced. On the other hand, heterogeneous
catalysts, being the great majority solid (including zeolites, polymers, silicas, MOFs) which
present easy product/catalyst separation, reusability, and higher stability, have emerged as
an alternative to solve problems inherent to homogeneous catalysts. Despite that, they also
have some disadvantages such as lower efficiency, selectivity, and the need for higher pres-
sure/temperature conditions [6], [16], [31]. Additionally, there is a current trend to obtain
heterogenized systems, where homogeneous catalysts are used with heterogeneous catalysts,
to develop the ideal catalytic system that allows the reusability of catalysts, with high conver-
sion and selectivity, together with easy isolation of the desired final product [32]-[34]. Peng
et al. [35], published the first successful synthesis of cyclic carbonate using imidazolium and
pyridinium RTILs as homogenous catalysis, obtaining >99% yield under optimal conditions
(110 °C, 6 h, 25 bar of CO,). From there on, several ILs have been studied as homogeneous
catalysts for the cycloaddition of CO, [8]. Nevertheless, considering their application at indus-
trial levels, ILs are expensive and their recycling as well product purification processes are
complex. To overcome these drawbacks, ILs have been used on solid supports such as poly-
mers, zeolites, silicas, and MOFs [36]. For instance, Martinez-Ferraté et al.[37] immobilized
several ILs on commercial porous SiOs to efficiently produce cyclic carbonates. The best sys-
tem reached 99% conversion in just 30 minutes under 80° C and 5 bar of CO.. Similarly, Taheri
et al.[38] tested several ILs immobilized on chitosan through crosslinking and reported a max-
imum conversion of 96% with 100% selectivity (5 h, 120 °C, 20 bar of CO;), as well as the
possibility to reuse the catalyst up to five times with no losses in selectivity.

1.6. Chitosan@IL-derivatives composites

Chitosan (CHI) is a polysaccharide resulting from the deacetylation of chitin that com-
monly exists in the exoskeletons of crabs and shrimp shells, being one of the most abundant
natural polymers. It is seen as a renewable and environmentally friendly resource and due to
the presence of reactive hydroxyl and amino groups in its structure, as well as its chemical
stability, versatility, and the possibility to introduce porosity, CHI is considered an interesting
option for CCU [39], [40]. Additionally, its integration with ILs may create advanced func-
tional composites exhibiting intriguing characteristics and improved performance for CCU
application in comparison to the individual components [21], addressing some challenges re-
garding the scale-up possibility, namely their cost and control over the final structure. There-
fore, it is here proposed the development of CHI@IL-derivates microporous gel beads pre-
pared by polyelectrolyte complexation and freeze-drying, which are explained further. The
variation of several synthesis parameters offers a guideline that assists researchers and engi-
neers to understand how these factors affect the beads” morphology, and consequently the
impact it has on the COscapture and catalysis processes.






2.
MATERIALS AND METHODS

2.1. Materials and reagents

Chitosan (degree of deacetylation 76 %, low molecular weight, Lot #STBH7664), Sodium
Polyacrylate (SPA) (45 wt% in H2O, Lot #MKCL9199), Tris(2-hidroxyethyl)methylammonium
methylsulfate (THMAMS) (295.0%, Lot #5TBJ9066), Styrene Oxide (97.0%, Lot #MKCG4166),
Glutaraldehyde (GLU) (50% in H>O) were obtained from Sigma Aldrich. Acetic Acid (299.8%,
Lot No.K2740) was obtained from Panreac. Ethanol (96.0%) was obtained from Honeywell.
chloroform-d and deuterium oxide were obtained from Eurisotop, Carbon Dioxide (CO»)
(>99.9%), and liquid Nitrogen (>99.9%) were obtained from Air Liquide. Triethanolamine
(TEA) (Lot: 1D009896) was obtained from BioChem. Tert-butanol (CAS# 75-65-0) from Merck
Schuchardt. Tetrabutylammonium Bromide (TBA.Br) (>99.0%, Lot. SJQQI-NF) was obtained
from Tokyo Chemical Industry (TCI). Whenever water was used, Millipore water was always
employed.

2.2. Equipment

For the production of beads the chitosan solutions were introduced in a 20 mL syringe
with an inside diameter of 19.05 mm, and a tip external diameter of 4 mm, and dropped into
the sodium polyacrylate bath using a programmable syringe pump NE-1000. The pH of the
solutions was controlled using an LLG Universal indicator paper pH 1-14. Beads’ lyophiliza-
tion was performed in a freeze-drier Zirbus VaCo 2-E.

The characterization tests were done as follows: The diameter of the beads was meas-
ured using the Image ] Software (v1.53e). Scanning electron microscope (SEM) analysis were
outsourced to CENIMAT |i3N at NOVA School of Science and Technology to evaluate beads’
morphology. SEM images of the cryogel beads were obtained using a Carl Zeiss Auriga cross-
beam (SEM-focus-ion-beam) workstation instrument. The samples were previously sputter-
coated (Q150T ES Quorum sputter coater) with a thin layer of iridium to improve the contrast.
The Braunauer-Emmett-Teller (BET) surface area analysis by N2 sorption at 77.35 K was out-
sourced to the Analytical Laboratory of the Chemistry Department at NOV A School of Science
and Technology, using a Gas Porosimeter Micromeritics ASAP 2010 (Accelerated Surface
Area and Porosimetry System) to evaluate the textural properties of the synthesized beads.
Fourier Transform Infrared (FTIR) spectrometry assisted by an attenuated total reflectance
(ATR) accessory was performed at room temperature using a Perkin-Elmer Spectrum Two
spectrometer, to analyze the beads and crosslinkers” structure. The FTIR-ATR spectra were
acquired using 16 scans per spectrum, from 4000 to 400 cm1. NMR analysis TH-NMR and 3C-
NMR were obtained using a Bruker Avance III spectrometer, operating at a frequency of
400.15 MHz and 100.61 MHz for hydrogen and carbon, respectively, using deuterium oxide

and chloroform-d as solvents. The spectra were analyzed with the assistance of the Top Spin



4.1.1 Software to evaluate the crosslinkers’ structures and the beads’ catalytic activity. For the
catalysis test at a non-ambient pressure, a 22 mL Parr 4700 General Purpose Pressure Vessel
homogeneous reactor was used.

2.3. Experimental Procedure

2.3.1. Synthesis of the crosslinkers

2.3.1.1. Triethanolammonium acetate (TEA.OAc)

An equimolar amount of triethanolamine (1.03 g, 6.9 mmol) and acetic acid (395 uL, 6.9
mmol) were initially introduced in a 100 mL round bottom flask. Subsequently, 20 mL of
methanol were added, and the mixture was then refluxed with constant stirring (450 rpm), at
75 °C for 1 h. After this period, methanol was evaporated under vacuum pressure using a
rotary evaporator, and the resulting product was vacuum dried at 55 °C. The yield of this
synthesis was 71%.

The structural characterization of synthesized TEA.OAc was performed using FTIR and
NMR techniques (Figures E1, G1, and G2 of the Appendix). The FTIR spectra shows a band
centered at 3101 cm! corresponding to the N-H vibration of triethanolammonium. The ab-
sorption peaks at 2850 cm and 1393 cm! were ascribed to the CHz asymmetric stretching and
bending vibration, respectively. The bands at 1490-1120 cm! range were assigned to C-C and
C-N stretching vibrations. The absorption band at 1058 cm! was attributed to the C-O vibra-
tion and the peak at 759 cm was ascribed to the rocking vibration of CH» groups. Further-
more, characteristic bands of the acetate anion also appear in the spectra. The peak at 2847 cm-
! was ascribed to the C-H stretching vibration. The bands at 1557 cm? and 1436 cm! were
attributed to the C=0O asymmetric and symmetric stretching, respectively. The absorption
peak at 1340cm? might be assigned to the CHs deformation vibration [41]-[44].

The 'H and 3C NMR spectra were obtained using DO as solvent. In the former, the
signals at 3.79 (O-CH:) and 3.19 ppm (N-CH>) were assigned to the CH» groups, and the signal
at 1.81 ppm was ascribed to the -CHjs of the acetate ion. On the other hand, in the 13C NMR
spectra, the signals at 55.3 ppm (N-CH) and 56.0 ppm (O-CH>) were attributed to the CH>
groups, while the signal at 181.4 ppm and 23.2 ppm were assigned to the carbonyl and CH3
group of the acetate, respectively.

2.3.1.2. Triethanolammonium chloride (TEA.Cl)

An aqueous solution of HCl (7.37 mL, 7.37 mmol, 1.1 molar equivalent) was slowly
added to 1.0 g of triethanolamine (6.7 mmol) in a 50 mL round bottom flask, in an ice-water
bath, under constant stirring (100 rpm), protected from the light during the whole preparation
procedure. After the addition, the reaction mixture was further stirred for 0.5 h at ambient
temperature. Afterwards, the mixture was evaporated under vacuum pressure using a rotary
evaporator, forming a white precipitate. The white solid was filtered, washed with ethanol,
and dried under vacuum at 45 °C for 48 h. The yield of this was 78%.



The structural characterizations of synthesized TEA.CI was performed using FTIR and
NMR techniques (Figures E1, G3, and G4 of the Appendix). The band centered at 3157 cm-!
was assigned to the N-H vibration of triethanolammonium. The band around 3450-3200 cm!
was attributed to the O-H stretching vibration of branched terminals. The absorption peaks at
2939 cm? and 1401 cm? were ascribed to the CH, asymmetric stretching and bending vibra-
tion, respectively. The bands at 1490-1137 cm! were assigned to C-C and C-N stretching vi-
brations. The absorption band at 1100 cm-! was attributed to the C-O vibration and the peak
at 761 cm! peaks was ascribed to the rocking vibration of CH» groups [41], [45].

The 'H and 13C NMR spectra were obtained using D>O as solvent (. In the former, the
signals at 3.92 ppm (O-CH>) and 3.45 ppm (N-CH>) were assigned to the CH: groups. On the
other hand, in the 1*C NMR spectra, the signals at 55.3 ppm (O-CHz) and 55.0 ppm (N-CH>)
were attributed to the CHz groups.

2.3.2. Preparation of the solutions

2.3.21. CHI solutions

Chitosan solutions with two different concentrations were prepared by mixing 1.0 wt%
(0.5 g) or 2.5 wt% (1.25 g) of chitosan powder in 50 mL of distilled water and 1.0 v/v% (0.47
mL) of acetic acid. The resulting solution was stirred using a magnetic stirrer at 600 rpm for
24 h to dissolve the chitosan powder and form a homogeneous aqueous solution.

In some cases, a previously prepared solution of a crosslinking agent (1.0 wt%) was
added to 20 mL of the CHI solution, in 0.13 or 0.26 wt%, and mixed gently to avoid the for-

mation of bubbles before the beginning of the polyelectrolyte complexation.

2.3.2.2. SPA solutions
Aqueous solutions of sodium polyacrylate, 1.11 and 2.22 g, were further diluted in dis-
tilled water to produce 1.0 wt% and 2.0 wt% SPA solutions, respectively.

2.3.2.3. Crosslinker solutions
Crosslinker solutions were prepared by adding 1.0 wt% of each crosslinker (GLU,
THMAMS, TEA.OAc, and TEA.C]) to distilled water, in 1 mL volumetric flasks.

2.3.3. Production of porous gel beads

The CHI solution (15 mL, 1.0 or 2.5 wt%) was transferred to a syringe and dropped into
a coagulation bath of SPA solution (50 mL, 1.0 or 2.0 wt%) under constant stirring (200 rpm),
using an automated syringe pump. The distance from the syringe tip to the surface of the SPA
solution was kept constant (11 cm).

After the addition of the desired volume of CHI solution, the CHI beads were left in the
coagulation bath at a stirring speed of 200 rpm for 4h, forming hydrogel beads due to poly-
electrolyte complexation. Then, the SPA bath was changed to an alcohol-based solvent and
stirred for another 4h at 200 rpm. Subsequently, the beads were left with no agitation for one
day in a 50 mL falcon containing a renewed alcohol solution, forming alcohol gel beads. After



this period, for a correct freeze-drying process most of the solvent was removed by decanta-
tion and the beads were immersed in a liquid nitrogen bath to freeze for one day. Lastly, the
frozen beads were dried under freeze-drier conditions for one day at -50 °C and 1 mbar to
form the desired porous cryogel beads.

To optimize the beads production methodology, three distinct generations of beads
were prepared by varying several parameters according to the scheme in Figure 3.

Beads’ Production

1st Generation 2nd Generation 3rd Generation

CHliconcentration ([ICHI]): Freeze-Drying solvent(Solv):

| Crosslinker type (Xlinker type):
'] 1.0 0r25wi% Fthanal or Tertbutanol

GLU; THMAMS; TEAOAC, TEACI

| | SPA concentration ([SPA]): | | NaOH concentration (NaOH]): Crosslinker concentration ([Xlinker]):
1.00r20wt% 0Oor0.1molL 0.130r 0.26wt%

| | Pumping rate (Rate): | | Syringetip external diameter (SDiam):
0.32 or 065 mimin 12o0r40mm

Crosslinker introduction (Xlinkerintro):| | | Crosslinkerintroduction (Xlinkerintro):
Natinfroduced or In the CHI soluion In the SPAsoluion orln a water bath

Figure 3 - Parameters tested during the beads' production

The first generation of beads was prepared to decide the best approach to produce chi-
tosan beads. The second generation of beads was developed to optimize their stability, testing
individual parameters separately and comparing the beads” shrinking. The introduction of IL-
derived materials as crosslinkers in the chitosan beads was tested in the third generation, as
well as their capacity to capture and convert CO».

2.34. CO:Capture

To test the CO, capture capacity of the produced beads, a flux of 77 mL/min of CO; was
passed through 4 mg of beads in a reaction vessel for 5, 10, and 20 minutes, as depicted in the
scheme of Figure 4. Afterwards, the CO; sorption was evaluated using FTIR spectroscopy.

1- COz2Cylinder
2 - Mass Flow
3- Valve
4 - Falcon with H20 . ]
5 - Reaction Vessel
6 - Pressure Transducer
6
CO,
Vacuum
Pump
P

N

Figure 4 - CO; flow apparatus@i3N | CENIMAT@FCT/UNL
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2.3.5. Catalysis tests
The catalytic activity of the synthesized beads in the cycloaddition reaction of CO; to

styrene oxide to produce styrene carbonate was evaluated by varying some parameters in the
presence and absence of co-catalyst (TBA.Br), as described in Figure 5. This reaction will be
further discussed in section 3.8.

O
ha
O

Beads (+ TBA.Br)

+ CO:

iorii®@

Figure 5 - COz cycloaddition reaction to styrene oxide to produce styrene carbonate.
[a] Reaction conditions: i) 80 °C, 1 bar, 72h; i) 80 °C, 5 bar, 4h

Typically, 8.3 w/w% (20 mg) of beads in the presence or absence of 26.7 w/w % (64 mg)
of TBA.Br was added to a 1.92 mmol (240 mg) of styrene oxide and charged into a flask (con-
dition i) or the reactor vessel (condition ii), depending on the desired CO; pressure.

For reaction condition i, the flask was purged three times with CO; to gradually evacu-
ate the air inside the equipment. The flask was then connected to a CO: filled balloon to main-
tain a CO; enriched atmosphere at ambient pressure throughout the whole duration of the
reaction. After setting the pressure, the reaction was stirred at 400 rpm during the pre-defined
reaction time, using a magnetic stirrer with a thermoblock heated at the specified temperature.
After the end of the set reaction period, the flask was air-cooled to room temperature and the
resulting products were removed to be analyzed by 'H NMR.

The process was similar when using the reactor vessel, reaction condition ii. Initially,
the reactor was also purged three times with CO,, being subsequently pressurized to 5 bar of
CO.. Thereafter, the reactor was heated to the desired temperature with an oil bath and kept
at a stirring speed of 600 rpm for a designated period. After completion of the reaction pre-
defined time, the reactor was cooled to room temperature in an ice-water bath and depressur-
ized slowly to atmospheric pressure. Lastly, the obtained products were removed to be ana-
lyzed by TH NMR.
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3.
RESULTS AND DISCUSSION

3.1. General overview

Regarding the preparation strategy, the formation of beads can be divided into three
major steps, as described below:

1) Preparation of the polyelectrolyte (PE) solutions - Polyelectrolytes, also
known as polymeric electrolytes, are defined as polymer chains with charged monomer units
that can be dissolved using a polar solvent into a solution of charged macroion and small
counterions that tend to preserve the electroneutrality. Positively charged polymers are often
referred to as polycations, negatively charged polymers as polyanions, and polyelectrolytes
that bear both cationic and anionic repeat groups are called polyampholytes. Furthermore,
polyelectrolytes can be also classified according to their strength, which is based on the charge
density. The charge of weak polyelectrolytes varies with the pH, while the charge of strong
ones is independent of the pH [20], [43], [44]. Additional classifications depending on the
origin and matrix have been reviewed in more detail by Nikolaeva et al. [20].

In this work, chitosan (1.0 or 2.5 wt%) was dissolved in an aqueous solution of acetic
acid (1.0 v/v %), becoming a cationic polyelectrolyte with a high density of positive charges
[45] at low pH due to the protonation of the amines, forming quaternary ammonium groups
as shown in Figure 6.

OH - - - -
HO OH HO

0

HO 0 CH3COOH 0
HO 0 0 —»_ 0 ~ + CHiCco0 -
NH | Ho NH; | 1o OH HO AHs
NHCOCH:
L Jn L -Jn

Figure 6 - Chitosan protonation with acetic acid

On the other hand, the aqueous solution of sodium polyacrylate was further diluted (1.0
and 2.0 wt%) forming an anionic polyelectrolyte with negatively charged carboxylic groups
(Figure 7) at basic pH.

o O" Na*

n

Figure 7 - Sodium polyacrylate structure
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2) Polyelectrolyte complexation - Commonly used as a synthetic route to produce
IPOPs [16], in this methodology polyelectrolyte complexes are mainly formed through
cooperative electrostatic forces between polycations and polyanions mixed in aqueous
solutions, and by a lowering of total Gibbs free energy. This can be explained by the
fact that polyelectrolyte molecules in aqueous solution form an electrical double layer
(i.e a zone with an increased concentration of counterions) surrounding them, which
restricts the motion of counterions to some extent, as they remain in the vicinity of the
polyelectrolyte ionic sites. However, when the complexation takes place, the negative
and positive ionic groups of the opposite polyelectrolytes interact, leading to the de-
struction of the double layer. Therefore, the counterions are released, and conse-
quently the entropy increases [46]. Notably, despite the occurrence of either negative
or positive changes in enthalpy, leading to exothermic or endothermic processes, re-
spectively, caused mainly by electrostatic interactions and other factors such as hydro-
gen bonding, van der Waals forces, dipole and hydrophobic interactions in a smaller
extent, the entropy gain typically exceeds the changes in enthalpy and drives the com-
plexation phenomena by reducing the total Gibbs free energy [47]-[49].

The stability of polyelectrolyte complexes can be affected by several factors,
including the concentration of polyelectrolytes, nature, and position of the ionic
groups, molecular weight, ionic strength, pH of the reaction medium, mixing ratio,
and drying process [45], [49]. Additional conditions imposed by our methodology
such as pumping rate and crosslinker presence were also shown to influence the com-
plexation process and will be later discussed in more detail.

The PECs formation mechanism commonly accepted in the literature can be subdi-
vided into three stages (as shown in Figure 8). [44], [50]

i) Primary complexes: Formed initially and almost instantly after mixing the oppo-
sitely charged PE solutions due to Coulomb’s interactions.

ii) Intracomplexes: This intermediate step usually takes 1-2 h from the time of mixing,
and can involve the formation of new electrostatic bonds, and/ or alteration in the pol-
ymeric chains within the complex to define a new conformation that favors charge
compensation.

iii) Intercomplexes: This step occurs mainly through hydrophobic interactions. The
previous secondary complexes aggregate and form the final polyelectrolyte com-
plexes, which tend to be water-insoluble. However, the complexation conditions in-
fluence the final characteristics of the aggregates obtained in this last stage.

W -E-S

Polyelectrolytes Primary complexes Intracomplexes Intercomplexes

Figure 8 - Polyelectrolyte complexation stages
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3) Freeze-drying -The initial step of this process consists of freezing our solution/gel, in
a solvent that will act as a porogen, typically by immersing the suspension of the sam-
ple in a liquid nitrogen bath. During this freezing stage, solvent crystals will grow and
exclude solute molecules from the frozen solvent until the sample is completely fro-
zen. Several freezing parameters such as the freezing temperature, solute concentra-
tion, solvent type, and direction of freezing can affect the desired pore structure of the
materials. The frozen sample is then placed in a freeze dryer with temperature-con-
trolled shelves, to remove the frozen solvent by sublimation under vacuum pressure.
This drying step is usually the most time-consuming and is dependent on factors such
as solvent sublimation rate, sample size, level of vacuum, and shelf temperature. In
some cases, secondary drying is carried out to desorb the unfrozen solvent bound to
the polymer and for this process, a lower vacuum level is used [50].

3.2. Beads' production: 15t Generation

While preparing the 1.0 wt% CHI solutions these exhibited higher viscosity than the
pure water solution, a transparent yellowish color, and a pH value between 3-4. When the
concentration was increased to 2.5 wt% CHI, the solution became more yellow, yet transpar-
ent, the viscosity increased, as well the pH shifted to values between 4-5. No filtration or fur-
ther alterations to the solutions was required.

On the other hand, both 1.0 and 2.0 wt% SPA solutions were completely homogeneous,
colorless, and changes in the viscosity were insignificant. The pH intervals of the solutions
were between 7-8.

When adding glutaraldehyde to the CHI solutions some bubbles could be formed if the
stirring process was too intense. Bubbles should be avoided and expelled out from the syringe
before the pumping starts so that they don’t end up in the drop and weaken the formation of
beads.

As mentioned previously, ideally the beads would go from a hydrogel to an alcohol
gel, and then to a final cryogel state. However, due to the variations in the experimental pa-
rameters, the beads had different behaviors during the polyelectrolyte complexation, solvent
change, and freeze-drying processes, resulting in either spherical beads or non-spherical
beads. The latter included beads that partially/fully degraded and/or had a wrinkled appear-

ance resembling a raisin as illustrated by Figure 9.

Figure 9 - Different outcomes of hydrogel beads' formation: wrinkled, partially degraded and, spherical,
from the left to the right, respectively

In this 1st generation of beads, 16 experiments were performed according to the condi-

tions described in Table 1, to set the best production parameters.
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The non-spherical beads (Table 1, entry 1-8 and 12-16) did not go through a freeze-dry-
ing process, as their loss of shape and degradation could be an indicator that the complexation
was compromised. On the other hand, experiments G11.1.g.065 (Where the designation stands
for “Beads” Generation (G#) and in subscript: PE concentrations([CHI]-[SPA])-Crosslinker In-
troduction (Xlinker Intro)-Pumping rate (Rate))”, Gli.1.chio6s, and Glizg.o6s (Table 1, entry 9,
10 and 11, respectively) resulted in the preferred cryogel beads, and hence are highlighted.
Furthermore, it should be noted that these beads also exhibited a rigid and brittle character,

as well as whitish color, after being freeze-dried.

Table 1 - 1st generation experiments

Entry | Experiment® | [CHI] (wt%) | [SPA](%wt) | Xlinker intro® | Rate (mL/min) Bead shape
1 Gli1-o-032 1.0 1.0 %) 0.32 Non-spherical
2 Gli1-cHro32 1.0 1.0 CHI solution 0.32 Non-spherical
3 Gli2-0032 1.0 2.0 %) 0.32 Non-spherical
4 Gli2-cHro32 1.0 2.0 CHI solution 0.32 Non-spherical
5 Gl251-0-032 2.5 1.0 %) 0.32 Non-spherical
6 | Gl2s1cHro32 2.5 1.0 CHI solution 0.32 Non-spherical
7 Gl2520-032 2.5 2.0 %) 0.32 Non-spherical
8 | Gl2s2-cHr032 2.5 2.0 CHI solution 0.32 Non-spherical
9 Gl1-1-2-0.65 1.0 1.0 1%} 0.65 Spherical
10 | Gli1-cHi-0.65 1.0 1.0 CHI solution 0.65 Spherical
11 Gl1-2-0-0.65 1.0 2.0 %) 0.65 Spherical
12| Gliz-cHio65 1.0 2.0 CHI solution 0.65 Non-spherical
13 | Gl2s1-0-065 2.5 1.0 %) 0.65 Non-spherical
14 | Gl2s1-cHr065 2.5 1.0 CHI solution 0.65 Non-spherical
15 | Gl2s5204065 2.5 2.0 %) 0.65 Non-spherical
16 | Gla2s2-cHr065 2.5 2.0 CHI solution 0.65 Non-spherical

[a] Experiment designation = “Beads’ Generation (G#) and in subscript: PE concentrations([CHI]J-[SPA]) and - Cross-
linker Introduction (Xlinker Intro) -Pumping Rate (Rate)”;
[b] @= Not introduced. When introduced [Xlinker]= 0.13 wt% of the CHI solution.

Because little is known about the mechanisms behind the formation of polyelectrolyte
complexes, an approach to understanding the influence of the selected factors is of great in-
terest and major relevance.

It was observed that 1.0 wt% CHI solutions generated drops that started to coagulate
near the surface of the SPA bath. After a short period, the bead immersed in the solution due
to its densification, most certainly caused by the complexation process. However, if the CHI
solution was dropped in the center of the bath, a tendency for initial agglomeration of beads
was noticed. To avoid that the syringe pump was placed at a specific position so that the drops
would fall away from the center of agitation, describing a larger circular motion and reducing

the tendency for agglomeration. Due to the increase of CHI concentration, drops with 2.5 wt%
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CHI did not exhibit this problem, most likely because they were dense enough to immediately
sink in the SPA bath.
The influence of the polycation concentration can be further observed by comparing

experiments Gli1.1.g.065 and Gli1.chroes with the experiments Glas1.¢.065 and Glas1.caroes (Ta-
ble 1, entries 9, 10, 13, and 14, respectively) which were only distinct in CHI concentration.
The former produced spherical hydrogel beads, while the latter formed raisin-like beads, as
shown by Figures A1.9, A1.10, A1.13, and A1.14 of the Appendix. In fact, all the experiments
containing 2.5 wt% CHI concentration generated this wrinkled type of beads, which could be
related to pH, charge density, and conformational changes.

At pH values below 3, CHI depolymerization occurs via hydrolysis. At neutral and
basic pH conditions above its pKa of 6.5, CHI can precipitate becoming insoluble. Between 3
and 6.5, CHI becomes soluble due to the protonation of the amine groups. [51] According to
Seether et al. [52], the pH determines the degree of protonation of the CHI amino groups. This
conclusion was further supported by Chavasit et al. [53] reporting that at pH values of 3, 4,
and 5 the degree of ionization of CHI was about 1.0, 0.95, and 0.85, respectively. In other
words, as expected, the protonation of the amine groups decreases with an increase of the pH
in the studied range.

Along this line, we can expect that the 1.0 wt% CHI solutions present a higher density
of positive charges than the 2.5 wt% solutions, due to their corresponding pH of 3.5 and 4.5,
respectively. As PEC formation depends on the charge neutralization achieved, the electro-
static interactions, and conformational changes [54],[55], a high charge density promotes elec-
trostatic interactions, and therefore a more stable complex is obtained when using 1.0 wt%
CHI instead of 2.5 wt% CHI. Additionally, as a polycation with a high density of positive
charges tends to uncoil or expand its chains and have a more open conformation due to elec-
trostatic repulsion [56], we assume that this facilitates the electrostatic interaction with the
polyanion because the positively charged sites become more accessible. With 2.5 wt% CHI, as
the charge density is lower and due to conformational constraints, these binding sites are not
so accessible, and the complexation may be weaker.

It was also observed that during the polyelectrolyte complexation, the 2.5 % CHI beads
would go through 3 stages. Initially, when they were dropped into the SPA solution, they
were transparent. As coagulation proceeds, they turn whiter. And at the final stages of com-
plexation, they would have the appearance of a yellow hollow raisin. To explain this behavior,
we suppose that the complexation wasn’t effective enough not only due to reduced electro-
static interactions but also due to a lack of charge complementarity, caused by an excess of
CHI positive charges in comparison to the negative ones of SPA. The latter resulted in an
excess of non-complexed CHI that ended up precipitating and forming the wrinkled yellow
shell observed when the solution media achieved its final pH values in the range of 6 to 6.5.

This excessiveness and formation of a precipitated CHI shell were observed when
dropping 2.5 wt% CHI solution in 1.0 and 2.0 wt% SPA bath, but not when using just 1.0 wt%
CHI. From here, it is possible to suppose that despite having a lower charge density, 2.5 wt%
CHI possesses a higher global charge than the 1.0 wt% CHI. Therefore, not just due to the
reduced chances to form electrostatic interactions caused by its lower charge density, but also
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due to the lack of charge complementarity resulting from its higher global charge, the 2.5 wt%
CHI solution is more prone to form a precipitate shell of non-complexed CHI when in both
1.0 and 2.0 wt% SPA bath, than the 1.0 wt% CHI solution.

As we were able to produce spherical beads using both 1.0 and 2.0 wt% SPA solutions
but only when using a 1.0 wt% CHI solution, it is fair to assume that the concentration of the
polycation had a more significant impact than the concentration of the polyanion in the for-
mation of beads, at least in the conditions explored in this work. The reasons behind this be-
havior might be related to the experimented range of the concentration of the SPA solution,

and consequently its charge. As the pH of both 1.0 and 2.0 wt% SPA solutions was approxi-
mately 8, they were considered to have similar charge densities. On the other hand, the global
charge was higher when using 2.0 wt% instead of 1.0 wt% SPA, because the concentration of
carboxyl groups increased. Hence, based on the obtained results, we suggest that the values
of charge density and global charge of both 1.0 and 2.0 wt% SPA were enough to form spher-
ical and stable complexes with a 1.0 wt% CHI solution (Figures A1.9, A1.10, and A1.11 of the
Appendix), but not enough when using a 2.5 wt% CHI solution (Figures A1.5-A1.8 and A1.13-
A1.16 of the Appendix). Despite that, when complexing with 2.5 wt% CHI, the 2.0 wt% SPA
solution resulted in more spherical and not so wrinkled beads than the ones obtained when
using just 1.0 wt% SPA, which can be attributed to the increase of global charge in the SPA.
This can be observed by comparing for instance figure A1.5 to A1.7 of the Appendix.

However, the polyelectrolyte concentrations are not the only factors decisive in the
formation of beads. By comparing experiments Gl1.1.¢.065, Gli-1-crro65, and Gliz.g.065 to expe-
riences Gli1.1.0.032, Gli1.caros2, and Glia.g.0.32, respectively (Table 1, entries 9-11, and entries 1-
3) it is observed that the last three didn’t produce the desired spherical beads. As the only
difference between them was the drop rate, it is logical to accept that it impacted the beads’
formation.

To explain the influence of the drop rate, we suggest that the beads” formation is

mainly driven by electrostatic interactions that occur in the first moments, between the drop
and the solution, while the pH of the system hasn’t significantly changed. During this time,
CHI (being still in acidic pH, hence highly protonated) and SPA (being still in a basic pH,
hence highly deprotonated) present the highest charge density of the entire complexation pro-
cess, thus electrostatic interactions are easier to establish, and a more stable complex is ob-
tained. After this initial time, the pH of the system will start to change, lowering the charge
densities of both polyelectrolytes. If the drops enter the solution before this pH alteration,
stable beads can be formed. If they only enter after, the formation of electrostatic interactions
is not so effective, therefore producing weaker complexes. Knowing that the time necessary
to completely inject the CHI drops into the SPA solution is inversely proportional to the drop-
ping rate and hence, the higher the dropping rate, the lower the time, we suppose then, that
contrary to what happens at a drop rate of 0.65 mL/min, a 0.32 mL/min rate is not sufficient
to drop all the CHI solution into the SPA bath before the pH of the system starts to change,
which leads to the formation of unstable beads.

The effects of the pH on the media of CHI-SPA complexation have also been studied
by Takahashi et al. [57] with a view to the application of CHI for drug delivery formulations.
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The authors reported that the unit molecular binding ratio of the CHI-SPA complex was
greatly affected by pH, showing a change from 1:4 to 1:1.7 (CHI-SPA) with an increase in pH
from 3.7 to 4.7. With increasing pH values, the degree of ionization in SPA tends to increase,
while the tendency toward ionization of CHI molecules tends to decrease, supporting our idea

that the pH of the system plays a major role in the complex formation.

Focusing now on the influence of the crosslinker, as we were able to produce beads
with (experiment Gli.1.chroes, Table 1, entry 10) and without glutaraldehyde (experiment G11-
1.2065, Table 1, entry 9), it is reasonable to accept that the formation of polyelectrolyte com-
plexes was not dependent on this parameter, at least in the 1st Generation tested conditions.
However, different shrinking behaviors were observed. As depicted in Figure 11 in the fol-
lowing section, while the beads in experiment Gli.1.0.065 presented a 42.7% shrink from the
hydrogel to the cryogel state, in experiment Gli1.chroes the beads only shrank 37.1%, thus
indicating that crosslinked beads tend to shrink less than the not cross-linked ones. This can
be attributed to the establishment of covalent imine bonds between the amino groups of chi-
tosan and the aldehyde groups of the crosslinker [58], resulting in the formation of a denser
and more reticulated structure and a non-porous surface as illustrated in Figure 10.

Gli.1.g.065

Figure 10 - Experiments Gl1.1.¢.0.65 and Gli.1-crro65 inner (A and B) and outer surface (C and D) SEM images

Because of that, the glutaraldehyde crosslinked beads are less prone to absorb water
during polyelectrolyte complexation [59], and thus will shrink less during the solvent ex-
change and freeze-drying processes. Nevertheless, the study of the crosslinking influence in
the beads' morphology will be further discussed in section 3.3 of the present work.

According to the data obtained, for the following beads” generations, it was decided
to set the parameters of 1.0 wt% CHI and 0.65 mL/min rate, as the experiments that formed
spherical beads had these values in common. The concentration of 1.0 wt% instead of 2.0 wt%
SPA was also fixed following a lower production cost criterion. Additionally, it was shown to

be possible to introduce a crosslinker and obtain the desired beads.

3.3. Beads' Production: 2nd Generation

Instead of testing all the possible combinations of the chosen variables as in the previous
generation, our approach was different during the 2nd generation. Only one parameter at a
time was varied, and the shrinking of the beads obtained from the experiments described in
Table 2 and experiments Gli.1.¢.065 and Gli1.caroes (Table 1, entries 9 and 10) from the 1st gen-
eration was compared to evaluate their stability.
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Table 2 - 2nd Generation experiments

2nd generation

Entry | Experiments® | Sdiam (mm) | [NaOH] (mol/L) ®! [ Xlinker Introl Solv
17 G2p1-4-0-0-tbut 4.0 0 %) tert-butanol
18 G2r1-1.2-0-9-tbut 1.2 0 (%) tert-butanol
19 G2P1-1.2-0-5PA-xxx 1.2 0 SPA solution
20 | G2pi-1.2-0-water-xxx 1.2 0 Water bath
21 | G2r1-1.201-0-tbut 1.2 0.1 mol/L o tert-butanol

[a] Experiment designation = “Beads” Generation (G#) -P1- syringe tip external diameter (Sdiam)-[NaOH]-Xlinker in-
troduction- alcohol gel solvent (Solv)”, where P1=1.0 wt% CHI, 1.0 wt% SPA and 0.65 mL/min.

[b] Added to the SPA solution before coagulation.

[c] @= Not introduced. When introduced [Xlinker]|= 0.13 wt% of the CHI solution.

The measurement of the beads’ diameter allowed the assessment of the respective
shrinking. This shrinking is illustrated in Figure 11 and was calculated based on the percen-
tual diameter reduction between distinct gel states. The beads” diameter in each gel form can
be found in Figure C1.1 of the Appendix. Experiment G2p1.1.2.0.5pAxxx and G2p1.1.2.0-water-xxx (Table
2, entries 19 and 20, respectively) were not included in these graphs because the beads com-
pletely degraded during polyelectrolyte complexation, forming a white precipitate as shown
in Figure A2.3 of the Appendix, and hence didn’t go through solvent exchange or freeze-dry-
ing. We suspect that in the former case, CHI tended to escape from the interior of the beads
to react with the GLU in the SPA bath, which could have caused the loss of form and stability
of the beads. On the other hand, in the latter experiment the beads might have been immersed
in a water bath with the crosslinker too soon (as they were only 2 h in the SPA solution instead
of the usual 4 h), not giving enough time for charge compensation via electrostatic forces and
rearrangements to occur, thus possibly resulting in an unstable complex that ended up de-
grading in the water bath due to the lack of prior effective complexation.

Beads' Shrinking
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Figure 11 - Percentual shrinking of CHI beads obtained from different batches, in hydrogel to alcohol gel (red),
alcohol gel to cryogel (purple), and hydrogel to cryogel (blue)
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The introduction of a needle at the end of the syringe pipe, with the respective external

diameter resulted in beads with a smaller diameter and less shrinking, as we can conclude by
comparing experiments G2p14.0.0-tbut to G2p1-12.0.0-tbut (Table 2, entries 17 and 18, sequentially).
By reducing the tip diameter, the drops’ size also decreases. The CHI solution concentration
didn't vary, so the charge density is constant. However, as the beads' size diminished, the
global charge decreased as well. Thus, we hypothesize that charge neutralization occurs
faster, and the beads complex better, forming a denser structure. Due to this, water diffusion
into the complex is hampered and the water content inside the bead is reduced, leading to a
smaller shrinking during solvent exchange and freeze-drying. The needle’s influence on the
size and shape of gel beads has been reported in several studies [60], [61] and the density’s
effect on CHI hydrogels has also been highlighted by Berger et al.[58], reporting that by in-
creasing the density, the water content and swelling of the hydrogels decreased.

By comparing experiments G2p1-1.2.0.0-tbut (Table 2, entry 18) to G2p112.01-0-tbut (Table 2,
entry 21), it was observed that the introduction of NaOH into the SPA bath resulted in bigger
hydrogel beads and also less shrinking during the solvent exchange and freeze-drying pro-

cesses (Figure C1 of the Appendix). To explain this, it is important to highlight that the addi-
tion of NaOH into the SPA bath (before coagulation) increased the solution pH to 11, and
consequently led to an increased negative charge density of the polyanion. Thus, we assume
that at the beginning of the polyelectrolyte complexation, the SPA solution had a higher
charge density in experiment G2p1.1.20.1-0-tbut than in G2p11.20.¢-tbut, Which facilitated the estab-
lishment of electrostatic interactions with the polycation. Additionally, the polycation ex-
tended its chains [56] to accommodate more polyanion, which resulted in bigger and more
SPA enriched CHI beads, as will be later demonstrated in the FTIR analysis. However, as
shown by Sakiyam et al. [62] hydrogels can exhibit different swelling behaviors according to
their global charge. If they get negatively charged even slightly, OH- may be excluded from
the gel, reducing thus the water content inside the bead. Furthermore, the same authors re-
ported that an excess of Na* can shield the electrostatic repulsion between the negative
charges. This way, we hypothesize that the electrostatic repulsion between the carboxylate
groups present in excess in the CHI beads was hindered by the addition of NaOH, hampering
the water diffusion into the bead for steric reasons. Having a lower water content but a higher
SPA content, the beads shrank less.

Morphological differences between these two experiments were also observed as de-
picted in Figures B2.2 and B2.3 of the Appendix, where the beads with NaOH exhibit a more
reticulated structure on the inside and a grainy surface in comparison to experiment G2p1.1.20-
o-tbut (Table 2, entry 18). Furthermore, the beads from experiment G2p1.1.2.01-0-tbut (Table 2, en-
try 21) exhibited some static electricity and plasticity.

The influence of the solvent can be also noticed when comparing experiments Gl1.1.o.

065 and G24.0.g1pu, Where it is visible that the use of fert-butanol instead of ethanol led to a
smaller shrinking of the beads. To understand that several factors should be considered.
Subrahmanyam et al.[63] reported that the shrinkage behavior can be attributed to changing
the solvent-matrix interactions when the pore-liquid gets less polar during the solvent ex-
change. The bigger the polarity difference, the more the gel will shrink. Additionally, as our
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matrix is polar, solvents with higher polarity will have a bigger affinity to establish favorable
interactions, thus shrinking less. This tendency has also been highlighted elsewhere in the
literature [64], [65]. Between water, ethanol, and tert-butanol, water is the most polar and tert-
butanol the less polar [66], we could expect that the beads would shrink less when exchanging
from water to ethanol than from water to tert-butanol, but that was not the case. To explain
this, we assume that the molar volume of the solvent, calculated by dividing its density by its
molar mass, affects the shrinking as well. Because during solvent exchange water molecules
are being replaced by solvent molecules, the size reduction of the bead caused by the volume
of water diffusing out should be compensated by the volume of solvent diffusing in to reduce
the shrinking. Therefore, despite having a lower affinity than the water and ethanol mole-
cules, tert-butanol molecules are bigger (i.e possess a larger molar volume), and hence can
provoke a smaller shrinking of the CHI beads. In addition, there is another parameter that
plays a major role, which is the concentration gradient of the solvent. When using ethanol, we
did a one-step solvent exchange, meaning that the CHI beads were changed to a pure ethanol
bath after PEC. On the other hand, when using fert-butanol a two-step solvent exchange was
done, immersing the beads first in a tert-butanol/water mixture (50.0 v/v%) during the first
4h and then renewing it with a 100% tert-butanol bath. As reported in the previously men-
tioned study by Subrahmanyam et al. [63] when the gel is subjected to an initial concentration
gradient of 100% (i.e pure solvent) a huge driving force is generated from the exchange be-
tween water and solvent molecules, resulting in a severe shrinking of the beads. However,
when the gradient is lowered by using solvent/water mixtures, the driving force is reduced
along with the shrinkage, due to a slower and gentler exchange between molecules. Hence,
the smaller shrinking verified when using tert-butanol instead of ethanol during solvent ex-
change can be related to the concentration gradient applied in the former case.

Furthermore, the type of solvent also influences the beads shrinking during freeze-dry-
ing. According to Prostredny et al.[67] solvents can cause strong stresses that act on the pore
wall resulting in increased shrinking. These stresses can be caused by volume variation of the
solvent due to solidification and sublimation processes [68]. Therefore, we suppose that the
beads’ shrinking during freeze-drying was smaller in experiment G2p14.0.0-tbut (Table 2, entry
17) in comparison with experiment Gli.1.0.065 (Table 1, entry 9) because the volume changes
of ethanol are more pronounced than of tert-butanol. It should be also taken into account that
ethanol possesses a lower melting point (-114.5°C) than tert-butanol (25.6°C), which can result
in incomplete solidification during the freezing process. Due to that, the unfrozen solvent may
evaporate instead of sublimating during the drying process, leading to the loss of structure
and degradation of the beads.[69]

In addition to volume shrinkage, the solvents also affect other properties of the gels.
Beads produced from experiment G2pi40.0.tout (Table 2, entry 17) were brittle but less rigid
than the beads obtained from experiment Gli1.¢.065 (Table 1, entry 9). Different structure mor-
phologies can also be observed in Figures B1.1 and B2.1 of the Appendix.
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Summing all the previously obtained data, the utilization of a needle, introduction of
NaOH, the addition of the crosslinker in the CHI solution, and the use of tert-butanol as sol-
vent were fixed for the 3rd generation, as these parameters resulted in reduced shrinking and
hence, higher stability of the beads.

3.4. Beads' Production: 34 Generation

Having set the best parameters resulting from the previous experiments, this third and
last generation of beads was performed to introduce several types of IL derivatives as cross-
linkers (Figure 1.1 of the Appendix) according to the conditions shown in Table 3. Addition-
ally, the obtained beads would be tested in the capture and conversion of CO..

Table 3 - 314 Generation experiments

Entry Experiment!2! [Xlinker](%wt)! Xlinker type
22 G3p20.13-GLU 0.13 GLU
23 G3p2-026-GLU 0.26 GLU
24 G3p2-0.13-TEA.OAC 0.13 TEA.OAc
25 (G3P2-0.26-TEA.OAC 0.26 TEA.OAc
26 G3r2-0.13-THMAMS 0.13 THMAMS
27 G3P2-0.26-THMAMS 0.26 THMAMS
28 G3r2-0.13-TEA.CI 0.13 TEA.C1
29 G3p2-0.26-TEA.CI 0.26 TEA.Cl
30 G3P2-0.13-THMAMS-60°C 0.13 THMAMSL
31 G3P2-0.26-THMAMS-60°C 0.26 THMAMSL

[a] Experiment designation = “Beads’ Generation (G#) - P2- [Xlinker]-Xlinker type”, where P2=1.0 wt%
CHI, 1.0 wt% SPA, 0.65 mL/min, Xlinker introduced in de CHI solution, syringe tip external diameter
(Sdiam) of 1.2mm, 0.1 mol/L NaOH, and fert-butanol as alcohol gel solvent.

[b] [Xlinker]= 0.13 or 0.26 wt% of the CHI solution.

[c] The beads were left for 3h in the SPA solution plus 1h in a water bath at 60°C to activate the THMAMS.

All the crosslinkers produced stable beads when the respective concentration was 0.13
wt%. However, when this concentration was increased to 0.26 wt%, only the experiments that
used THMAMS formed the desired cryogel beads. The remaining experiments resulted in
complete or partial degradation of the beads as depicted in Figures A3.2, A3.4, and A3.8 of
the Appendix. Thus, it can be assumed that there is a critical crosslinker ratio, that when ex-
ceeded hampers the polyelectrolyte complexation and that this critical ratio might vary with
the type of crosslinker used.

Similar conclusions were reported by Figueiredo et al. [70] highlighting that there is
an optimum ratio between poly(vinyl alcohol) and glutaraldehyde that favors the crosslinking
of the polymer and that a low glutaraldehyde concentration promotes a higher crosslinking
density. A very low glutaraldehyde content might not be enough to crosslink effectively,
whereas higher amounts of the aldehyde can lead to the branching of PVA, possibly due to
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the increase of viscosity in comparison to the more diluted solution, which compromised the
diffusivity of the molecules. The branching increases the space among chains and leads to
higher solubility in water. This effect of branching rather than further crosslinking has also
been described by Hoti et al. [71] attributing the existence of a maximum degree of crosslink-
ing to steric effects.

Following this line and according to the data obtained, we can assume that the cross-
linking density tended to increase while the crosslinker content was increasing until the value
of 0.13 wt% for all the crosslinkers tested. On the other hand, from 0.13 to 0.26 wt% it only
increased for THMAMS, decreasing for the other crosslinkers. Furthermore, the shrinking be-
havior of the beads (Figure C1.2 of the Appendix) can also be a measure of the crosslinking
density, as higher crosslinking densities promote a more packed network, reducing the free
volume of material, and thus impeding the access of water molecules. Therefore, the higher
the crosslinking density, the less will the beads shrink.

To try to explain why values above a certain crosslinking critical ratio interfere in poly-
electrolyte complexation several factors should be understood. First, it must be considered
that if the crosslinking concentration is above the critical ratio, and the crosslinking density is
low, then the crosslinker added to the chitosan did not react correctly and might be causing
instability in the beads. Additionally, the reacted crosslinker molecules might inhibit chain
rearrangements and hinder electrostatic interactions between polyelectrolytes which are the
main driving force in the formation of stable complexes. Lastly, by introducing SPA and these
hydroxyl enriched crosslinkers, the hydrophilic character of the CHI beads increases, and
hence more water can be absorbed. Given that, we suppose that the experiments that exceeded
the respective crosslinking critical ratio (G3p20.26-GLu, G3p2-0.26.TEA.0Ac, and G3pa026.1EA.cl, Table
3, entries 23,25, and 29, respectively) absorbed too much water due to the increased hydro-
philicity and reduced crosslinking density, surpassing the water capacity of the beads, hence
leading to their degradation.

Furthermore, to make sure that the energy needed to activate the crosslinkers was be-
ing achieved and thus to optimize the introduction of the IL-derivatives, experiments G3p2.0.13-
tHMAMS-60°c and G3p2.0.26 THMAMs 60°c (Table 3, entry 30 and 31, sequentially) were performed in
similar conditions of experiments G3p2-0.13-timams and G3p2-026-Hmams, but instead of being 4 h in
the SPA solution for polyelectrolyte complexation, they remained only 3 h in the SPA solution,
plus 1 h in a water bath at 60 °C. As it can be seen by comparing Figures B3.3 to B3.6 and B3.4
to B3.7 of the Appendix, this increase in temperature activated the crosslinker more effec-
tively, causing notable changes in the beads' structure.

Interestingly, all the experiments resulted in beads with some static electricity, plastic-
ity, and a whitish color. However, depending on the concentration and type of crosslinker,
different structures of the complexes can be produced [71], [72], as is illustrated in Figures
B3.1 to B3.7 of the Appendix. Experiment G3r2-013-1ea.0ac (Table 3, entry 24) stands out because
contrary to the rest, its outer surface is not so grainy, reminding instead of the appearance of
seaweed leaves. Furthermore, experiments G3r2-0.13-tamanms-6oc and G3p2-026-tHmams-soc should also

be highlighted, as they appear to have a more reticulated structure in comparison to the rest.
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3.5. Textural properties
BET analysis was conducted to evaluate the impact of the assigned experimental pa-
rameters on the surface area, pore volume, and pore size of the beads, as depicted below in

Table 4. Furthermore, these surface area properties are of great interest for the CO; capture

and catalysis fields and will be further addressed in sections 3.7 and 3.8.

Table 4 - Physical parameters of beads samples measured by N> adsorption-desorption isotherms

Entry Experiment Surface Area (m¥g) Pore Volume (cm3/g) Pore Size (nm)
1 Gli1-2-065 56.219 +0.503 0.271 19.302
2 Gl1-1-cHI-0.65 61.547 +0.642 0.299 19.455
3 G2p1-4-0-0-tbut 38.482 + 0.648 0.234 24.355
4 G2p1-1.2-0-@-tbut 64.728 +0.847 0.345 21.366
5 G2r1-12-01-@-tbut 41.285 +0.851 0.187 18.160
6 G3p2-0.13-GLU 51.109 £ 0.383 0.200 15.687

7 [al G3p2613-TEAOAC 24-026-+0-462 0.082 13.683
8 G3p2-0.13-THMAMS 42.776 +0.691 0.206 20.653
9 (G3P2-0.13-THMAMS-60°C 56.296 + 0.633 0.242 17.191
10 (G3p2-0.26- THMAMS 46.430 £ 0.784 0.224 18.308
11 (G3p2-0.26- THMAMS-60°C 86.716 + 0.897 0.421 19.405
12 G3p2-013-TEACI 41.849 +0.323 0.205 19.571

[a] The measurements in entry 7 were strikethrough as they were considered invalid according to the contrasting results obtained
in section 3.8 and the data from Table 1.1 of the Appendix.

Firstly, it is important to highlight that by analyzing the experiments' SEM images (Fig-
ures B1.1-B3.7 of the Appendix), and their isotherms, which are mainly either type II or III
[73](as it can be seen in Figures D1-D12 of the Appendix), our material seems to be
macroporous. However, the pore size of all the experiments described in Table 4 is in the
mesoporosity range (2-50 nm). The reason behind these opposite values might lie in the fact
that although the nitrogen porosimetry can qualitatively indicate the presence of macropores
through isotherms, it cannot measure quantitatively them. Thus, for the calculation of the pore
size, the program uses a model that fits for mesoporosity but that is not sensible to
macroporosity. Nevertheless, the data obtained can mean that the synthesized beads have
both mesoporosity and macroporosity or that their porosity is so insignificant that the mate-
rial could be considered non-porous. Further studies would be required to evaluate the pore
size distribution and to better understand what kind of porous material the produced beads
are. As the nitrogen porosimeter is not sensible enough to do so, this section discussion is
more focused on the effect of the tested parameters in the surface area and pore volume, rather
than in the pore size.

Starting by comparing experiment Gli.1.g.065 (Table 4, entry 1) to experiment G2pi-4.0.-
tout (Table 4, entry 3), the influence of the solvent can be observed. The surface area and pore
volume decreased in the former, but the pore size increased. This might be a consequence of
the pore size distribution. As reported by Tamon et al. [68] freeze-drying with water gives a
sharper pore size distribution and smaller pore size than freeze-drying with tert-butanol.
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Hence, due to its dispersion in terms of pore size, we suppose that tert-butanol formed several
large and small pores (both in the mesoporosity range). However, during the freeze-drying
process, most of the smaller pores must have collapsed, while the larger ones held their shape
better. Consequently, this resulted in an increment of the pore size, but a decrease in both
surface area and pore volume.

On the other hand, by comparing experiment G2p14.0.¢-tbut With experiment G2p1.1.20.9-
tout (Table 4, entries 3 and 4, respectively) it is possible to notice the impact of using a needle
at the end of the syringe tip. The latter had a sharp increase in terms of surface area and pore
volume, but a decrease in pore size. We suggest that the needle led to the formation of a
denser, yet more porous bead. Due to their density, the beads exhibited a reduced shrinking
behavior, holding better their final structure.

The NaOH introduction resulted in a decrease in the surface area, pore volume, and
pore size, as can be seen by comparing experiment G2p1.12.0.¢-tbut (Table 4, entry 4) to experi-
ment G2p112.0.1-¢-but (Table 4, entry 5). To explain this, we hypothesize that due to the fact the
NaOH was hampering the water diffusion into the beads as explained previously, the solvent
exchange might also have been restricted. This possibly led to the loss of pores during freeze-
drying, resulting in a surface area and pore volume decrease.

Additionally, the effect of the crosslinker can be observed by comparing experiment
G2p11201-0-tbut (Table 4, entry 5) with experiments G3p2.0.13-rvams, G3p2-0.13-THMAMS-60°C, G3P2-0.26-
tHMAMS, G3p2.0.26 THMAMS-60°C, and G3p20.13-1a.c1 (Table 4, entries 8-12, respectively). In a general
way, an increase in both surface area and pore volume was verified when using a crosslinker.
We suppose that the crosslinker helps the beads hold their structure by reducing their shrink-
ing behavior. Thus, more pores will remain open or at least tend to close less during the beads’
shrinking, which results in a higher surface and pore volume.

It is also important to note that the influence of the crosslinker depends on its type and
concentration, both affecting how effectively the IL-derivative can crosslink. Despite no sig-
nificant changes being noticed when comparing the surface properties of the beads with 0.13
wt% THMAMS or TEA.Cl, we were expecting an increase in both surface area and pore vol-
ume when using 0.13 wt% TEA.OAc. Although, the opposite occurred as can be seen in ex-
periment G3p2.0.13.1Ea.04c (Table 4, entry 7), these BET values were reported as invalid, consid-
ering they were completely different from the rest and contradictory to the catalysis results
obtained in section 3.8. Furthermore, we should take into consideration Table 1.1 of the Ap-
pendix, with complementary information about the batches.

An increase in the crosslinker concentration (G3p2.0.13-THMAMSs VS G3p2.0.26 THMAMS) and the
use of higher temperatures during complexation (G3p2.0.26.tHmams VS G3p2.0.26- THMAMS60°C) led to
an increment in surface area and pore volume. Notably, this effect was more prominent in the
latter. Despite the pore size being comparable, experiment G3p2.0.26.temams-s0c (Table 4, entry
11) had a surface area and pore volume more than double of the experiment G3p2.0.26.THMAMS
(Table 4, entry 10). The reason behind this can be attributed to the increased interactions be-
tween the THMAMS and the beads caused by the crosslinker activation with temperature,
which promoted a more effective crosslinking that allowed the beads to hold better their struc-
ture and hence resulted in a sharper increase of the pore volume and surface area.

26



3.6. FTIR

FTIR analysis was performed to investigate the structural composition of the beads, and
possible interactions between CHI, SPA, and other reactants involved in the beads’ prepara-
tion, as the appearance of a peak at a specific wavenumber is representative of specific chem-
ical bonds. Figure 12 shows the FTIR spectra of pure CHI (blue) and pure SPA (red), as well
as experiments Gli.1.0.065 (Table 1, entry 9) (yellow), G2p11201-0-tbut (Table 2, entry 21)(pink),
G3r2013TEA 0Ac (Table 3, entry 24) (green) and G3p2.0.26. tHMawms (Table 3, entry 27) (brown). Com-
plementary FTIR spectra of the remaining experiments and crosslinkers can be found in sec-

tion E of the Appendix.
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Figure 12 - FTIR spectra of several experiments from the three generations

Illustrated in blue, the spectrum of chitosan exhibited a characteristic band between
3500-3200 cm? which was assigned to the typical O-H and N-H stretching vibrations on the
polysaccharide backbone. At 2871 cm-, the peak was attributed to the CHa stretching vibra-
tion of the pyranose ring. Peaks at 1646 cm and 1559 cm? were ascribed to the vibration of
amide I (C=0 stretching) and amide II (NH bending), respectively. Bands identified at 1414
cm? belong to bending methylene groups and at 1374 cm! was associated with amide II
groups bending. The vibration at 1308 cm™ corresponded to -CHjs stretch in acetyl groups,
while the band at 1258 cm! was related to C-O-H groups. Bands at 1151, 1062, and 1027cm-!
were attributed to the symmetric and asymmetric stretches of C-O-C bonds. The band at 890
cm? was attributed to C-H wagging of anomeric carbon in the saccharide structure [74]-[76].
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On the other hand, in the SPA spectrum (red), a wide band corresponding to stretching
vibrations of the hydroxyl group appears in the range of wave number 3700-2980 cm. The
band with a peak at 2946 was ascribed to the C-H stretching vibrations. Characteristic bands
1641 cm?! were assigned to deformation vibrations of C-O-H groups. The two bands at 1547
cm? and 1321 cm? were attributed to the symmetrical stretching vibrations of carboxyl anions
-COO, while the band at 1401 cm was assigned to asymmetrical stretching of the same ani-
ons. The band at 1246 cm! was associated with the stretching vibrations of C-O bond and
deformation vibrations of C-O-H group [77]-[79].

In the FTIR spectra of mixed oppositely charged polyelectrolytes, we observed
changes in some bands' placement and disappearance/appearance of new peaks in compari-
son to pure SPA or CHI. For experiments represented in Figures E2 and E3 of the Appendix,
new peaks appearing near 1708 cm? and 1550 cm-!, were assigned to the carboxyl groups of
SPA bound with CHI and amino groups of CHI bound with SPA, respectively, which indi-
cates that the COO- groups were able to complex with protonated amino groups through elec-
trostatic interactions, thus forming a polyelectrolyte complex. Furthermore, a pH increase in
the media of complexation leads to a decrease in the peak near 1708 cm and to an increase in
that near 1550 cm! [57]. Hence, the former can only be observed in the FTIR spectra of exper-
iments Gli.1.0.065 and Gli1-caroes, while the latter is more intense in the FTIR spectra of exper-
iments G2p1.1.2.0.1-0-tbut to G3p2.0.13-1EA.C1 (Figures E2 and E3 of the Appendix), which were made
in higher pH, due to the addition of NaOH. In fact, the introduction of NaOH also led to a
more pronounced increase of the wideband centered near 3400 cm-! resulting from additional
hydroxyl groups, as can be seen by comparing experiments Gli.1.¢.065 (yellow) vs G2p11.2.01-0-
tbut (pink), for example. Lastly, the crosslinking influence was difficult to observe using FTIR,
as the spectrum of the experiment without crosslinker (pink) is very similar to spectra of the
experiments that involved crosslinking (green or brown) in similar conditions. This was ex-
pected due to the low crosslinking concentrations utilized. Despite that, in experiments G3po-
013-THMAMs-60°C (White blue) and G3p2.0.26.-trmawms-so°c (yellow) (Figure E3 of the Appendix), a small
peak possibly ascribed to C-N stretching appeared at 1380 cm-!, which might be an indicator
that an increase in temperature favors the crosslinker activation, thus increasing the IL-
derivates concentration inside the beads. On the other hand, characteristic peaks of SPA near
1550 cm! and 1424 cm?! were more pronounced in experiment G2p1-1.2.01-0-tbut (pink) than in
G3p20.13TEA.0AC (green) or G3pa.0.26.tHMaMs (brown), which can be indicative that crosslinking
competes for and can hinder complexation sites between polyelectrolytes, thus hampering
polyelectrolyte complexation.

3.7. CO2 Capture

To test the COs capture capacity of the beads, a CO; flow with increasing duration was
made pass through several bead batches (entries 24, 26-28, 30-31, from Table 3), which were
subsequently analyzed through FTIR to evaluate possible structural changes. The spectra are
focused in the range from 1800 to 800 cm-! where the main variations in the peaks were noticed
but complementary spectra information can be found in Section F of the Appendix. The spec-
tra of experiment G3p2.0.26 THMAMS60°c at different CO» flux times is depicted in Figure 13.
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Figure 13- Experiment G3p2.0.26.tHMaMs-s0cc FTIR after 0, 5, 10, and 20 min of CO flux time

As it can be seen, the bands at 1068 cm-! and 1030 cm-1, ascribed to C-N and C-O stretch-
ing [80], [81], became more intense for CO: flux times of 5, 10, and 20 min. Furthermore, the
bands at 1407 cm-! and 1378 cm-! tend to shift, increasing and decreasing their intensity with
time. These bands might be attributed to carbonate and bicarbonate formation, respectively
[80], [82]. Despite being difficult to precisely assign their contributions, as the bands of car-
bonate and bicarbonate are close to each other and/or overlapping [80], [81], [83], if we com-
pare the FTIR spectra of experiments that have an IL-derivative (Figures F2-F7 of the Appen-
dix) to the one that doesn’t (Figure F1 of the Appendix), only the former show similar varia-

tions in the absorption bands, which might be indicative of the formation of new species.

3.8. Catalysis

The beads crosslinked with IL-derivates obtained in the 34 generation (i.e experiments
G3p2-013-1EA. 0Ac, G3p2-0.13-THMAMS, G3p2-026-THMAMS, G3P2-013-TEA I, G3P2-0.13-THMAMS-60°C, and G3p2-0.26-
THMAMS-60°C corresponding to Table 3, entries 24,26,27,28,30, and 31, respectively) were tested
as a catalyst for the synthesis of cyclic carbonate from the cycloaddition of CO, and styrene
oxide, as exemplified in Figure 14. Furthermore, TBA.Br was used as a co-catalyst, and no
catalytic activity was detected in the absence of it. The role of the co-catalyst during cyclic
carbonate formation is to provide a nucleophile (commonly a halide anion) that facilitates the
ring-opening of the epoxide. Thus it is desired that it possesses a good catalytic activity re-
sulting from a balance between nucleophilicity and the leaving group ability of the halide
anion [84].

However, tetrabutylammonium halides are not the best choice to be used alone as cata-
lysts for cyclic carbonate formation as generally, they need harsh reaction conditions due to
the lack of a hydrogen bond donor group required for the activation of an epoxide [85]. In
this work, the hydrogen bonds were provided by chitosan@IL-derived beads enriched with
hydrogen bond donors groups (-OH, -COOH, -NH>) capable of activating the epoxide.

The catalytic activity of beads was evaluated in terms of conversion and selectivity,
which were calculated through NMR integration of the TH NMR signals of the crude mixture
as shown in figure 15.
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In 'H-NMR spectroscopy, the signals can be characterized by an integral value propor-
tional to the number of hydrogens to which each peak corresponds. This way, the conversion

and selectivity of the reaction can be calculated by using Equations 1 and 2, respectively:

[ Styrene Carbonate ( )
[ Styrene Carbonate + Diol

Selectivity =

Styrene Carbonate + | Diol
Conversion = ISty I (1)

J Styrene Oxide + [ Styrene Carbonate + [ Diol

In an initial phase, to check the feasibility in an industrial context and evaluate the pos-
sibility to use mild conditions, the catalytic performance of the beads was tested at 80 °C, CO»

pressure of 1 bar, and 72 h reaction time, as depicted in Figure 16.

Catalysis tests (T=80 °C; P4,=1 bar; R;;,,.=72h)
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Catalysis performance

W Conversion M Selectivity
Figure 16 - Catalytic activity of G3p2.0.13-TEA.0Ac and G3p2.0.126 THMAMs batches with 72h reaction time, under 80°C
and a CO; pressure of 1 bar, (no catalytic activity observed with the same batches in the absence of co-catalyst)
According to the literature, the reaction time is an important factor that needs to be op-
timized to obtain the best results in the catalysis reaction. If the time is too short the reaction
might not occur completely and hence the conversion rates will be low. In contrast, if the
reaction time is too long it might be not beneficial for the reaction system, as the catalytic
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activity can be compromised by the formation of undesired secondary products or degrada-
tion of the cyclic carbonates [86].

Initially, the reaction time was set to 72 h so that the reaction would be completed after
that period. It was possible to achieve conversions of 89% and 96%, for experiments G3p2.0.15-
TEA.0Ac and G3p2.0.13.THMAMS, Tespectively. However, the selectivities obtained were only in the
range of 60-70%, which can be ascribed to the formation of undesired secondary products
(diol) (Figures H2.2 and H2.3 of the Appendix). Xiong et al. [86] achieved similar conclusions
using 0.08g of polymer-supported quaternary phosphonium salt as a catalyst at 150 °C and 50
bar of CO; pressure, reporting an increase in the yield/selectivity with the reaction time and
maximum conversion of 98,6% within 6 h. Above that time limit, both yield and selectivity
decreased. Several other researchers support this conclusions [38], [87], [88].

In an attempt to study the effect of chitosan@IL-derived beads' formulation, while sim-
ultaneously trying to be more time-efficient due to experimental constrictions, CO, pressure

and reaction time were varied, as shown in Table 5.

Table 5 - Catalytic activity of several batches after 4h reaction time under 80°C and a CO; pressure of 5 bar. The
same batches registered no catalytic activity in the absence of co-catalyst.

Entry Catalyst Co-catalyst | Conversion | Selectivity
1 G2P1-1.2-0.1-0-tbut TBA.Br 48% >99%
2 G3r2-0.13-TEA.OAC TBA.Br 69% >99%
3 G3p2-0.13-THMAMS TBA.Br 45% >99%
4 G3P2-0.13-THMAMS-60 TBA.Br 49% >99%
5 G3p2-0.26- THMAMS TBA.Br 63% >99%
6 G3p2-0.26 THMAMS-60 TBA.Br 72% >99%
7 G3r2-0.13-TEA CI TBA.Br 48% >99%

The effect of CO; pressure on cyclic carbonates preparations has been extensively stud-
ied resulting in an increased reaction rate with an increase in pressure up to a certain limit,
and a decrease in the rate above that limit. As an example of that, Xiong et al.[86] in the pre-
vious study reported a yield of 77.5% at a CO; pressure of 20 bar, which increased up to 98%
when the pressure was 50 bar, but decreased to 92% when it was at 55 bar. According to Webb
et al.[89] this can be explained by the pressure effect on the concentration of two phases: top
phase enriched with CO; (gas) and bottom phase enriched with epoxides (liquid). First, at low
CO; pressures, the concentration of CO; in the liquid phase is little. With increasing pressure,
the solubility of CO; in the epoxides increases, favoring the cycloaddition reaction. At higher
pressures, however, the concentration of epoxides and catalyst is too low, reducing thus the
reaction rate and the product yield. On the other hand, if the CO.is below the optimal value
it could lead to the formation of side products and loss of selectivity [32].

In our experiments, by increasing the CO; pressure, an improvement in conversion
would be expected. However, the opposite occurred. To explain this, we hypothesize that the
reaction time reduction was substantial enough to restrict and overcome the benefits of in-
creasing the pressure, thus lowering the conversion instead. In addition, as an increment in
selectivity up to >99% was also verified, this possibly reflects that the catalysis reaction needed
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more time to be completed. Despite that, the reaction conditions tested still allowed us to
study the catalytic performance of several experiments. According to the data obtained in
Table 5, three major factors might have been responsible for the variation of the catalytic ac-
tivity. These are: the type and concentration of crosslinker, as well as its surface properties.

The influence of the first factor can be directly seen by comparing experiment G3p2.0.13-
tHMAMs t0 G3p2.0.26. THMAMS (Table 5, entries 3 and 5, respectively). Despite both achieving >99 %
selectivity, the conversion of the former was 45%, while the latter had a conversion of 63%.
As the only difference between them is the amount of crosslinker used it is fair to assume that
an increase in the crosslinker concentration led to higher conversion. To explain this we sup-
pose that by increasing the concentration of the THMAMS, the concentration of the -OH
groups (which are present on tris(2-hydroxyethyl)methylammonium cation) also increase.
Thus, there was an increment in the amount of hydrogen bond donors, which facilitates the
ring-opening of epoxides (rate-determining step) by reducing its energy barrier through the
formation of hydrogen bonds, resulting consequently in higher conversion. Furthermore, it
should be also considered that in this case, by increasing the crosslinker concentration, the
COz sorption via THMAMs might have been facilitated, and hence the energy barrier to acti-
vate the CO,was reduced, promoting a better catalytic activity. Additionally, it should not be
discarded that due to conformational changes caused by an increased crosslinker concentra-
tion, both hydrogen bond donor and CO»-philic groups present in the CHI beads could be
more exposed, and consequently should result in higher CO, adsorption.

It must be highlighted as well that, by increasing the temperature to activate the IL-
derivative during the beads’” synthesis, we were favoring the interactions and the crosslinking
of THMAMS inside the beads. Thus, a higher concentration of THMAMSs became available
inside our material, resulting in higher conversions for the reasons proposed in the previous
paragraph. Experiments G3p2.0.13.tHMAMs-60°c and G3p2.0.26.thvawms-co'c (Table 5, entries 4 and 6,
respectively) are an example of that, achieving higher conversions (from 45% at room temper-
ature to 49% at 60 °C and from 63% to 72%, respectively) than their analogous experiments
without temperature (i.e G3p2.0.13-tnmams and G3p2.0.26-THMAMS).

The type of crosslinker might also have played an important role in the catalysis reac-
tion. According to Table 5, experiments G3p2.0.13-TEa.0ac, G3p2-0.13-THMAMS, and G3p2.0.13-TEa.c1 (en-
tries 2, 3, and 7), all with the same crosslinker concentration but distinct IL-derivatives, re-
sulted in conversions of 68%, 50%, and 48%, respectively. Even though acetate, sulfate, and
chloride have different nucleophilicities, the conversion variation cannot be attributed to the
anion substituent of the crosslinker, since no catalytic activity was observed without using
TBA-Br as a co-catalyst. In fact, the bromide anion on the co-catalyst might have had a bigger
influence on the ring-opening nucleophilic attack. Furthermore, this attack is more probable
to be caused by the halide anion on the co-catalyst rather than by the IL-derivative anion, as
the concentration of the former is much higher than the latter. Another hypothesis might be
the effective crosslinking density possibly varying according to the type of crosslinker used,
as reported previously in this work. This implies that, for the same theoretical crosslinker
concentration of TEA.Cl, TEA.OAc or THMAMS (in this case, 0.13 wt%), we can have distinct
effective crosslinkers concentration inside the beads. Consequently, even though one
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TEA.OAc molecule possesses the same -OH groups as one TEA.Cl or THMAMS molecule, the
former might have been able to interact and crosslink more effectively with our beads, re-
maining in a larger amount inside them than the other IL-derivatives. The SEM images of
experiment G3p2.0.13.TEa.0Ac also reflects this idea, as they depict a distinctive structure in com-
parison to experiments G3p2.0.13-THmams and G3pa.0.13-1ea.c1 (Figures B3.2, B3.3, and B3.5 e of the
Appendix, respectively). Furthermore, this hypothesis can also be sustained by the catalytic
activity of experiment G2p1.1.2.01.0-tbut (Table 5, entry 1), which had no crosslinker but was still
able to achieve a similar conversion value (48%) compared with experiments G3p2.0.13.TH™MAMS
and G3p2.0.13-TEA.Cl, that had a crosslinker (45% and 48 %, respectively). Thus, these results might
be indicative that the IL-derivatives didn’t crosslink effectively in the mentioned experiments.
As a consequence, experiment G3p2.0.13.1EAa.0ac might have had more hydrogen bond donors
available than experiments G3p2.0.13-Trivams and G3p2.0.13-Tea.c1, Which led to higher conversion
for the same reason proposed in the former paragraph. In addition, it should be also taken
into account that the CO; sorption capacity of experiment G3p2.0.13-TEA.0ac might be superior to
the other experiments, due to a potential stronger presence of the IL-derivative), which could
have facilitated the CO;activation. Moreover, possible conformational changes caused by the
TEA.OAc might have led to increased exposure and availability of hydrogen bond donors, as
well COx-philic groups, which promote the epoxide and CO; activation processes.

Even though we were not able to test the influence of the quantity of catalyst due to
experimental limitations, both type and quantity of catalyst have been reported to have an
impact on the catalytic activity of the cycloaddition reaction [87]. Taheri et al. [38] varied the
amount of IL@Chitosan catalyst used in the range of 100-200 mg to react with 8.73 mmol of
styrene oxide at reaction conditions of 120 °C, 5h, and 20 bar of CO., highlighting that when
using 100mg the conversion was only 77% with >99% selectivity. When it was increased to
150mg the conversion also increased to 98%, while the selectivity remained constant. How-
ever, a further increase to 200 mg led to a small decrease in the conversion to 96%. Similar
conclusions were highlighted by Xiong et al. [86] reporting that a yield and selectivity of 75%
were achieved by using 0.06 g of catalyst. An increase in both the yield and selectivity to 99%
and >99%, respectively, when the amount was increased to 0.08 mg. But a decrease in both
yield and selectivity when that limit value was exceeded. This was assigned to the fact that
the excess catalyst was not well dispersed in the reaction mixture and thus was limiting the
mass diffusion between active sites and reactants, which then reflects in the yield and selec-
tivity of the reaction [90]. Liu et al. [41] measured the activities of distinct protonated amine
in the coupling reaction of propylene oxide and CO; and reported increasing catalytic activity
in terms of yield and selectivity when the anion substituent was I- instead of F-, Cl- and Br-
anions and when TEA instead of MEA or DEA as the former was able to form more hydrogen
bonds with the epoxide. In addition, Martinez-Ferraté et al.[37] equally tested the use of dif-
ferent amounts of 1-methyl-3-n-butylimidazolium halide (BMIm.X) ILs with commercial po-
rous SiO: and reported that porosity favored the mass transfer and a catalytic performance
increasing in the order of the anion substituent: Cl- < Br- <I-.

33



The textural properties of our material might as well be a major factor influencing the
catalytic activity. By increasing the surface area and/or the porosity of the catalyst, more ac-
tive sites become available to adsorb the CO,, promoting hence more contacts between the
reactants, and resulting in an increment of the reaction rate and catalytic performance. As
explained before in section 3.5, the synthesized beads might possess both meso- and
macroporosity, and further studies in terms of pore size distribution would be required to
assess the influence of the porosity in the catalytic activity. Despite that, as shown also in Table
4 from that section, the surface area changes depending on the crosslinker used. The surface
area of experiments G2p11.2.01-g-tbut, G3p2-013-THMams, and G3p2-013-1ea.c1 is comparable, which
possibly contributes to their similar lower catalytic activity. Oppositely, experiments G3p2.0.26-
tHMAMs and G3p2.026THMAMS-00°C possess higher surface areas, which might have led to in-
creased catalytic activity. Furthermore, we suppose that the beads from experiment G3p2.0.15-
TEA.OAc Used in the catalysis test (see Table I.1 from the Appendix) had a higher surface and
was more porous too, as this experiment achieved one of the highest conversions (69%) under
4h at 80°C and 5 bar. However, this might be just a possibility, as the catalytic performance
depends on a balance between surface area, porosity, and effective IL-derivative concentra-
tion inside the beads.

Notably, despite the beads from experiment G3p2.0.13-TEA.0Ac Showed improved conver-
sion in comparison to the beads from experiment G3p2.0.26THMAMS at the reaction conditions
described in Table 5, by analyzing Figure 16 it is possible to observe that the latter exhibited
better selectivity and conversion than the former. We suspect that the reaction kinetics are
faster when using experiment G3p2.0.13-TEA.0Ac as a catalyst than experiment G3p2.0.26.THMAMS, Te-
sulting in higher conversion during the first hours. However, along the time the beads from
the latter experiment promote a larger conversion increment than the former, achieving a
higher conversion maximum as well.

Lastly, despite the reaction mechanism of cyclic carbonates synthesis assisted by IL-
based catalysts having already been addressed in the literature [85], [91], [92], we can propose
a similar mechanism pathway with the following steps based on our results:

i) Epoxide activation by interaction hydrogen bond donor groups (-OH, -COOH,-NH>)
present in the catalyst with an oxygen atom of the epoxide via hydrogen bonding;

ii) Ring-opening of activated epoxide by the nucleophilic attack of the co-catalyst (TBA-
Br) anion, as no catalytic activity was detected in the absence of a co-catalyst. The Br attack
occurs on the less hindered carbon atom of the epoxide to form an oxy-anion species (alkoxide
intermediate). The stability of this ring-opened epoxide is provided by the counter cation and
also by the H-bond species;

iii) The subsequent CO:; insertion is achieved by a nucleophilic attack of negatively
charged oxygen (oxy-anion) on an electrophilic carbon atom of CO; to form a carbonate inter-
mediate. Porosity and CO»-philic groups (for instance, -NHb>) present in the catalyst could
facilitate the sorption and activation of CO. to reduce the energy barrier;

iv) The resulting open-chain carbonate further undergoes intramolecular cyclic elimi-
nation and finally, a five-membered cyclic carbonate is formed by the displacement of the
nucleophile, being the catalyst and co-catalyst regenerated.
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4. CONCLUSIONS

In this work, a chitosan@IL-derived composite material was developed to face the CO»
capture and conversion barriers, namely the costs and efficiency of these processes. Through
polyelectrolyte complexation and freeze-drying methodologies, we were able to produce po-
rous cryogel beads. Several experimental parameters have been varied across three genera-
tions, namely: CHI, SPA, crosslinker and NaOH concentrations, solvent and crosslinker type,
the process of introducing the crosslinker, as well the syringe tip diameter, to study their ef-
fects on the beads” morphology, and consequently on their CO; capture capacity and catalytic
activity. SEM and BET analysis was performed to evaluate the beads’ textural properties,
while FTIR and NMR spectrometry were acquired to analyze the beads and crosslinker’s
structure. Furthermore, FTIR measurements were also used to assess the CO. capture capacity
qualitatively, while NMR allowed additionally the evaluation of the beads’ catalytic activity
in the cycloaddition reaction of CO; to styrene oxide to produce styrene carbonate. The data
obtained shows the chitosan@IL-derived beads might have been able to capture CO, under
environmental conditions (1 bar, 20°C), and that when using the beads as a catalyst in the
cycloaddition reaction, it was possible to achieve a conversion of 72% and a selectivity >99%,
in just 4h at a CO, pressure of 5 bar, temperature of 80°C and in the presence of TBA.Br as co-
catalyst. Indeed, the results achieved show that the introduction of IL-derivatives inside the
beads improved their CO. capture capacity and catalytic activity, possibly due to the addition
of CO»-philic groups and morphological changes caused by these materials.

The present thesis not only gives new insights about the factors affecting the synthetic
routes used to prepare the beads but also opens new opportunities to control and develop
new materials with optimized performance in CO; capture and conversion. Furthermore, we
anticipate that in future works it would be interesting to try to introduce higher concentrations
of IL-derivatives in the CHI beads, evaluate how that concentration impacts their properties
as well to study quantitatively the CO, capture capacity of the beads. Lastly, it would be also
relevant to optimize the catalysis conditions and to test the recyclability of these catalysts, in
order to access if these materials would be efficiently and economically viable to apply at
industrial levels.
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6. APPENDIX

A - Formation of beads

A1l - 1st Generation

Figure Al.1 - Experiment G1 1.1.¢.032 (entry 1), hydrogel and alcohol gel, respectively

Figure A1.2 - Experiment Gli.1.chr032 (entry 2), hydrogel and alcohol gel, respectively

Figure A1.4 - Experiment Gli.>.chr.032 (entry 4), hydrogel and alcohol gel, respectively
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Figure A1.6 - Experiment Gl,5.1.chi032 (entry 6), hydrogel and alcohol gel, respectively

Figure Al1.7 - Experiment Gl25.2.¢.032 (entry 7), hydrogel and alcohol gel, respectively

Figure A1.8 - Experiment Gl25.>.crr032 (entry 8), hydrogel and alcohol gel, respectively
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Figure A1.9 - Experiment Gl1i.1.g.0.65 (entry 9), hydrogel, alcohol gel, and cryogel respectively

Figure A1.10 - Experiment Gl1.1.chro.5 (entry 10), hydrogel, alcohol gel, and cryogel respectively

Figure A1.11 - Experiment Gli2.0.065 (entry 11), hydrogel, alcohol gel, and cryogel respectively

Figure A1.12 - Experiment Gl1.>.chr0.65 (entry 12), hydrogel and alcohol gel, respectively
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Figure A1.16 - Experiment Glas.2.crr0.65 (entry 16), hydrogel and alcohol gel, respectively
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A2 - 2nd Generation

Figure A2.1 - Experiment Gap1.4-0.0-tbut (entry 17), hydrogel, alcohol gel, and cryogel respectively

Figure A2.2 - Experiment G2p1.1.2.0.0-tbut (entry 18), hydrogel, alcohol gel, and cryogel respectively

Figure A2.3 - Experiments G2p1-1.20-spA-xxx (€ntry 19) and G2p1-1.2-0-water-xxx (€ntry 20), after polyelectro-

lyte complexation

Figure A2.4 - Experiment G2p1.1.2.01-g-tbut (entry 21) hydrogel, alcohol gel, and cryogel respectively
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A3 - 3vd Generation

Figure A3.4 - Experiment G3p2.026.TEA 0Ac (entry 25), after polyelectrolyte complexation
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Figure A3.8 - Experiment Gap2.0.26-TeA.c1 (entry 29) hydrogel
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Figure A3.9 - Experiment G3p2.0.13.-tHMAMs-s0°c (entry 30), hydrogel, alcohol gel, and cryogel respectively

Figure A3.10- Experiment G3p2.0.26-THMAMs-60°c (entry 31), hydrogel, alcohol gel, and cryogel respectively
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B - SEM images of the cryogel beads

B1 - 1st Generation
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Figure B1.2 - Experiment G11.1.0.13-0.65 (entry 10), inner structure and outer surface of the beads, respec-
tively

B2 - 2nd Generation

1 um EHT = 5.00 kv Mag= 10.00KX Signal A =InLens Date :10 May 2021 Bt EHT = 5.00 kv Mag= 2000KX Sighal A=SEZ  Date :10 May 2021
Aperture Size =30.00um WD = 68mm  Zeiss Auriga Time :12:14:49  cenmarom Aperture Size =30.00um WD = 61 mm  Zeiss Auriga Time :12:12:36  cenmarsn

Figure B2.1 - Experiment G2p1.4.0.¢-tbut (entry 17), inner structure and outer surface of the beads, respec-
tively
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EHT= 500 kv Signal A = SE2 Date :3 Dec 2021 EHT= 5.00kV Signal A = SE2 Date .3 Dec 2021
WD =149 mm Mag= 10.00KX Time :11:56:09 — WD =151 mm Mag= 20.00KX Time [11:58:18
_ = £ 3

1 pm EHT = 500 kV Mag= 1000 KX Signal A = 8E2 Date :31 May 2021 ct EHT = 500 kV Mag = 2000 KX Signal A=S8SE2 Date :31 May 2021
— Aperture Size =30.00pm WD = 56mm  Zeiss Auriga Time A0:6145  cenmar.om H Aperture Size =30.00pm WD = 80mm  Zeiss Auriga Time 106440 cenmarion

Figure B2.3 - Experiment - Experiment G2p1.1.2.01-0-tbut (€ntry 21), inner structure and outer surface of the
beads, respectively

B3 - 314 Generation

3 b ks S , VP o » . & ot o i
1 pm EHT = 5.00kV Mag= 10.00KX SignalA=SE2  Date :31 May 2021 Fct EHT = 500 kv Mag= 2000KX SignalA=SE2  Date :31 May 2021 Fut
Aperture Size =30.00pm WD = 60mm  ZeissAuiga  Time 102941  cemeren| | 1 Apetture Size =30.00ym WD = 5mm  Zeiss Auriga  Time 108233 ceumar o

Figure B3.1 - Experiment G3p2.0.13.cLu (entry 22), inner structure and outer surface of the beads, respectively
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1 pm EHT = 5.00 KV Mag= 10.00KX Signal A=Inlens Date :10 May 2021 Fct EHT = 5.00 kv Mag= 20.00KX Signal A=InLens Date :10 May 2021 Fct
— Aperture Size =30.00pm WD= 62mm  ZeissAuiga  Time:d24712 ey | | F1 Apetture Size =30.00um WD = 63mm  ZeissAuriga  Time 12:1850  cenumar

Figure B3.2 - Experiment G3p2.0.13-TEA.0Ac (entry 24), inner structure and outer surface of the beads, respec-
tively

1 um EHT = 500KV Mag= 500KX Signal A=Inlens Date :10 May 2021 t EHT = 5.00 kv Mag = 2000 KX Signal A=InLens Date :10 May 2021
Aperture Size =30.00pm WD = 68mm Zeiss Auriga Time 112:27:13  cenmaron Aperture Size =30.00 um WD = 6.6 mm Zeiss Auriga Time 112:29:54  cenmaron

Figure B3.3 - Experiment G3p2-0.13-THMAMs (entry 26), inner structure and outer surface of the beads, respec-
tively

3 s ! L% ais's b 4
1 pm EHT = 500 KV Mag= 10.00KX Signal A=Inlens Date :10 May 2021 Bt EHT = 5.00 kv Mag= 20.00KX Signal A=InLens Date :10 May 2021 Fct
— Aperture Size =30.00pm WD = 66mm  Zeiss Auriga Time 12:2202  cenmar.on H Aperture Size =30.00pm WD= 56mm  Zeiss Auriga Time 122441 cenmaron

Figure B3.4 - Experiment G3p2.0.26.timAMs (entry 27), inner structure and outer surface of the beads, respec-
tively
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1 pm EHT = 5.00 kv Mag= 1000KX SignalA=SE2  Date :31 May 2021 Fct EHT = 5.00 kv Mag= 2000KX SignalA=SE2  Date :31 May 2021 Fct
— Apetture Size =30.00pm WD= S4mm  ZeissAuiga  Time 104445 ey | | F1 Apetture Size =30.00ym WD = 60mm  ZeissAuriga  Time 104850  cenmar

Figure B3.5 - Experiment G3p2.0.13.18A.c1 (entry 28), inner structure and outer surface of the cryogel beads, re-
spectively

: ‘J
b o i i = AT . S
1pm EHT = 500 kV Mag= 10.00KX Signal A = SE2 Date :31 May 2021 EHT = 500 kV Mag= 2000K X Signal A=SE2 Date :31 May 2021
|_( Aperture Size =30.00pm WD = 65mm Zeiss Auriga Time 110:36:32  cenmarnn H Aperture Size =30.00um WD = 6.0 mm Zeiss Auriga Time :10:38:35  cenmaren

Figure B3.6 - Experiment G3p2.0.13.tHMAMs60°c (entry 30), inner structure and outer surface of the cryogel beads,
respectively

LT Y T B e e

1 um EHT = 5.00 k¥ Mag= 10.00KX SignalA=SE2  Date 31 May 2021 Bt 200 nm EHT = 5.00 kv Mag= 20.00KX SignalA=SE2  Date 31 May 2021
Aperture Size =30.00pm WD = 54 mm Zeiss Auriga Time 1104047  cenmaron H Apenture Size =30.00um WD = 6.7 mm Zeiss Auriga Time :10:42:37  cenmaron
R T T T - ST R S S il
Figure B3.7 - Experiment G3p2.0.26.tHMAMs6°c (entry 31), inner structure and outer surface of the cryogel beads,
respectively
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C - Dimensional analysis of the beads

Beads' mean size
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Figure C1.1 - 1st and 2nd generation of beads' mean size

Beads' shrinking
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Experiments
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Figure C1.2 - Percentual shrinking of the 3rd generation of beads in hydrogel to alcohol gel (red), alcohol gel to
cryogel (purple), and hydrogel to cryogel (blue)
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Figure C1.3 - 3vd generation of beads' mean size
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Figura D1 - Experiment G11.1.g.0.65 (entry 9), isotherm linear plot
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Figure D2 - Experiment Gl1.1.chro0.65 (entry 10), isotherm linear plot
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Isotherm Linear Plot
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Figure D3 - Experiment G2p1-4.0.g-tbut (entry 17), isotherm linear plot
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Figure D4 - Experiment G2p1.1.2.0.¢-tbut (entry 18), isotherm linear plot
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Figure D6 - Experiment G3p2.0.13.cLU (entry 22), isotherm linear plot
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Isotherm Linear Plot
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Figure D7 - Experience G3p2.0.13-TEA.0Ac (entry 24), isotherm linear plot
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Isotherm Linear Plot
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Figure D9 - Experiment G3p2.0.26-THMAMS (entry 27), isotherm linear plot

Isotherm Linear Plot

—&— 002-183

orption

5 1 Das

S

C28D

: Adsorption

5

—t— 002-183:28D

e i I A

j

Lt T TP SR

Y

LI B e e
0a 0.9

0.7

100--------

B0~ -—-—--

B0 - -—-—--

(d1S Bywa) paqiospy Apuent

40----—--

204 - -

0

0.6

5
Relative Pressure (p/p®)

0.z

0.1

0.0

Figure D10 - Experiment G3p2.0.26.1eA.c1 (entry 28), isotherm linear plot

61



Isotherm Linear Plot
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Figure D11 - Experiment G3p2-0.13-THMAMS-60°C (entry 30) , isotherm linear plOt
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Figure D12 - Experiment G3p2.0.26- THMAMs-60°c (entry 31), isotherm linear plot
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E - FTIR
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Figure E1 - FTIR spectra of THMAMS (purple), TEA.OAc (green) and TEA.CI (red)
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Figure E2 - FTIR spectra of 1st and 2nd Generation
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FTIR
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Figure E3 - FTIR spectra of 314 Generation
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F - CO: Capture
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Figure F1- FTIR spectra of experiment G2pi.12.01-¢-tbut after 0, 5, 10, and 20 min of CO; flux time.
A) 3800-800 cm-! range; B) 1800-800 cm-! range
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Figure F2 - FTIR spectra of experiment G3p2.0.13.Tea 0Ac after 0, 5, 10, and 20 min of CO; flux time.
A) 3800-800 cm! range; B) 1800-800 cm! range
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Figure F3 - FTIR spectra of experiment G3p>.0.13.tHmams after 0, 5, 10, and 20 min of CO flux time.
A) 3800-800 cm! range; B) 1800-800 cm! range
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Figure F4 - FTIR spectra of experiment G3pz.0.26.tHmawms after 0, 5, 10, and 20 min of CO; flux time.
A) 3800-800 cm! range; B) 1800-800 cm-! range
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Figure F5 - FTIR spectra of experiment G3p2.0.13-1ea.c1 after 0, 5, 10, and 20 min of CO; flux time.
A) 3800-800 cm! range; B) 1800-800 cm-! range
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Figure F6 - Experiment G3p2.0.13.timanms-60°c FTIR after 0, 5, 10, and 20 min of CO» flux time.
A) 3800-800 cm-! range; B) 1800-800 cm-! range
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Figure F7 - Experiment G3p2.0.26.tHmams-60oc FTIR after 0, 5, 10, and 20 min of CO» flux time.
A) 3800-800 cm! range; B) 1800-800 cm! range
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G - NMR
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Figure G1 - TH NMR spectra of TEA.OAc in D;O
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Figure G2 - 13C NMR spectra of TEA.OAc in DO
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Figure G3 - TH NMR spectra of TEA.Cl in DO
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Figure G4 - 15C NMR spectra of TEA.C1 DO
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H - Catalysis

H.1-1i) T=80 °C; P =1 bar; Riime= 72h
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Figure H1.1 - TH NMR spectra of experiment G3p2.0.13-TEa.0Ac (entry 24) as catalyst and no co-catalyst, using
CDC(l; as solvent
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Figure H1.2 - TH NMR spectra of experiment G3p2.0.13-TEA.0Ac (entry 24) as catalyst and TBA.Br as co-catalyst,
using CDCl; as solvent
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Figure H1.3 - TH NMR of experiment G3p2.026-THMAMS (entry 27) as catalyst and no co-catalyst, using CDCl3 as
solvent
-
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Figure H1.4 - TH NMR spectra of experiment G3p2.0.26.THMaMs (entry 27) as catalyst and TBA.Br as co-catalyst,
using CDCl; as solvent
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Figure H2.1 - 'H NMR spectra of experiment G2p1.1.2.0.1-0-tbut (entry 21) as catalyst and TBA.Br as co-catalyst,
using CDCl; as solvent
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Figure H2.2 - TH NMR spectra of experiment G3p2.0.13.TEA.0Ac (entry 24) as catalyst and TBA.Br as co-catalyst,
using CDCl; as solvent
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Figure H2.3 - TH NMR spectra of experiment G3p2.0.13-THMAMs (entry 26) as catalyst and TBA.Br as co-catalyst,
using CDCl; as solvent
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Figure H2.4 - TH NMR spectra of experiment G3p2.0.26.-THMAMs (entry 27) as catalyst and TBA.Br as co-catalyst,
using CDCl; as solvent
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Figure H2.5 - TH NMR spectra of experiment G3p2.0.26.-THMAMs (entry 27) as catalyst and no co-catalyst, using
CDCl; as solvent
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Figure H2.6 - TH NMR spectra of experiment G3p2.0.13-Tea.cl (entry 28) as catalyst and TBA.Br as co-catalyst,
using CDCl;s as solvent
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Figure H2.7 - TH NMR spectra of experiment G3p2.0.13-THMAMs-60°c (entry 30) as catalyst and TBA.Br as co-cata-
lyst, using CDCl3 as solvent
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Figure H2.8 - TH NMR spectra of experiment G3p2.0.26.-THMAMs-60°c (entry 31) as catalyst and TBA.Br as co-cata-
lyst, using CDCl3 as solvent
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Figure H2.9 - TH NMR spectra of experiment G3p2.0.26.THMAMs-s0°c (entry 31) as catalyst and no co-catalyst, us-

ing CDCl; as solvent
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I - Complementary Information of Beads' Characterization

Table 1.1 - Batches used for the several characterization tests

NN N

triethanolammonium acetate

HO/\/ |+\/\OH

Tris(2-hydroxyethyl)methylammonium methylsulfate

A

H

O// \o_

OH

Entry Experiment SEM FTIR BET CO: Capture | Catalysis
1 Gli1o-065 Batch 2 Batch 1 Batch 1
2 Gli-1-cHro.65 Batch 2 Batch 1 Batch 1
3 G2p1-4-0-0-t but Batch 1 Batch 1 Batch 1
4 G2p1-1.2:0-@-tbut Batch 1 Batch 1 Batch 1
5 G2P1-12:0.1-0-tbut Batch 1 Batch 1 Batch 1
6 G3p2-013-GLU Batch 1 Batch 1 Batch 1
7 (53p2-0.13-TEA.OAC Batch 1 Batch 1 Batch 2 Batch 1 Batch 1
8 (G33p2-0.13-THMAMS Batch 1 Batch 1 Batch 1 Batch 1 Batch 1
9 G3r2-013-tHmamssoc | Batch 1 Batch 1 Batch 1 Batch 1 Batch 1
10 G3p2-026-THMAMS Batch 1 Batch 1 Batch 1 Batch 1 Batch 1
11 | G3pr2026tHMAMS60°c | Batch 1 Batch 1 Batch 1 Batch 1 Batch 1
12 G3p2-013-TEACI Batch 1 Batch 1 Batch 1 Batch 1 Batch 1
OH
(0]
AN

HO OH

triethanolammonium chloride

Cr

Figure I1 - IL-derivatives used as crosslinkers
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