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General Introduction

Monolith

The monoliths, whose name is derived
from ancient Greek as a single piece, are
continuous porous materials with three-
dimensional structures of interconnected pores.
As a result of their small skeletons and large
through-pores that can simultaneously reduce
diffusion path length and flow resistance, they
have been shown to be excellent alternatives to
particle-packed columns for separation, ion-
exchange, catalysis, and chromatography.[*?]
Recently, the hierarchically porous polymer
monoliths have attracted a great deal of
attention because they have not only the
advantages of hierarchical structure but also
excellent properties that belong to polymer
monoliths, such as superior biocompatibility,
high
modifiability.[

chemical stability, and facile

Based on the definition

provided by the International Union of Pure and

macroscopic monolith (cm range)

>50nm
Figure 1. Concept of hierarchy in a porous
material: schematics of a hierarchical porous
build-up from the micrometer scale (inner
blue circle), viathe mesoscopic regime
(orange circle) to the macroscopic porous
dimension (light blue circle) within a

monolithic material.l!

Applied Chemistry (IUPAC), porous materials can be classified into three categories: microporous

(<2 nm), mesoporous (2-50 nm), and macroporous (>50 nm) (Figure 1). Hierarchically porous

materials exhibit multiple length scales of porosity and structure of macropores in combination

with micropores or mesopores. Their unique structure allows molecular flow, such as that

occurring in biomolecules, to be facilitated by the macroporous structure, whereas the mesoporous

structure, having a larger surface area, leads to greater mass transportation.[*%! This makes them

highly efficient functional materials for a wide range of applications, including highly efficient

separation,6 ion exchange,["] catalysis,® photocatalysis,®! adsorption,[°! energy conversion and

storage,[*% as well as biomedicine.*?



Over the past two decades, various types of monolithic materials have been developed and
categorized into inorganic monoliths, organic monoliths, and hybrid monoliths.[*34] Inorganic
monoliths, such as silica monoliths, are cheap and show minimal swelling in solvent compared to
organic polymer monoliths. However, they have limitations in alkaline conditions due to
dissolution and a complex preparation process. The preparation of inorganic monoliths typically
involves a sol-gel method, which can be a multi-step process. This complexity increases the
fabrication time and may require specialized equipment and expertise.l'1 On the other hand,
organic polymer monoliths provide processability and structural design flexibility, allowing
precise control over the porous structure. They can be fabricated from selective monomers through
polymerization in a closed mold, allowing adjustment of the porous structure by controlling
polymerization conditions (Figure 2). However, polymer monoliths may suffer from swelling
issues in certain organic solvents. Additionally, many reported polymer catalytic systems with
metal nanoparticles are non-biodegradable and difficult to recycle, inconsistent with energy-saving
and environmental protection requirements.[*¢! In recent years, organic porous monoliths derived
from biomass have emerged as a promising alternative in the field of monolithic materials. These
materials offer significant advantages including sustainability, tailorable porous structure,
processability, and functionalization potential over both inorganic and organic monoliths. The
porous structure of these biomass-derived organic monoliths can be precisely controlled and tuned,
much like organic polymer monoliths. Furthermore, these organic porous monoliths can be
fabricated using 4 :
relatively simple and
scalable processes, in
contrast to the complex
multi-step preparation of

inorganic monoliths.[*"-

191 Qverall, the unique . W = e
attributes  of  these Figure 2. The difference in morphology of (a) silica-based
biomass-derived organic monoliths and (b) organic polymer monoliths.!*4!

porous monoliths position them as an attractive choice for a diverse range of applications. From
catalysis and separation technologies to energy storage systems and beyond, these materials offer

significant advantages over their inorganic and traditional organic counterparts.[18:20-21]



Chitin and chitosan

Chitin (CT), a linear amino polysaccharide composed of [B-1,4-linked N-acetyl-D-
glucosamine monomers, is the second most abundant biodegradable natural polymer after
cellulose. CT was discovered in 1811 by Henri Braconnot.[?? It is now known that CT can be
found in the exoskeletons of animals, such as crustaceans (snails, crabs, shrimp, etc.), mollusks,
and arthropods, as well as the cuticles of insects, scales of fish, and internal structures of
invertebrates and also can be isolated from sponges naturally for pre-design 3D scaffold.[23-25]

Chitosan (CS) is a derivative of CT and is fabricated through deacetylation process.[?¢! CS
attracted the attention of many researchers due to its properties, such as biodegradability,
biocompatibility, and non-toxicity.l?*?”1 CT and CS are distinguished by the degree of
deacetylation (DDA%), the percentage of the amino group in the structure of the polysaccharides.
DDA% is one of the critical parameters, and it affects both chemical (solubility, tensile strength,
etc.) and biological (adsorption, antioxidant, etc.) properties of the polymer in many processes. [28-
311 The presence of the amino groups in CS provides distinctive biological functions and allows
the polymer to undergo modification reactions easily. Furthermore, CS has an excellent capability
for the adsorption of chemical substances, primarily metal ions, due to the amino group in its

chemical structure (Figure 3).[28:32-34]

« Biomedical devices o 7 o « Water purification
 Drug delivery fe==s Hoo_ﬁ /{_,o_‘, W) - Cosmetics
« Catalysts HoN ‘o « Antimicrobials

\ Chitosan
N

Figure 3. CT and CS sources and reported uses.[**]



Until now, various types of CS-based materials have been explored and reported, including
sponges, ! gels, 28 films,[?1 nanoparticles,[®! and nanofibersi®*! (Figure 4). However, the
materials reported thus far have generally exhibited relatively low surface areas, which can limit
their effectiveness in adsorption-based applications. Furthermore, most of the previous studies on
porous CS materials have relied on the use of other materials as templates, whereby the CS was
integrated or coated onto the surface of these templates.[**! This approach has resulted in the
formation of hybrid frameworks rather than pure CS structures. The use of hybrid frameworks can
potentially limit the performance and range of applications of the materials, as the presence of the
other components may influence the inherent properties and functionalities of the CS. Additionally,
the removal of the template molecules from the CS structures in the later stages of material
fabrication can be challenging and complex.

To overcome the limitations of previous studies, the development of pure CS monolithic
materials with hierarchically porous structures would be a significant advancement in the field.
Hierarchically porous structures can provide enhanced surface area, improved mass transport, and
enhanced structural integrity. These characteristics are crucial for various applications, such as
filtration, adsorption, catalysis, and tissue engineering. By successfully creating pure CS
monolithic materials with hierarchically porous structures, researchers could unlock new
possibilities and significantly improve the overall performance of these biomass-derived materials.
Such materials could exhibit enhanced mechanical properties, increased surface area, and
improved mass transport capabilities, making them suitable for a wide range of applications,

including but not limited to filtration, adsorption, catalysis, and tissue engineering.

Chitosan scaffold Chitosan mat Chitosan film Chitosan hydrogel

N
-

Figure 4. CS materials with various forms.[0l



Thermally-induced phase separation

Porous materials have been widely utilized in various applications, ranging from filtration
and adsorption to catalysis and tissue engineering. However, the development of advanced
biopolymer-based materials often requires innovative fabrication techniques that can impart
desirable properties, such as high surface area, hierarchical porosity, and mechanical robustness.
In this regard, the thermally-induced phase separation (TIPS) technique has emerged as a relatively
simple and efficient method for the green synthesis of polymeric monoliths.[*s] TIPS is a process
in which a polymer is dissolved in a solvent at an elevated temperature, and the resulting
homogeneous solution is then cast into a desired shape and cooled to induce phase separation. This
method has several advantages over traditional polymer fabrication techniques. Firstly, TIPS
allows the production of membranes from semi-crystalline polymers, typically not soluble in
solvents at ambient temperatures. Secondly, the TIPS process is a binary system, inherently
simpler than other techniques, with fewer variables to control. Finally, TIPS has the potential to
be a green route for obtaining monolithic polymers in a relatively short timeframe, making it an
attractive option for various applications.[? Unlike other polymer fabrication methods, such as

Classic mechanism of Modified mechanism of
structure formation during TIPS structure formation during TIPS
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Figure 5. Thermally-induced phase separation in semicrystalline polymer

solutions.[48]



crosslinking,[*3! free radical polymerization,[*+#"1and thin-layer membrane fabrication,*"1 TIPS is

a relatively straightforward process that can be easily scaled up. These alternative techniques often

involve complicated steps and are primarily suitable for small-scale production. In contrast, the

TIPS method has been reported to produce mechanically robust polymer membranes with highly

porous skin layers, making it a versatile and
desirable approach (Figure 5).[41.48]

Despite the advantages of TIPS, its direct
application to CT and CS has been
challenging. Acetyl, amino, and hydroxy
groups in CT and CS lead to inter- and
intramolecular hydrogen bonds, resulting in
a highly aggregated and crystalline structure
(Figure 6).[49501 This, in turn, leads to poor
solubility in most common organic solvents,
limiting the direct use of TIPS for these
biopolymers. There are solvents in which CT
is soluble, such as concentrated acids (HCI,
H2S04, and H3PO4)Y and amide/LiCl
systems (N,N-dimethylacetamide/LiCl and N-
methyl-2-pyrrolidone/LiCl).[5% For CS, it can

be dissolved in an acidic environment.?3l

Figure 6. Molecular structure and hydrogen
bonding in CT.[50

However, these solvents cause inherent problems such as chain degradation due to hydrolysis,

difficult removal of residual solvents, and toxicity. To overcome the solubility issues of CT and

CS, researchers have explored various strategies, including chemical modifications,®5! the use

of ionic liquids,®® and the identification of new solvents.5”1 Chemical modification of the hydroxy

groups has been one of the effective methods to improve the solubility of CT and CS, enabling the

application of TIPS to these biopolymers and their derivatives. Using soluble derivatives of CT

and CS makes it possible to employ the TIPS technique to fabricate porous polymer monoliths

with desirable properties.



Outline of this dissertation

This thesis focuses on the fabrication and characterization of CT and CS based monoliths
with tailored porous structures for various flow-based applications. Through the employment of
TIPS technique, the author aimed to develop CT and CS monoliths with controllable morphology
and enhanced performance in flow-based systems. The thesis is divided into three main chapters,

each addressing a specific aspect of this research endeavor.

Chapter 1 - Development of Chitin Monoliths with Controllable Morphology by Thermally
Induced Phase Separation

In this chapter, the author presents the successful preparation of CT monoliths with
continuous porous structures suitable for flow-based applications. By leveraging the TIPS method,
the morphology of the porous structures could be tailored by adjusting the phase separation
conditions. The water flow applicability of the resulting CT monoliths was also assessed,
highlighting their potential for use in various flow-based systems. The presence of amide bonds

and hydroxy groups in the CT monoliths broadens their direct applications and provides

solvent r '
exchange | l

DBC Phase DBC
Solution Separation monolith

opportunities for further modifications.

DBC

Hydrolysis

DBC CT
monolith monolith

Scheme 1. Fabrication of DBC and CT monoliths.



Chapter 2 - Development of Hierarchically Porous Chitosan Monoliths

Building upon the insights gained from the previous chapter, this chapter introduces a
practical template-free approach for the fabrication of CS monoliths with hierarchically porous
structures. The author employed a high-concentration alkali treatment at elevated temperatures to
deacetylate the CT monoliths, effectively converting them into CS monoliths. The resulting
hierarchically porous CS monoliths were then evaluated for their ability to capture Cu(ll) ions in
a flow-based system, demonstrating their potential for environmental remediation and water

purification applications.
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CS
complex
OH OH
< Cuz °
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Scheme 2. Fabrication and application of CS monolith.

Chapter 3 - Enzyme Immobilization Utilizing Hierarchically Porous Chitosan Monolith
In the final chapter, the author introduces a novel and practical method for the immobilization
of a-amylase on the hierarchically porous CS monoliths developed in the previous chapter. The
immobilization technique combines physical adsorption and covalent bonding to enhance the
stability of a-amylase at different pH levels and temperatures, compared to its soluble form. The

presence of amino and hydroxy groups in CS allows for effective physical binding with the enzyme,



while the epoxy group in the monolith provides additional stability via covalent bonding between

the stationary phase and the enzyme.

S

Physical adsorption

Scheme 3. Immobilization of a-amylase immobilization on CS monolith.
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Chapter 1
Development of Chitin Monoliths with Controllable Morphology by

Thermally Induced Phase Separation

1.1 Introduction

The growing demand for sustainable and eco-friendly materials has driven the scientific
community to explore the vast potential of biopolymers as alternatives to traditional organic
polymers, with the ability to form advanced functional materials.}® Recently, there have been
some researches about fabrication monolith from biopolymers to improve functionality and
applicability of material in various fields while focusing on their sustainability and environmental
friendliness. For instance, previously, biopolymer-based porous materials have been developed
from cellulose, alginate, and polyvinyl alcohol and used for water treatment.* CT is one of the
attractive biopolymer and has distinctive advantage over other biopolymers due to its chemical
versatility. The structure of CT is similar to that of cellulose, with the only distinction being the
replacement of the hydroxy group at the C2 position of cellulose by an acetamide group in CT.
Unlike cellulose, CT contains amino groups from partly present D-glucosamine units that are
introduced through deacetylation, allowing for further modification and functionalization. This
opens up possibilities for tailored chemical reactions including alkylation, acylation,
quaternization, phosphorylation, sulfonation, thiolation etc. These modifications can significantly
enhance the material's properties, such as solubility, hydrophobicity, and biocompatibility, making
chitin a highly attractive choice for diverse applications.”° Additionally, the presence of amino
groups in CT enables it to provide unique biological functions such as antimicrobial, antifungal,
and immunostimulatory properties, making it suitable for biomedical applications.’%1? However,
the inherent insolubility of CT poses a challenge in terms of its processability, necessitating the
exploration of chemical modification routes to overcome this limitation. One such approach is the
development of dibutyrylchitin (DBC), an ester derivative of CT bonding butyryl groups at C3 and
C6 positions, which can disrupt of the rigid crystalline structure having intra- and intermolecular
hydrogen bonds.'>16 The advantage of using DBC lies in its ability to maintain the inherent

properties of CT, such as biocompatibility and biodegradability, while overcoming the challenges
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associated with the insolubility and enhancing processability. Importantly, DBC can be easily
converted back to the original CT form, making it a versatile intermediate.*’

Previous studies have explored the fabrication of cellulose monoliths using the TIPS
method.*81° For instance, cellulose acetate, a soluble derivative of cellulose, has been successfully
transformed into cellulose monoliths through the TIPS process. Inspired by these findings, the
focus of this study was shifted towards DBC. By employing the TIPS method, a continuous porous
structure was achieved in the form of a DBC monolith, which could subsequently be converted
into CT by hydrolysis. The morphology of the resulting CT monoliths could be controlled by
adjusting the phase separation conditions. Moreover, the water flow applicability of the CT
monoliths could be assessed, making them suitable for flow-based applications. The integration of
CT's unique properties, such as its hierarchical porous structure and functional groups, with the
flow-based characteristics opens up new routes for its utilization in various fields. In light of the
above considerations, this study aims to investigate the fabrication and characterization of CT
monoliths with controllable porous structures. Additionally, it aims to evaluate the suitability of
these monoliths for flow-based applications and explore their potential for modification and
functionalization. By achieving these objectives, this research contributes to expanding the

practical applications of CT and furthering the development of environmentally friendly materials.

1.2 Experimental section
1.2.1 Materials

CT was purchased from Sigma-Aldrich, and 70% perchloric acid and butyric anhydride were
obtained from FUJIFILM Wako Pure Chemical Corporation. Other reagents were of analytical

grade and used without further purification.

1.2.2 Synthesis of DBC

CT (5.0 g) was added to a freshly prepared solution (95.0 mL) of butyric anhydride (2.2 mL)
in 70% perchloric acid. The mixture was stirred in a water bath for 3 h at a temperature of
approximately 20 °C. The mixture was then subjected to precipitation. The supernatant was
removed and the precipitant was poured into deionized water, the pH value of which was adjusted
to 7 by adding NaHCOs. The solid raw product, the precipitate, was dried and dissolved in acetone

(200 mL) for 2 h. After filtration, the acetone solution of the polymer was separated from any
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insoluble material and poured into deionized water (1000 mL).?° During precipitation, white
flocculent pure DBC was formed. After collecting, drying, and weighing, the yield was calculated
to be 41.3%. The number average molecular weight (M) and the weight average molecular weight
(Mw) of DBC were 104,000 and 370,000 g mol™?, respectively.

1.2.3 Fabricating the DBC monolith

The calculated amount of . . .
Table 1-1. Preparation condition of the DBC monoliths.

DBC was dissolved completely in

DBC
dimethyl sulfoxide (DMSO) at ] DMSO/H20
o Sample name concentration
85 °C for 2 h, and deionized water QLY (VIV)
gL
was added (Table 1-1). The
: . . S1 60 88/12
resulting mixture was stirred at
85 °C for 3h, followed by 52 80 88/12
controlled cooling at 25 °C S3 100 88/12
overnight. The fabricated S4 80 83/17
monolith was subjected to solvent S5 80 93/7

exchange three times with water at
1 h intervals. For drying, DBC monoliths were put inside vacuum desiccator and pump was used
to suck air inside of the desiccator and create the vacuum environment at 25 °C. After vacuum

drying, DBC monolith was obtained (Figure 1-1(a)).

1.2.4 Hydrolysis of the DBC monolith for CT monolith preparation
The DBC monolith was immersed in 1 mol L™ NaOH aqueous solution under gentle shaking
for 5 h and subjected to solution exchange thrice with water, thrice with ethanol, and finally twice

with hexane. A CT monolith was obtained after vacuum drying.

1.2.5 Characterization

Fourier transform infrared (FT-IR) measurements of the samples were performed using the
Thermo Scientific (U.S.) Nicolet iS5 spectrometer equipped with an iD5 ATR attachment. A
Hitachi (Tokyo, Japan) S-3000N scanning electron microscope (SEM), operated at 15 kV, was

used to observe the structure of the monolith cross sections. Before the measurements, the
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monolith samples were cut into thin sections and pasted onto the stab and put into vacuum chamber
of the ion sputter apparatus (E-1010 Hitachi Ltd, Tokyo, Japan) and set the time for 180 s. The
monolith samples were sputtered with Au-Pd at 1.0 Torr. The electric current was 15 mA during
coating. Macropore diameter of the SEM images were determined by ImageJ software. Before
analyzing, the pixel-distance ratio is set based on the known scale bar. Later, the image was
binarized to black for pore and background and white as the structure of the polymer. For
estimation of the particle size and circularity, the analyzed particle function was used. The average
macropore diameter calculated assuming that the pore is circular. For each sample analyses,
population was maintained at least 50. The number average molecular weight (M) and the weight
average molecular weight (Mw) of the DBC were determined using size exclusion chromatography
(SEC) (HLC-8020 GPC SYSTEM, TOSOH) on a TSK gel column of 7.8 mm x 300 mm (ID x L)
with the flow rate of 1 ml min™at 40 °C equipped with a refractive index and UV detector. 0.1 mol
Lt DMF solution with LiCl was used as a solvent. Low polydispersity polystyrene standard
samples were used for calibration. The structure of DBC was characterized by proton nuclear
magnetic resonance (*H NMR) spectroscopy using acetone-D6 as a solvent, with INM-ECS400
(400 MHz, JEOL Ltd., Tokyo, Japan). The scanning time was set to 32 times. The crystalline
structure of DBC and CT monolith were characterized by using an X-Pert diffractometer with
graphitemonochromatized Cu-Ka radiation (A = 1.54 A) at 45 kV and 200 mA. The XRD patterns
were recorded over the 20 range of 4° to 35° at a speed 1° min™. Nitrogen adsorption/desorption
isotherms were recorded using a NOVA 4200e 152 surface area and pore size analyzer
(Quantachrome Instruments) at 77 K. Prior to the measurements, the sample was freeze-dried for
1 d and then degassed at 70 °C under vacuum for 6 h. The specific surface area was calculated
using the Brunauer—Emmett—Teller (BET) equation. Thermal stability was conducted by
thermogravimetric analysis performed with STA 7000 Thermogravimetric Analyzer (Hitachi,
Japan) by applying the heating rate of 10 °C in an inert nitrogen atmosphere (from 50 to 600 °C).
The mechanical performance of the monolith was evaluated on a universal testing machine (EZ
Graph, SHIMADZU) with a compression speed of 1 mm min-! in water at room temperature using
a 500 N load cell.

A Fusion 200 two-channel syringe pump (Chemyx Inc.) was used to control the influx and
velocity of the influent. Additionally, the permeability of the CT monoliths was calculated using

Darcy’s law:?
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_LxuxVv
7 AP
where Bo is permeability coefficient, Darcy (1 Darcy = 1 x 108 cm?), L is length of the monolith

(1-1)

(cm), w is the viscosity of the water (Pa s), V is the velocity of the flow (cm s™) and 4P is the

pressure drop when influent is flowing through the monoliths (Pa).

1.3 Results and discussion
1.3.1 Fabrication of DBC monolith

The 'H NMR analysis was carried out to evaluate the molecular structure of the DBC. In
Figure 1-2, the characteristic proton signals of CT backbone from § 3.6 to § 5.4, N-H proton at §
7.1, and acetamido methyl protons at § 1.9 were observed. The following signals demonstrated the
successful introduction of butyryl group onto CT: the peaks at § 2.35 and & 2.51 for -OCOCHg2, &
1.69 and 6 1.80 for -CH2, and § 1.0 and § 1.1 for —CHas. The signal § 3.0 and 6 2.2 shows H20

and acetone which comes from deuterium acetone, respectively. The degree of butyrylation is

Heating 85 °C 8 Cooling 20 °C

DMSO/Water L Solvent
mixture > £ Exchange
DBC Polymer Phase DBC
Solution Separation monolith

m SU3500 15 0kV 55mm x2'00k SE L

N

Macropore diameter (i

o

§1 82 83 S4 85
DBC monoliths

Figure 1-1. (a) Fabrication of DBC monoliths using the TIPS method. (b—d)
SEM images of the S1, S2, and S3 DBC monoliths fabricated using different
DBC concentrations. (e—f) S4 and S5 DBC monoliths fabricated using different
DMSO/H20 ratios. (g) Macropore diameters.

R = a~
8U3500 LS OkV'7 8mim 5200k, SE 20.0pn), SU3500 15.0kV 8. lmeZW SE il

-18 -



‘HO

IO/
w
(@]
N
)Lz
z&
(@]
[ YeS
o,
@)
]
‘HO0D

HN
o A)ko
— 9H-LH
S
—

0924*ao)

’HO0D
HO

7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5
Chemical shift (ppm)

Figure 1-2. 'H NMR spectrum of DBC.

calculated as 1.8 from the integral ratio of the -OCOCH2 and -COCHs. DBC is soluble in most
organic solvents like methanol, ethanol, acetone, dimethylformamide (DMF), N,N-
dimethylacetamide, and DMSO; however, CT is insoluble in conventional organic solvents, which
restricts its direct fabrication through TIPS method. The selection of the proper solvent is one of
the essential factors in fabricating polymer monoliths by TIPS. Regarding with TIPS, methanol,
ethanol, and acetone has low boiling temperatures, which restricts the phase separation condition
upon heating. On the other hand, DMF, which was used to fabricate cellulose acetate monolith
before, completely dissolved DBC at room temperature fast. This could lead to the result that part
of DBC could be again dissolved in DMF after phase separation. Thus, DMSO was selected as a
good solvent while water was selected as a poor solvent, which is the crucial factor in forming the
porous morphology of the DBC monolith and systematically examining the fabrication parameters
to tune the porous structure of the monolith.

For the DBC monolith, the effect of the DBC concentration was evaluated. Various DBC
monoliths with different pore diameters were prepared when the polymer concentration was
changed. As shown in Figure 1-1(b—d), with increased DBC concentration, the macropore diameter
of'the DBC monolith decreased from 7.1 £ 0.2 um to 4.7 + 0.2 um, but the obtained DBC monoliths

maintained a porous structure.
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Not only the polymer
concentration but also the
composition of good and poor
solvents affects phase

the
structure of the monolith can
be As  the
DMSO/H20 ratio increased,

of the

separation, and then

controlled.

the pore diameter
resulting monolith became
larger with a thicker skeleton.
Therefore, it was
demonstrated that a DBC
monolith with co-continuous
macropores could be prepared
via the TIPS method using
DMSO and water
solvents, and the pore size of
the DBC monolith can be

controlled by modulating the

as the

polymer concentration and

solvent composition.
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Figure 1-3. (a) Scheme of the hydrolysis reaction of DBC to

produce CT monolith and (b) macroscopic images of
monoliths. (¢) FT-IR spectra of the DBC and CT monoliths.
(d) SEM image of CT monolith.

1.3.2 Fabrication of CT monolith

The CT monolith was produced by hydrolyzing the butyl ester of the DBC monolith. The
DBC monolith formed using 80 g L™* DBC, and an 88:12 DMSO/H:0 ratio was selected for the
CT monolith fabrication process because of its porous structure. The reaction scheme and photo

of monoliths were shown in Figure 1-3(a,b). For the concentration of NaOH, 1 mol L was

determined enough for conversion to CT. The FT-IR spectrum of DBC and CT monolith was

examined in Figure 1-3(c). The FT-IR spectra of the CT monolith confirmed the successful

hydrolysis of butyryl ester by the disappearance of the peak at 1740 cm™, which is related to the
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Figure 1-4. XRD patterns of DBC and CT monoliths.
ester moiety of DBC. In addition, the hydroxy groups indicated by a broad band between 3100 and
3600 cm™* were not observed in the DBC monolith. This suggests that 1 mol Lt NaOH is sufficient
to convert the DBC monolith into a CT monolith. During the hydrolysis of DBC monolith,
although the average diameter of the pore size decreased from 6.6 + 0.2 um to 4.2 + 0.2 um, the
CT monolith maintained its porous structure (Figure 1-3(b,d)).

The XRD profile of the DBC and CT monolith has been shown in Figure 1-4. In the DBC
monolith, two distinctive peaks were observed at 7.16° and 20.88°, respectively. On the CT
monolith profile, 0 2 0 and 1 1 0 diffraction peaks shiftto 9.14° and 19.38°, respectively. Moreover,
additional peaks were formed at 12.64° 02 1, 22.34° 1 3 0 and 26.40° 0 1 3.2 There are crystalline
peaks at 9.14° and 19.38° due to rigid intra hydrogen bonds, which means that after hydrolysis of
the DBC monolith to CT monolith, intra hydrogen bonds reformed.

1.3.3 N2 adsorption/desorption isotherm
To evaluate the mesoporous features of the DBC and CT monoliths, nitrogen
adsorption/desorption analysis was performed. The isotherm and pore size distribution plots are

shown in Figure 1-5. As shown in Figure 1-5(a), all curves can be classified as Type 1V with

-21 -



(@ 200 (b) 0.030

—o—DBC Adsorption 'f --DBC

7160 1 _4 DBC Desorption /z
Q y - .
L -+--Chitin Adsorption 4 ©0.020 ——Chitin
2120 A T
] Chitin Desorption c
@ 8
© —_—
80 - 5
5 % 0.010 +
(=]
> 40

0 . , . . : 0.000 . : : —

0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
Relative Pressure P/P, Pore width [nm]

Figure 1-5. (a) Nitrogen adsorption/desorption isotherms and (b) corresponding pore

size distribution curves of the DBC and CT monoliths.
adsorption hysteresis loops in terms of IUPAC classification, indicating the presence of mesopores.
The average pore sizes of the DBC and CT monoliths were 3.5 and 3.4 nm, respectively (Figure
1-5(b)). This confirms that the monolith maintained its structure during the hydrolysis process. In
addition, the surface areas were determined to be 89 m? g* for the DBC monolith and 101 m? g*
for the CT monolith. Thus, both monoliths were mesoporous and could be utilized under water

flow for catalysis, metal capture from wastewater, dye sorption, and drug delivery systems.

1.3.4 Thermal and mechanical properties
The TGA studies of DBC and CT monolith was shown in Figure 1-6(a). For both DBC and
CT monoliths, two main steps of decomposition were observed. The small weight change was

firstly observed in the temperature range from 50 to 120 °C, which is attributed to water
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Figure 1-6. (a) TGA profiles and (b) compression stress-strain curves of DBC and CT

monoliths.

-22 -



evaporation. The second occurs in the range of 350-400 °C for CT and 310-360 °C for DBC
monolith and could be attributed to the degradation of the polymer structure of the molecule. The
TGA profiles of the two monoliths indicate that CT monolith has higher thermal stability than
DBC monolith. The temperature difference of 40 °C between two monoliths indicates effects on
the intermolecular forces and hydrogen bonding.

For the practical application of the monolith as a flow reactor or filter, good mechanical
properties, especially the shape resilience of monolith, are necessary since the damage of monolith
in the use process may cause a decrease in monolith performance. Compression deformation tests
were performed to evaluate the mechanical strength (Figure 1-6(b)). The DBC monolith showed a
maximum strain beyond 75% without breaking. According to the calculations, the compressive
modulus is 125.9 + 0.3 kPa for DBC monolith. On the other hand, the CT monolith exhibits a
compression modulus of 67.7 kPa, but it is fractured at a strain of 69.8% with fractured stress of
7.0 £ 0.3 MPa. Both monoliths have shown ductile behavior due to their flexible 3D CT network.

1.3.5 Permeability

For application as a column, liquid permeability for the solvent is required. Additionally, the
absolute permeability was calculated in order to determine the intensive properties of the monolith
in the flow system. The permeability coefficient in the flow system, Bo, was measured at flow rates
of 0.1, 0.2, 0.3, 0.4, and 0.5 mL min~%. The density of DBC and CT monolith used in the flow
experiment were 0.25 and 0.22 g cm3, respectively. As shown in Figure 1-7(a), there was a linear

increase in the pressure drop as the flow rate or pump injection time increased. Comparing
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Figure 1-7. (a) The calculated back pressure of DBC and CT monoliths at different
linear velocities. (b) Average permeability measurements of DBC and CT monoliths at
flow rates of 0.1, 0.2, 0.3, 0.4, and 0.5 mL min™%.
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monoliths, DBC had a significantly lower pressure loss than CT. At 0.5 mL min™!, the
backpressure of the CT monolith was calculated as 81.4 kPa, while the DBC monolith exhibited a
2.0 kPa pressure loss. A possible reason for this could be the pore diameter differences between
monoliths. Since the average pore size diameter of the DBC is larger than CT, it experiences less
back pressure than the CT monolith. At the end of the test, the permeability of the DBC and CT
monoliths was calculated using the Darcy equation to be 5.34 = 0.51 and 0.29 + 0.02 darcys,
respectively (Figure 1-7(b). Although the CT monolith has lower permeability than the DBC
monolith owing to its smaller pore diameters, this value is still sufficiently high to indicate that the
CT monolith has the potential to be utilized as a filter or microreactor under flow conditions. For
instance, the permeability coefficient for the silica column, which is one of the most used materials
for flow application, is between 0.01 and 1.01 darcy.?®?* For other reactors like carbon reactor,

porous gel reactor, and cellulose monolith reactor, it is about 0.01~0.10 darcy.?

1.3.6 Adsorption process

After confirming a good permeability of the

-
(a)
P T

CT monolith, a preliminary test was set up to

analyze the adsorption behavior of the CT monolith. _-7
Before the adsorption test, the CT monolith is
immersed into the 8 mol g~* NaOH solution and kept
at 60 °C for 24 h to deacetylate. Methyl orange was (b)

selected as an anionic dye to test whether monoliths

will adsorb or not. Then, an adsorption circulation

was carried out with a peristaltic pump by SeR—

. . Figure 1-8. (@) Methyl orange solution

conducting 50 mg L' methyl orange solution to ) ]
before adsorption (left) and after adsorption

with CT (middle) and deacetylated CT

(right) monoliths. (b) CT (left) and
after adsorption. As seen from Figure 1-8(a), both deacetylated CT (right) monoliths after

pass through the monolith for 24 h. In Figure 1-8(a),
both CT and deacetylated CT monolith are shown

monoliths change their color after adsorption,  adsorption.
which means they have the potential to remove anionic dyes from the flow. Unlike CT monolith,
which has a yellowish color, deacetylated CT monolith becomes completely orange after

adsorption results in higher adsorption capacity than CT monolith. Furthermore, Figure 1-8(b)
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shows methyl orange solution before and after adsorption. From Figure 1-8(b), it can be assumed
that deacetylated CT monolith almost removed the anionic dye from the solution, which indicates

it can remove dyes from the water.

1.4 Conclusions

A hierarchically porous CT monolith was successfully produced by the TIPS method. FT-IR
analysis confirmed the successful conversion of a DBC monolith to a CT monolith. The pore
morphology of the monolith could be controlled by varying the DBC concentration and
DMSO/H:20 ratio. Increasing the DBC concentration decreased the pore size while decreasing the
DMSO/H20 ratio increased the pore diameter. Both DBC and CT monoliths exhibit excellent
mechanical properties and thermal stability, and water flow tests confirmed that they had sufficient
permeability to be used as a filter or a microreactor under flow conditions. For future, CT monolith
can be deacetylated to CS monolith to be used in metal chelating, dye sorption, or protein

separation process.
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Chapter 2

Development of Hierarchically Porous Chitosan Monoliths

2.1 Introduction

Water pollution resulting from heavy metal ions has become a pressing environmental
concern, given their detrimental effects on ecosystems and human health.[*21 Addressing this issue
necessitates the development of effective and sustainable materials for heavy metal ion removal.
CS, a biopolymer derived from CT, has emerged as a promising candidate in this field due to its
unique properties and advantages over other natural polymers such as CT and cellulose. CS
possesses several advantageous characteristics that make it highly suitable for heavy metal ion
adsorption. Its amino groups provide active sites for metal ion binding, and its high surface area
facilitates efficient adsorption.3¥l Furthermore, CS exhibits excellent biocompatibility,
biodegradability, and low toxicity, making it an environmentally friendly option for water
treatment applications.[>®1 Conventional approaches for heavy metal removal using CS often
involve dissolving CS flakes or particles in acidic solutions, followed by an ultrafiltration process
to capture the metal ions. However, this typical method faces significant limitations. CS is
generally intended for single-use applications, as the recycling and reuse of the material requires
complex, multi-step processes. Furthermore, the treatment of industrial effluents using CS can lead
to issues with clogging and blockages due to the agglomeration of the CS particles.l”l To address
these problems, preconditioning techniques, such as de-agglomeration procedures, are frequently
applied. While these pretreatment steps help control the hydrodynamic properties, they often result
in increased complexity and a substantial loss of sorption efficiency.[8]

Previous studies have explored the versatility of CS by investigating its adsorption
capabilities and interaction mechanisms with metal ions in various forms, including sponges, gels,
films, nanoparticles, and nanofibers.®! However, the current industry landscape has faced
limitations in fully leveraging the advantages of CS. One of the primary challenges is the difficulty
in producing high-performance monolithic materials composed solely of CS, as opposed to CS-
hybrid frameworks. In the past, researchers have attempted to fabricate porous CS materials by
using other materials as templates and integrating CS onto their surfaces.['®12 While these efforts
have led to the development of CS-based hybrid frameworks, the decreasing ratio of natural

polymers like CS within the template materials has limited the overall performance of the resulting
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materials. To address these limitations, the development of monolithic materials composed solely
of pure CS, with hierarchically porous structures, holds great promise. Such materials could unlock
the full potential of CS's adsorption capabilities, interaction mechanisms, and unique properties.
Moreover, the integration of CS monoliths into flow-based systems could further enhance their
efficiency and versatility, enabling continuous and high-throughput processing for various
applications, such as water treatment, metal recovery, and environmental remediation.

This study offers a new, practical method for creating a CS monolith with hierarchically
porous structures through CT monolith. The TIPS method was employed, wherein chemically
modified CT was used as the precursor for monolith fabrication. In chapter 1, the fabrication of
CT monolith through TIPS was discussed. Herein, high-concentrated alkali treatment at
high temperature was used to deacetylate the CT monolith to the CS monolith. Unlike previous
approaches, this method eliminates the need for scaffolds, allowing to production of functional
monoliths. In this study, a first-time CS monolith was fabricated without any scaffolds, and the
capture of Cu(ll) ions by the flow system was performed. The presence of amino groups in the
CS monoliths enables diverse applications. By exploring the potential of CS monoliths in heavy
metal ion removal, this study contributes to the development of sustainable materials for water

treatment and environmental remediation.

2.2 Experimental section
2.2.1 Materials

CT from shrimps and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-
Aldrich. Perchloric acid (70%), butyric anhydride, sodium hydroxide, epichlorohydrin (ECH), and
copper(ll) chloride (anhydrous) were purchased from FUJIFILM Wako Pure Chemical

Corporation. Other reagents were analytical grade and used without further purification.

2.2.2 Preparation of crosslinked CT monoliths

The CT monolith was fabricated by the TIPS method reported in previous chapter. The
detailed process was as follows: CT powder was added to a freshly prepared solution of the butyric
anhydride in 70% perchloric acid and stirred for three hours at 20 °C. The mixture was poured into
deionized water; the pH value was 7. The solid raw product was collected, dried, and dissolved in

acetone with stirring. After filtration, the acetone solution of the polymer was separated from any
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insoluble material and poured into deionized water for precipitation. The formed white flocculent
pure dibutyrylchitin (DBC) was collected and dried. To prepare the monolith, DBC was dissolved
completely in dimethyl sulfoxide (DMSQO) under 85 °C and deionized water was added to the
solution (80 g L* of DBC with 88/12 (vol./vol.) DMSO/H20 solution). Subsequently, the solution
was stirred at 85 °C for three hours and placed under 25 °C overnight. The CT monolith was
obtained after hydrolysis of the DBC monolith by 1.0 mol L aqueous NaOH solution.

For crosslinking of CT monolith, 0.1 mol Lt NaOH solution was prepared, and a certain
amount of ECH was added and stirred for 5 min. The amount of ECH was calculated based on the
molecular weight of repeated monosaccharide unit of CT (MW = 204 g mol!) (Table 2-1). When
ECH was completely mixed with NaOH solution, the CT monoliths were immersed and degassed.

The monoliths were left in the solution at 60 °C for 3 d.

2.2.3 Deacetylation of CT monoliths to CS monoliths

For the deacetylation of monoliths, CT monoliths were immersed into concentrated NaOH
solution (8.0 mol L1) and left for 3 d at 60 °C. The solvent exchange process was continued with
ethanol and hexane three times at one-hour intervals for each solvent. The CS monoliths were
obtained after vacuum drying. The illustration of monolith fabrication was revealed in Figure 2-

1(a), and Table 2-1 shows a list of the prepared CS monoliths.

Table 2-1. Composition of the monoliths.

CT:ECH _
Sample name Deacetylation to CS
(mol:mol)
CT 1:0 CS
CT_ECH_1 1:1 CS_ECH_1
CT_ECH_2 1:2 CS_ECH_2
CT_ECH_5 1:5 CS_ECH_5

2.2.3 Characterization
The microscopic structure of the monoliths was observed by a Hitachi S-3000N scanning

electron microscope (SEM), operated at 15 kV. During the sample preparation, the thin section of
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the monoliths was pasted onto a stab and coated with a thin layer of gold using an ion sputter
apparatus (E-1010, Hitachi). The ImageJ software was used to calculate the average macropore
diameter of monoliths through the SEM images. Before analyzing, the pixel-distance ratio is set
based on the known scale bar. Later, the image was binarized to black for pore and background
and white as the structure of the polymer. The analyzed particle function was used to estimate the
particle size and circularity. The average macropore diameter is calculated assuming that the pore
is circular. The molecular structure of CS monoliths was analyzed by proton nuclear magnetic
resonance (*H NMR) spectroscopy using 1% deuterium chloride/deuterium oxide mixture as a
solvent with JNM-ECS400 (400 MHz, JEOL). X-ray diffractometer  with
graphitemonochromatized Cu-Ko radiation (A = 1.54 A) (SmartLab, RIGAKU) was used to
analyze the crystalline structure of monoliths in the range of 4° to 35° at a speed of 1° min't. The
porosity structure of monoliths was analyzed by NOVA 4200e 152 surface area and pore size
analyzer (Quantachrome Instruments) at 77 K through the Nitrogen adsorption/desorption
isotherms. Before the analysis, the monoliths were freeze-dried overnight and then degassed at 70

°C under vacuum for six hours. The specific surface area and average pore size were calculated

" ER 2
o Hydrolysis OH Crosslinking OH Deacetylation OH
O mmmm——lp (o} o
N N N NH,
H H H
DBC CT CT_ECH CS_ECH
0
A _c
0.5 mol L' NaOH
= Chitin = Crosslinking
(b) Peristaltic pump S — -
OH \
Adsorption 0
o) ‘
Cuz ]
HO‘ /NH
éu?’
H,0 H,0 /

Figure 2-1. (a) Illustration of crosslinked CS monolith fabrication, and (b) schematic

diagram of the adsorption process of CS monolith with Cu(ll) solution.
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using the Brunauer—Emmett—Teller (BET) and density functional theory (DFT) equations. The
adsorption experiment was performed using the CS monolith assembled with a peristaltic pump to
demonstrate the metal ion removal process (Figure 2-1(b)). The adsorption process was conducted
by circulating high-concentration Cu(ll) solution through the monolith, and the test was carried
out until no changes in the solution concentration were observed. The change in the concentration
of Cu(ll) ion was determined by UV-visible spectra (V-750, Jasco) at wavelength 805 nm. The
adsorption capacity was calculated from the equation as follows:[*?!

0 = (Co—C XV 2-1)

m

where Q is the adsorption capacity, Co and C1 denote the initial and the final Cu(lIl) concentration,

respectively; V is the volume of the Cu(ll) solution; m is the monolith weight.

2.3 Results and discussion
2.3.1 Crosslinking CT monolith

The hierarchically porous CT monolith was prepared from DBC using the TIPS method.
Before converting CT monolith to CS monolith, it was crosslinked with ECH to make CS monolith
stable and maintain its strength in acidic conditions because acid environments cause the partial
dissolution of CS. One of the problems related to crosslinking is that most crosslinking agents
react with amino groups and reduce the monolith's adsorption capacity. However, the crosslinking
reaction of ECH with CS is temperature-dependent. Below 40 °C, ECH is crosslinked with amino
groups like other agents. However, above 40 °C, hydroxy groups also participate during
crosslinking. This property of ECH makes it unique compared to other crosslinking agents. 4l
Moreover, crosslinking reaction was started on CT monolith because amide groups are less
reactive than amino groups, which forwards the crosslinking reaction to hydroxy groups.
Therefore, large number of available amino groups were produced after deacetylation of the amide
groups.

SEM images of CT monoliths were illustrated in Figure 2-2(a-d). From the images, it can be
observed that crosslinking reaction did not significantly affect the porosity of the CT monolith.
The average macropore diameter of non-crosslinked CT monolith and CT_ECH_1, CT_ECH_2,
and CT_ECH_5 monoliths was determined as 4.5 = 0.2 pm.
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X-ray diffractometer was used to analyze the XRD profile of the CT monoliths and see the
effect of ECH on their crystallinity (Figure 2-2(e)). In the non-crosslinked CT monolith, five
distinctive peaks were observed at 9.14°, 12.64°, 19.38°, 22.34° and 26.40°, which correspond to 0
20,021,110,130andO0 1 3 diffraction peaks.[*>16] There was no significant change on the
profile when looking at the crosslinked CT monoliths for CT_ECH_1 and CT_ECH_2. The
crystalline peaks of the CT_ECH_5 was slightly shifted to 9.22°, 12.78°, 19.42°, 22.37° and 26.46°,
respectively. This phenomenon could be attributed to modification in the arrangement of
molecules in the crystal lattice. Crosslinking of CS with ECH might inhabit ECH the interstitial
sites and reduce lattice spacing. Apart from this, the apparent similarities in diffraction patterns
observed in all monoliths suggest that they retained the crystallinity derived from the CT monolith
after crosslinking.

Compression deformation tests were performed to see the effect of crosslinking on the
mechanical properties of CT monolith (Figure 2-3(a)). The result reveals that the non-crosslinking
CT monolith showed a maximum strain beyond 80% without breaking. On the other hand,
maximum strain of crosslinked CT monoliths is between 50-60%. Although flexibility at
crosslinked monoliths decreased, they showed higher mechanical strength than non-crosslinked

CT monolith, which confirmed the successful crosslinking reaction.
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Figure 2-2. (a-d) SEM images of (a) CT, (b) CT_ECH_1, (c) CT_ECH_2, and (d)
CT_ECH_5 monoliths. (e) XRD patterns of CT monoliths.

.....

IN
—
N
N
S
w
B

-33-



Other than mechanical properties, the thermal properties of monoliths were also analyzed in
the range between 50 °C and 500 °C (Figure 2-3(b)). For all samples, two main steps of
decomposition were observed. The first stage was seen around in the temperature range from 70
to 110 °C, attributed to water evaporation. The second main decomposition happened in the range
at 288-402 °C for non-crosslinked CT, 281-400 °C for CT_ECH_1, 264-392 °C for CT_ECH_2,
and 253-388 °C for CT_ECH_5 monolith, respectively. From the results, the degradation
temperature decreases along with the increasing ECH ratio. The decline in the crosslinked samples
can be explained by the large amount of ECH molecules, which weaken in intra- and
intermolecular interactions of the hydrogen bonds present in the CT. The TGA characterization

results also support ECH crosslinking with CT monoliths.
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Figure 2-3. (a) Compression stress-strain curves and (b) TGA profiles of CT monoliths.

2.3.2 Deacetylation of CT monoliths to CS monoliths.

The deacetylation process refers to converting acetyl groups to reactive amino groups, whose
amount is determined by the degree of the deacetylation percentage (DDA%). The boundary
between CT and CS is 50% amino group; in other words, when DDA% is lower than 50%, it is
CT, and when DDA% is higher than 50%, the polymer is considered CS.[*]

The determination of DDA% plays a crucial part in understanding whether the monolith is
CS or still CT. In Figure 2-4, *H NMR profiles of the commercial CS powder and CS monolith
treated with 8.0 mol Lt NaOH were given. Several signals in the § 3.5 — § 4.0 ppm correspond to
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the non-anomeric hydrogens Hs— Hes from the ring and one at 8 3.1 ppm attributed to the hydrogen
H2 connected to the anomeric carbon Coz. In the region, 6 5.1 - 8 5.5 ppm, anomeric protons in Hi
of GIcNAc and GIcN units were observed. A strong band of intensity occurs at 6 4.6 - 6 5.0 ppm
associated with HDO (solvent). The peak at 6 2.0 ppm indicates the methyl group of acetamide. A
negligible amount of butylamide (observed around & 2.1- 6 2.4 ppm), which was possibly formed
in the synthesis of DBC from CT (inherently with free amino group), was remained after
deacetylation process. The rest of the minor peaks correspond to impurities, which suggests that
even after the solvent exchange, some impurities remain inside the monolith, which is difficult to

remove. DDA% was estimated from the *H NMR data by the following formula:[181°]

21
DDA%N=<1— C%>x100 (2-2)

Hy_¢
where I¢p, is the integral of methyl proton acetamide group and I, is the summation of integrals
of Hz, Hs, H4, Hs, and Hs. DDA% of the raw CS and CS monolith is calculated as 83 and 67%,
respectively. Furthermore, the DDA% of CS monoliths treated with 10.0 mol L-* and 12.0 mol L-
1 NaOH solution was calculated as 68% and 75%, respectively. Because CS monolith with the
treatment of 6.0 mol L NaOH did not dissolve in a deuterium solvent, DDA% of the sample could

not be determined. From this insolubility of the monolith, it can be understood that the percentage

;_____j4::::1

| |
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I I Commercial CS | l!
1.1 1 L

6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 3.2 30 28 26 24 22 20 18 16 1.4
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Figure 2-4. 'H NMR spectra of commercial CS and CS monolith treated with 8.0 mol
Lt NaOH (samples were prepared by 1% DCI/D20 solution).

-35-



of amino groups in the CS monolith with 6.0 mol L NaOH treatment is low and closer to CT than
CS. On the same grounds, none of the crosslinked CS monoliths were dissolved in deuterium
solvent, it was challenging to calculate the DDA% of them.

After the deacetylation of CT monoliths to CS monoliths, the swelling test was carried out to
see the behavior of monoliths in a solvent. In the swelling test, approximately 0.12-0.15 g CS
monolith was immersed into 0.1 mol L* HCI solution for 24 h. Later, monoliths were taken from
the solution; they were put onto the mesh for 10 min to remove excess solvent. The following

formula was used to calculate the solvent uptake percentage of the monolith:[2°]

SR% = 1w~ o 1009, 2-3)
mg

where, SR% is the percentage of swelling ratio, mw and mq are monolith's wet and dry weight,
respectively. The swelling percentage of CS, CS_ECH_1, CS_ECH_2, and CS_ECH_5 monoliths
were determined as 575%, 561%, 528%, and 526%, respectively. The result of SR% of monoliths
reveals that the solvent uptake amount decreased when the ratio of crosslinking-agent increases.
The non-crosslinked CS monolith showed the highest swelling ratio compared to crosslinked
monoliths. Because primary amino groups of CS are protonated in an acidic environment, CS
becomes polyelectrolyte and the monolith swells in an acid solution. Although CS monolith has
low DDA%, the dissolution process might still occur due to the absence of crosslinking. On the
other hand, in the crosslinked CS monoliths, as the crosslinking increases between the chains, the
structure of the polymer becomes tighter, and the solvent cannot easily penetrate the polymer
matrix. This results in less swelling and more durability in acidic solutions.

SEM images of CS monolith with different NaOH concentration treatments were shown in
Figure 2-5(a-d). When the alkali concentration was increased from 6.0 mol L to 12.0 mol L™, the
average pore size of the CS_ECH_2 monolith decreased from 3.9 + 0.2 to 2.7 = 0.2 um (Figure 2-
5(e)). Other than this, unlike CT monoliths, the pore diameter of CS monoliths decreased as
increasing the amount of ECH for crosslinking. For example, there is a slight difference in the
average macropore size between non-crosslinking CS monolith and CS_ECH_5, treated with 8.0
mol L! NaOH, whose average pore diameter is 4.1 = 0.2 um and 3.9 + 0.2 pm, respectively. The
same decreasing trend can also be seen in other monoliths. In addition, when alkali concentration
was higher than 8.0 mol L, shrinkage was observed in both non-crosslinked and crosslinked

monoliths. The diameter of the non-crosslinked CS monolith was shrunk from 5.9+ 0.1 mmto 5.1
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Figure 2-5. SEM images of CS_ECH_2 monoliths treated with (a) 6.0, (b) 8.0, (c) 10.0,
and (d) 12.0 mol L' NaOH solution, and (e) average macropore size of all CS

monoliths.
+ 0.1 mm when the concentration of NaOH solution increased from 8.0 mol L1 to 10.0 mol L.

With 12.0 mol Lt NaOH solution treatment, the monolith was shrunk further to 4.6 £ 0.1 mm. A
similar trend was also seen in crosslinked monoliths. The possible explanation for the reduction in
both macropore size and diameter of monoliths could be related to change in the chemical
structure. When CT lost the bulky amide group and converted into the amino group, the polymer
structure become tighter due to hydrogen bonds and crosslinking. In addition to deacetylation,
depolymerization might occur as well due to the highly concentrated alkali solution. However,
since all monoliths retained their morphology after deacetylation, this effect appears negligible
based on SEM images. From these results, CS monoliths treated with 8.0 mol L* NaOH solution
were selected for the following analysis due to their porosity structure and DDA%.

Besides macroporous structure, the mesoporous features of CS monoliths were evaluated by
nitrogen adsorption/desorption analysis. The isotherm and pore size distribution are shown in
Figure 2-6. All the adsorption/desorption curves can be classified as Type IV with adsorption
hysteresis loops H3 in terms of IUPAC classification, indicating the presence of mesopores.
Furthermore, the average pore sizes of CS, CS_ECH_1, CS ECH_2, and CS_ECH_5 monoliths
were 3.6, 3.7, 3.6, and 3.5 nm, respectively, which are the range of mesopores (2-50 nm). In
addition, the surface areas were determined to be 144 m? g~! for the non-crosslinked CS, 142 m?
g ! for the CS_ECH_1, 148 m? g ! for the CS_ECH_2, 141 m? g " for the CS_ECH_5 monoliths.
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Figure 2-6. Nitrogen adsorption/desorption isotherms and pore size distribution curves
of (a) CS, (b) CS_ECH_1, (c) CS_ECH_2, and (d) CS_ECH_5 monoliths.

This confirms that monoliths maintained their structure during deacetylation, and crosslinking

reaction did not have any significant influence on surface area.

From these SEM images and N2 adsorption-desorption isotherms, CS monoliths preserved their
hierarchical porous structure after deacetylation. Figure 2-7(a) reveals the XRD pattern of non-
crosslinked CS monolith. Similar to the CT monolith, the CS monolith also has four distinct peaks,
which were 0 20 at 9.14° 02 1 at 12.64°, 1 1 0 at 19.38° and 0 1 3 at 26.40°. This concludes no

obvious difference between CT monolith and CS monolith regarding crystallinity.

The thermal property of the CS monolith was also analyzed (Figure 2-7(b)) and compared
with that of the CT monolith. The CS monolith also showed two main decomposition steps like

the CT monolith. The first stage of decomposition started at 60 °C, and only a small weight percent
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Figure 2-7. (a) XRD pattern and (b) TGA profile of non-crosslinked CS monolith.

of the samples was lost. This stage corresponds to water evaporation. The second stage occurred
in the temperature range from 250 to 392 °C and was attributed to degradation of the polymer

chain. As a result, there is a slight difference on thermal stability between CT and CS monoliths.

2.3.3 Adsorption studies

The fabricated CS monoliths were used to capture metal ions from the solution for the
application point. The adsorption experiments were conducted with a peristaltic pump circulating
0.1-3.5g Lt of Cu(ll) solution through the CS monoliths. Regarding optimization of the adsorption
process, the effect of the pH on the adsorption process was analyzed. The evaluation of the pH
effect was conducted by adjusting the initial pH of the solution using 0.1 mol L"* HCI and 0.1 mol
Lt NaOH. To eliminate the temperature influence, the temperature was set to 25 °C. As shown in
Figure 2-8(a), at pH 5.5, CS monolith achieved the highest adsorption capacity, which indicates
the optimum value for adsorption studies. Regarding pH of the solution, two main factors play
important role here. One of them is the abundance of H* in the low pH solution, which competed
with the metal ions for the limited amino groups of the CS. When primary amino group of CS get
protonated, it resulted in electrostatic repulsion with positive charged metal ions and decreased
adsorption capacity.[?*! On the other hand, at the high pH, solubility of the Cu(ll) ions decreased

and precipitation occurred, which limits amount of Cu(ll) to be captured.?? In Figure 2-8(b),

-39-



—_—
QO
~—

90 A

80:
70:
60:
50:
w0
30:

Adsorption capacity (mg g')

(b)

(o]  [19]

pH
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precipitation of Cu(ll) solution on high pH can be seen. Thus, based on these two factors, pH 5.5
was optimum value to obtain the maximum adsorption capacity.

After determining the optimum pH condition, CS monoliths were analyzed for the dynamic
adsorption studies to investigate the metal adsorption behaviors with multiple repetitions. In
addition, under working conditions of pH 5.5 and 25 °C, a series of experiments were carried out
to verify the connection between the adsorption capacity and Cu(ll) concentration, as shown in
Figure 2-9(a). The collected data was analyzed using the Freundlich and Langmuir isotherm
models (Table 2-2). The equations for Freundlich (Eq. 2-4) and Langmuir (Eq. 2-5) isotherm

models are shown below:[23]

1
logQ, =logKy + ﬁlogC (2-4)
C. 1 1
~==Co+H5—F— 2-5
0, "0, K., (@3)
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where Qe (Mg g) is the adsorption capacity at equilibrium, Ce (mg L) is the Cu(Il) concentration
at equilibrium, Kt (L mg?) is the Freundlich constant, n is the heterogeneity factor, and Ka (L mg-
1) and Qm (mg g?) are the Langmuir coefficients, indicating an adsorption equilibrium constant
and a monolayer capacity, respectively. Freundlich model explains that the sites on the adsorbent
surface are not equal and result in multilayer adsorption, while the Langmuir model represents

monolayer adsorption on an energetically uniform surface. Both Freundlich and Langmuir

parameters and fitting curves showed in Table 2-2 and Figure 2-9(b,c), respectively. The Langmuir
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Figure 2-9. (a) Adsorption isotherms of a Cu(ll) by CS monoliths and (b) the Langmuir
and (c) the Freundlich isotherm plots.
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model matches with the Cu(ll) adsorption data better than the Freundlich model for all CS
monoliths. The square error for Langmuir is identified as R? > 0.99 for all CS monoliths, while for
Freundlich, it is between 0.91 and 0.94. This concludes that monolayer adsorption is more
dominant compared to multilayer adsorption.[?3] From the slope, the maximum adsorption capacity
of monoliths was determined as 96 mg g%, 73mg g, 65 mg g1, and 51 mg g* for CS, CS_ECH 1,
CS_ECH_2, and CS_ECH_5 monoliths, respectively, implying its universal practicability for

heavy metal ion removal.

Table 2-2. Adsorption isotherm parameters.

CS CS_ECH_1 CS_ECH_2 CS_ECH_5

Freundlich

R? 0.936 0.912 0.930 0.913

1/n 0.492 0.477 0.447 0.438

Ks 1.82 1.75 1.69 1.59
Langmuir

R? 0.992 0.993 0.996 0.995

Qm 95.5 72.9 65.3 51.2

Ka 0.190 0.225 0.216 0.244

In the same manner as adsorption isotherms, the adsorption kinetics were also investigated
with multiple filtration repetitions. Adsorption kinetic studies were conducted with 2.5 g L™t Cu(ll)
solution under optimized working conditions of pH 5.5 and 25 °C. Figure 2-10(a) revealed that the
adsorption capacity of all the CS monoliths increased with the reaction time, and the adsorption
rate slowed down at the time after 60 min and became stable. This is due to the fixed amount of
amino group, and fewer adsorption sites became available with time. Finally, the adsorption
capacity of the adsorbent reaches saturation. To understand the mechanism of the kinetics, the

pseudo-first-order (PFO, Eq. 2-6), the pseudo-second-order (PSO, Eq. 2-7) were analyzed:[13]

In(Q,—Q,) =InQ, — kit (2-6)
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where Qe and Qt are the adsorption capacities at equilibrium and at time t (min), respectively, and
ki and k2 are the rate constants. The PFO model states that if one of the two reactants is in more
significant excess, its relative concentration will remain constant. In other words, adsorbate can be
captured by an adsorbent at a constant rate.[?*l PSO-governed systems, however, exhibit complex
rate constants that depend on initial solute concentration.[?51 During adsorption, the PFO only
applies during the initial stages, while the PSO applies over an extended period of time.[%] Based

on the values of R? , although the monoliths showed a good fit to both PFO and PSO kinetic models
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Figure 2-10. (a) Adsorption kinetic of a Cu(ll) by CS monoliths, and linear fit curves
for (b) PFO and (c) PSO models.
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Table 2-3. Kinetic models and parameters.

CS CS_ECH_1 CS_ECH_2 CS_ECH_5
PFO
R2 0.932 0.954 0.884 0.952
Qe 27.1 405 22.2 25.8
ke 0.0158 0.00667 0.00890 0.00774
PSO
R? 0.999 0.997 0.999 0.998
Qe 93.0 64.8 57.3 47.7
k 0.00385 0.00379 0.00380 0.00399

(Figure 2-10(b,c)), the PSO gave a better fit for adsorption data than PFO with respect to linearity
coefficients obtained with 0.999, 0.997, 0.999, 0.998 for CS, CS_ECH_1, CS_ECH_2, and

CS_ECH_5 monoliths, respectively (Table 2-3). Furthermore, the theoretical Qe obtained by PSO
(93, 65, 57, and 48 mg g*) Kkinetics is closer to the actual measurement results (92, 71, 64, and
51 mg g1). As a result, the PSO model better describes the process of heavy metal ions adsorbing

on CS monoliths.
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Figure 2-11. (a) the adsorption capacity of CT and CS monoliths and (b) the photograph

of CT and CS monoliths after adsorption experiment.
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After determining the CS monolith's adsorption capacity, that of CT monolith was also tested
with 2.5 g L* Cu(ll) solution under optimized working conditions of pH 5.5 and 25 °C (Figure 2-
11(a)). It can be seen that the CT monolith could not capture Cu(ll) ions from an aqueous solution
due to the insufficient amount of amino groups to interact with Cu(ll) ions. In addition, after
adsorption, the CS monolith changed color to blue, confirming the adsorption of Cu(ll) ions; while
the CT monolith did not change color significantly (Figure 2-11(b)).

Having good stability and reusability are the necessary objective for ideal absorbent.
Therefore, the adsorption-desorption cycles were performed to investigate the reusability of CS

monoliths for practical applications. For the desorption process, 0.02 mol L*EDTA at pH 8.0 was
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Figure 2-12. Adsorption-desorption cycles of (a) CS_ ECH_2 and (b) CS_ECH_5
monoliths. (c¢) Scheme and (d) photograph of EDTA solution before and after

desorption. Photograph of desorption process of (e) CS (1% cycle) and (f) CS_ECH_2
(5" cycle) monoliths.
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used to remove metal ions from the CS monolith. Only performance of CS_ECH_2 and
CS_ECH_5 monolith was measured for the reusability studies. After five cycles, for CS_ECH_2
monolith, the adsorption and desorption efficiencies were 91 + 6% and 89 + 7%; and, CS_ECH_5
monolith’s efficiency was 90 + 6% for adsorption and 90 £ 5% for desorption (Figure 2-12(a-b)).
During the adsorption process, all monoliths, including the non-crosslinked CS monolith,
maintained their structure and did not dissolve when the Cu(ll) solution passed through them in
the adsorption process.

Figure 2-12(c) shows the scheme for the removal of metal ions with the EDTA. As shown in
Figure 2-12(d), the EDTA solution became blue after desorption, indicating that it can remove
metal ions from the CS monoliths. During the desorption process, the non-crosslinked CS and
CS_ECH_1 monoliths collapsed during the first cycle of the desorption process (Figure 2-11e).

This indicates that both monoliths are not durable in basic conditions (pH 8.0). On the other hand,

Table 2-4. Comparison of adsorption performances of CS materials for the removal of Cu(ll)

from agueous solutions.

) Adsorption Adsorption
Materials Qe (Ma/g) _ References
system time

Carboxymethylated
chitosan-bound Fe30a Batch 215 ~ 60 min [27]
nanoparticles

Chitosan-coated magnetic

_ Batch 35.5 ~8h [28]
particles
ZnO@Chitosan core-shell )
_ Batch 117.6 60 min [29]
nanocomposite
Chitosan beads Batch 80.7 60-90 min [30]
Polyaniline graft chitosan )
Batch 83.3 90 min [31]
beads
Chitosan monoliths doped
) ] Batch 53.7 1-8 h [12]
with graphene oxide
3D printed chitosan filter Flow 13.7 75 min [10]
CS monolith Flow 92.1 60 min This study
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CS_ECH_2 and CS_ECH_5 monoliths preserved their shape and did not show any dissolution
within five cycles (Figure 2-12(f)). These results demonstrated that both monoliths could be used
multiple times without losing significant efficiency. From the adsorption-desorption, it was
concluded that the ECH crosslinking needs to be at least a 1:2 molar ratio for the CS monolith to
be used multiple times.

Table 2-4 provides a comparison of the CS monolith with previously reported studies. The
CS monoliths in this research showed better performance than most of other researches with 92
and 64 mg/g adsorption capacities for non-crosslinked CS and crosslinked CS_ECH_2 monoliths,
respectively, with 60 min adsorption time. Furthermore, in most of these studies, CS was either
dissolved in acidic solutions and performed to react with metal ions in which CS was considered
for single use or designed to be used in batch systems which are not an ideal method to remove
metal ions from wastewater in industry since it requires more time and energy. Meanwhile, the
prepared CS monolith with stability against acidic and basic media and reusability has
demonstrated its effectiveness in a flow system with high adsorption capacity, indicating that it

could be used in practical wastewater treatment processes.

2.4 Conclusions

This study achieved a hierarchically porous CS monolith, exhibiting effective heavy metal
ion removal properties. Before deacetylation reaction from CT to CS, CT monoliths were
crosslinked by ECH with varied ratios and characterized by compression tests, XRD, and TGA
analysis. It is revealed that the crosslinking by ECH increases the durability of CS monoliths
against an acidic environment. In the adsorption experiments, CS monoliths was able to be used
in a continuous flow system with high performance due to its hierarchically porous morphology.
The macroporous structure of the monolith allows water to flow rapidly; on the other hand, the
mesoporous structure, which has a large surface area, achieved a high adsorption capacity for
capturing Cu(ll) ions from the aqueous solution. Remarkably, the CS_ECH_2 monolith showed a
good adsorption capacity and preserved its stability within five adsorption-desorption cycles
without losing significant efficiency. These findings state that CS monoliths are a promising

candidate for large-scale application in metal removal from wastewater as a chelating agent.
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Chapter 3
Enzyme Immobilization Utilizing Hierarchically Porous Chitosan
Monolith

3.1 Introduction

Enzymes are highly efficient and environmentally friendly, and they are widely used as
catalysts for biochemical reactions, providing an alternative lower-activation-energy reaction
pathway. Owing to their low toxicity, favorable selectivity, and inertness against secondary
reactions, they are preferred over traditional chemical processes.[*3 a-Amylase (1,4-D-glucan
glucanohydrolase) is a commercial enzyme used in food processing and drug and pharmaceutical
applications and catalyzes the breakdown of the a-D-(1,4) glycosidic linkages of glycogen, starch,
and other oligosaccharides.[*61 However, traditional batch reactions have limitations, as the
enzymes cannot be recovered and reused, and they have low storage stability and high production
costs.[>"1 Therefore, the immobilization of amylases through different physicochemical treatments
is necessary for their large-scale industrial use.[!] To address these challenges, enzyme
immobilization has emerged as a promising solution. This approach involves attaching enzymes
to a support material, reducing their mobility while maintaining catalytic activity.l**2) Numerous
immobilization methods have been investigated over the past few decades, including covalent
binding, physical adsorption, entrapment, and crosslinking.[32 The most common and simplest
immobilization method is physical adsorption, which involves various noncovalent interactions,
such as van der Waals forces and hydrogen bonds.[*3! Although enzymes immobilized via physical
adsorption exhibit high activity, they exhibit low stability because of weak bonds between the
enzyme and carrier.l*l Covalent bonds are widely used for immobilizing enzymes, and creates
strong interactions between enzymes and supports, increases enzyme stability and reusability, and
prevents enzyme release into the reaction mixtures by reducing the mobility and conformational
changes of the enzymes.[*51 However, covalent bonding causes a considerable loss of enzymatic
activity upon immobilization, posing a significant disadvantage.[*6] Therefore, a method
combining both physical adsorption and covalent binding is necessary to increase enzyme stability
and maintain enzyme activity.

The stability and efficiency of enzyme immobilization can be affected by the support

materials. Support materials can be categorized as organic and inorganic materials, based on their
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chemical composition. An ideal support material should facilitate easy substrate access to the
active sites of the enzymes. Additionally, it should be inert to the supported enzymes, inexpensive,
resilient against physical degradation due to microbial attack, and hydrophilic. Porous materials,
especially, hierarchically structures, are highly efficient functional materials for realizing enzyme
applications in flow systems. Several porous materials such as reactive polymers,l'’] graphene
oxide,[*8 metal-organic framework materials,[° and mesoporous silical?’l have been utilized for
enzyme immobilization. Nevertheless, these materials often have drawbacks such as high cost,
complexity, and partial harm to environment. In addition, most of these are designed for batch
systems, restricting their scalability in industrial applications. The use of natural polymers as
carrier materials has been gaining growing interest owing to their desirable characteristics such as
biocompatibility, non-toxicity, and bioactivity.?] CS is derived from CT, offers several
advantages including cost-effectiveness and wide availability.[??] CS effectively binds to enzymes
owing to its structural composition, which incorporates both amino and hydroxy groups.[?324 This
unique feature makes CS a well-suited support material for enzymes, facilitating enzyme
immobilization and enhancing enzyme stability.

This study introduces a novel and practical method for immobilizing a-amylase on a
hierarchically porous CS monolith. Expanding upon chapter 2, the morphology of the monolith
was optimized to achieve optimum a-amylase activity. The immobilization technique integrates
physical adsorption and covalent bonding to enhance the stability of a-amylase at different pH
levels and temperatures when compared to its soluble form. The presence of amino and hydroxy
groups in CS allows effective physical binding with the enzyme, while the epoxy group in the
monolith provides additional stability via covalent bonding between the stationary phase and the
enzyme (Figure 3-1). Additionally, high porosity and permeability of CS monolith preserve the
high reaction rate of the immobilized enzymes and maintain their substrate affinity. The
preparation conditions were optimized based on immobilization efficiency, enzymatic activity,
storage stability, and reusability. Additionally, the versatility of this method was demonstrated by
fabricating CS monoliths with other enzymes, such as lipase and catalase. Overall, this study
contributes to the field of enzyme immobilization by providing valuable insights into harnessing
the hierarchical porous structure of CS monoliths. It addresses the limitations in current techniques

by offering an optimized immobilization method that enhances enzyme stability, activity, and
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substrate affinity. The findings have implications for efficient enzyme utilization in flow systems

and hold promise for cost-effective enzyme applications in various industrial systems.

CS monolith

— chemical bonds
~ physical interaction
#% a-amylase

wm= Starch

= oligosaccharides

Figure 3-1. General mechanism of catalytic reaction enzyme which
immobilized with combination of adsorption and covalent bonding on
CS monolith.

3.2 Experimental section
3.2.1 Materials

CT from shrimps, a-amylase from Bacillus sp., lipase from Aspergillus Niger, and catalase
from bovine liver were purchased from Sigma-Aldrich. NaOH and epichlorohydrin (ECH) were
purchased from FUJIFILM Wako Pure Chemical Corporation. Other reagents were of analytical

grade and used without further purification.

3.2.2 Fabrication of CS monoliths

CS monoliths were fabricated using a thermally induced phase-separation method, as
described in Chapter 2. The monoliths were fabricated as follows. 5 g CT powder was mixed with
a solution of 95 mL butyric anhydride and 2.2 mL 70% perchloric acid and stirred for 3 h at 20
°C. The mixture was then poured into deionized water having a pH of 7. The resulting solid product

was collected, dried, and dissolved in acetone while stirring. The acetone—polymer solution was
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filtered to remove insoluble materials and then poured into deionized water for precipitation. The
precipitate was composed of white flocculent pure dibutyrylchitin (DBC), which was collected
and dried.

To prepare the monoliths, a calculated amount of DBC was completely dissolved in DMSO
at 85 °C, and deionized water was added to the solution at different ratios. The solution was stirred
at 85 °C for 3 h and left overnight at 25 °C. CT monoliths were obtained by hydrolyzing the DBC
monolith using an aqueous NaOH solution (1.0 mol L™). For crosslinking the CT monoliths,
another NaOH solution (0.1 mol L)

- Table 3-1. List of fabricated CS monoliths.
was prepared, and a specific amount of

ECH was added to the solution and Sample name  DBC concentration CS:ECH

-1 .
stirred for 5 min. The amount of ECH L) (mol:mol)
was calculated according to the CS60 60 10
molecular weight of the repeated CS80 80 10
monosaccharide units in CT. The CT CS100 100 1:0
monoliths were then immersed and CS120 120 1:0
degassed in the ECH-NaOH solution CS ECH 3 100 1:3
at 60 °C for 3 d. To obtain the CS CS_ECH 5 100 15
monoliths, the CT monoliths were
) ) CS_ECH_10 100 1:10
immersed in concentrated NaOH

CS_ECH_20 100 1:20

solution (8.0 mol L") and Ileft

undisturbed for 3 d at 60 °C. After washing with water, ethanol, and hexane, the CS monoliths

were dried under vacuum at 25 °C. The list of prepared CS monoliths was shown in Table 3-1.

3.2.3 Characterization

The molecular structure of CS monoliths was analyzed by proton nuclear magnetic resonance
(*H NMR) spectroscopy using 1% deuterium chloride/deuterium oxide mixture as a solvent with
JNM-ECS400 (400 MHz, JEOL). The amount of the epoxy group functionalized on the surface of
the CS_ECH monolith was determined based on the reaction with sodium thiosulfate and titration
of the released OH- by 0.01 M HCL.[%28 The microscopic structures of the monoliths were
observed using a scanning electron microscope (SEM, Hitachi S-3000N) operated at 15 kV.

During sample preparation, a thin section of the monoliths was pasted onto a stub and coated with
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a thin layer of gold using an ion-sputtering apparatus (E-1010, Hitachi). ImageJ software was used
to calculate the average macropore diameter of the monoliths using the SEM images of three
different monoliths from each sample. Before the analysis, the pixel distance ratio was set based
on a known scale bar. Subsequently, the images were binarized, with black representing the pores
and background and white indicating the polymer structure. The particle function was used to
estimate particle size and circularity. The average macropore diameter was calculated assuming
that the pores were circular. The porosity of the monoliths was analyzed using nitrogen
adsorption/desorption isotherms and a surface-area and pore-size analyzer (Quantachrome
Instruments, NOVA 4200e 152) at 77 K. Before the analysis, the monoliths were freeze-dried
overnight and degassed at 70 °C under vacuum for 6 h. The specific surface area and average pore
size were then calculated using the Brunauer—-Emmett-Teller (BET) (Eg. 3-1) and density
functional theory (DFT) (Eq. 3-2) equations.[?"]

() 1) =z Cin) =
N(P/p) = [yr N(P/Py, D)f (D) dD, (3-2)

where W is the mass adsorbed at relative vapor pressure; P and Po are the actual and saturated
vapor pressures of adsorbate; W is the required mass of adsorbate forming a complete monolayer
adsorbed on a given sample; and C is BET constant; N(P/Po) experimental adsorption data; f(D) is
an unknown pore diameter distribution function; and Dmin and Dmax are the minimum and

maximum pore sizes, respectively.

3.2.4 Immobilization of enzymes on monoliths

Monoliths with immobilized enzymes were prepared by circulating a solution (1 mg/mL) of
the enzymes and a 0.05 M phosphate buffer at pH 6.5 through the monoliths by peristaltic pump
for at least 2 h. After immobilization, the monoliths were washed with the 0.05 M phosphate buffer
and deionized water to remove unbound enzymes. The monoliths with the immobilized enzymes
were then stored at 4 °C for further testing. The bicinchoninic acid (BCA) method was used to
determine the amount of immobilized a-amylase. This method was performed using a BCA protein
assay kit (Thermo Scientific Pierce) according to the instructions of the manufacturer. Six buffer

solutions with known enzyme solution concentrations (0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg L), along
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with unknown concentrations acquired from adsorption, were prepared to construct a calibration
curve. For each sample solution, 25 pL of the solutions was taken thrice and added to a well
microplate. Subsequently, 200 pL of the working reagent was added to each well filled with the
samples. The samples were then incubated for 2 h at 37 °C and their absorbance was measured at
562 nm by microplate reader (Corona SH-9000Lab). The amount of the immobilized enzyme was

calculated using the following equation.[?8]

0= G-xV (3-3)

m
where Q is the amount of enzyme immobilized on the monolith (mg/g), Co and Ci denote the initial
and final concentrations of the enzyme in the solution (mg/mL), respectively, V is the volume of

the immobilized enzyme solution (mL), and m is the dry monolith weight (g).

3.2.5 Determination of a-amylase activity

The activities of the immobilized and free enzymes were measured using the degradation of
starch into oligosaccharides. Soluble starch (10 mL, 1%) was dissolved in the 0.02 M phosphate
buffer solution (pH 6.5) phosphate buffer solution and circulated through the enzyme-immobilized
CS monoliths at 40 °C for 10 min. For assessing the activities of the free enzyme, a-amylase (1
mg) was added to a starch solution (10 mL) and placed in a bioshaker for 10 min at 40 °C. After
10 min, 0.3 mL of the sample was taken from the starch solution and added to a 3,5-dinitrosalicylic
acid (DNSA) reagent (0.3 mL) to terminate the reaction. The test tubes containing the samples
were incubated in a boiling water bath for 10 min and then cooled to room temperature. Distilled
water (3 mL) was poured into the tubes and thoroughly mixed. Subsequently, the amount of
reduced sugar (maltose) produced in the tubes was spectrophotometrically determined at 540 nm.
A calibration curve was prepared using maltose solutions with different concentrations in a 0.02-
M phosphate buffer having a pH of 6.5. An activity unit was defined as the amount of enzyme
required to produce 1 mol of maltose per minute.

For both immobilized and free a-amylases, 1% of starch solution with a phosphate buffer at
different pH values ranged from 3.5 to 8.5 at 40 °C for 10 min were used to investigate the effect
of pH on their activity. The temperature effect was investigated under 1% starch solution prepared
with phosphate buffer (0.05 M, pH 6.5) for 10 minutes at different temperatures from 30 to 60 °C.
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The kinetic behavior of the enzymatic reaction was determined by varying the starch
concentration under standard conditions and comparing the results to those obtained using the free
enzyme. The kinetic parameters, Michaelis—Menten constant (Km) and maximum reaction velocity
(Vm), for free and immobilized a-amylase were determined using the Lineweaver—Burk plot.[?°]
The initial reaction velocity was calculated using the following equation.

[U] — Cmatltose (3_4)

where [v], Cmaitose, and t denote the reaction velocity, concentration of maltose formed after 10 min
of the reaction, and reaction time, respectively.
On the basis of the Lineweaver—Burk plot, the Michaelis—Menten equation can be expressed

as follows.

1 K, 1

1
o1~V B, (35
where Km is the Michaelis constant, which characterizes the enzymatic affinities with substrates,
Vmis the maximum velocity, which represents the activity of the enzyme, and [S] is the
concentration of starch solution.

The storage stability of the free and immobilized enzymes was evaluated by measuring their
residual activity after 56 d of storage in a 4 °C, pH 6.5 phosphate buffer. The residual activity of
the enzymes was determined by calculating the ratio of the remaining activity to the initial activity
of each enzyme at the time of storage.

To evaluate the reusability of the monolith, 7 cycles of repeated usage were conducted. The
initial activity of the monolith was considered as the 100%, serving as a reference to assess the
percentage activity after each cycle of reuse. After each cycle, the monolith was washed with water
and a buffer solution to remove any residual reaction mixture or products. Following the wash, the
monolith was placed back into a fresh reaction mixture, and the enzymatic activity was measured

again.

3.2.6 Determination of lipase activity

The enzymatic activities of free and immobilized lipases were assessed via the hydrolysis of
4-nitrophenyl palmitate (p-NPP).[3%31 First, a 15-mM solution of p-NPP and isopropanol was
mixed with a 10-mM phosphate buffer (pH = 7.2) at a ratio of 3.5/96.5 (p-NPP/phosphate buffer).
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Owing to the low solubility of p-NPP in the phosphate buffer, a higher concentration of p-NPP
may result in precipitation. The p-NPP solution (10 mL) was then circulated through the lipase-
immobilized CS monoliths at 40 °C. For determining the activity of the free lipases, lipase (1 mg)
was added to the p-NPP solution (10 mL) and placed in a bioshaker for 10 min at 40 °C. After 10
min, 1 mL sample was taken and diluted with 1 mL phosphate buffer (pH = 7.2). The solution was
analyzed through spectrophotometry at 410 nm. A calibration curve was prepared using 4-

nitrophenol (p-NP) solutions with different concentrations.

3.2.7 Determination of catalase activity

A reaction mixture (10 mL) consisting of H202 (10 mM) and phosphate buffer (pH = 7.5) was
first circulated through catalase-immobilized CS monoliths at room temperature. To terminate
reaction, 1 mL sample was taken and diluted with 0.1 M HCI. Catalase activity was then
determined spectrophotometrically by measuring the decrease in the absorbance of H202 at 250 nm
in the reaction mixture containing.[32331 For determining the activity of free catalase, catalase (1
mg) was added to the H202 solution (10 mL) and placed in a bioshaker for 10 min at 25 °C. A
calibration curve was then constructed using different concentrations of H20:.

3.3 Results and discussion

3.3.1 Effect of pore size of the monolith on a-amylase immobilization

In a previous chapter, it was observed that the CS monoliths exhibited a hierarchical porous
structure characterized by high surface area and permeability. The pore sizes can be adjusted by
modifying the porous structure and adopting optimal configurations, allowing the enzymes to fit
well within the monoliths for efficient substrate transformation. In particular, the hierarchical pore
structure enhances substrate accessibility to the active sites of the enzyme. Mesopores promote the
diffusion of reactants into the material, whereas macropores facilitate a smooth fluid flow through
the material. Therefore, to investigate the effect of pore size on enzyme immobilization, various
CS monoliths were prepared by varying the initial polymer concentration.

Figure 3-2(a—d) show the nitrogen adsorption/desorption isotherms and pore size distribution
curves of the CS monoliths for various polymer concentrations. As per IUPAC classification
norms, all adsorption/desorption curves can be classified as Type IV, with adsorption hysteresis

loops of H3, indicating the presence of mesopores. The average pore sizes of the CS60, CS80,
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CS100, and CS120 monoliths were measured as 9.3 nm, 6.8 nm, 5.9 nm, and 3.9 nm, while the
surface areas were determined as 144 m?g™!, 147 m?g!, 155 m? g~!, and 143 m? g', respectively.
The results confirm that the studied monoliths possess mesoporous structures with suitable pore
sizes and large surface areas. These characteristics are desirable for enzyme immobilization. The
presence of mesopores facilitates an efficient diffusion of molecules and provides a high surface
area for interactions, making these materials promising candidates for enzyme immobilization.
SEM analysis revealed that the CS monoliths contained macroporous features, in addition to
the mesoporous structure. As shown in Figure 3-3(a—d), the density and compactness of the
structures increase and the pore size reduces with increasing polymer concentration. As the
polymer concentration increases from 60 g L™ to 120 g L™, the average diameter of the macropores

decreases from 4.1 + 0.6 um to 2.7 £ 0.2 um.
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Figure 3-2. Nitrogen adsorption (A) /desorption (e) isotherms and pore size
distribution curves of (a) CS60, (b) CS80, (c) CS100, and (d) CS120 monoliths.
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(b)

(d)

monoliths.

The pore size of CS monoliths for enzyme immobilization was analyzed by using flow system
adsorption. Figure 3-4 shows the relationship between pore size and the amount of immobilized
enzyme for each CS monolith. Among the monoliths, CS100 immobilizes the highest amount of
the enzyme. The lower immobilization efficiencies of the CS60 and CS80 monoliths can be
attributed to their larger pore sizes, which induces higher enzyme leakage from the matrix. During
immobilization, some enzymes are washed away from the monoliths, leading to reduced
immobilization. However, the CS100 monolith, owing to its smaller pore size, can entrap the
enzyme within its matrix, resulting in a higher extent of immobilization. By contrast, the CS120
monolith demonstrates a lower enzyme immobilization capacity, which can be attributed to its

permeability. The lower permeability of the CS120 monolith limits the access of the a-amylase
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enzyme to the available adsorption sites within the monolith, resulting in decreased immobilization
efficiency.

As evident from the SEM images and N2 adsorption—desorption isotherms, porous structure
of CS100 monolith provides the optimal environment for enzyme immobilization. The
macroporous structure of CS100 monolith allows enzyme solution to flow rapidly; meanwhile, the
mesoporous structure, with a large surface area, is able to adsorb a-amylase efficiently.
Additionally, using data from the BCA assay and N2 adsorption/desorption, it was calculated that
the CS monolith surface can accommodate approximately 1.3x10%°, 1.4x10%, 1.6x10%°, and
9.6x10%* molecules/m? of enzymes for CS60, CS80, CS100, and CS120, respectively (more

detailed calculations can be found in the supplementary information). These findings highlight that

concentration of 100 g L were used.

CS100 is more suitable for immobilization. For further experiments, CS monoliths with a polymer
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Figure 3-4. Average (a) mesopore and (b) macropore diameter of the CS monoliths,

and (c) the immobilization a-amylase capacity for CS monoliths.

3.3.2 Effect of crosslinking ratio on a-amylase immobilization and activity

Physical adsorption is a simple method for enzyme immobilization. This method maintains
enzyme activity but may not provide sufficient stability for long-term applications. To enhance the
stability and activity of enzymes, additional methods, such as covalent bonding, must be used.
Covalent binding involves the formation of stable covalent bonds between the enzyme and matrix,
typically using crosslinking agents or functional groups on the support material. Most crosslinking
agents react with amino groups owing to the high activity of the amino groups. The consumption
of amino groups reduces the adsorption capacity of the monolith. However, the crosslinking of
ECH with CS is temperature-dependent. Below 40 °C, ECH behaves similarly to other crosslinking
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agents by primarily reacting with the amino groups present in CS. However, above 40 °C, the
hydroxy groups in ECH also participate in crosslinking. This feature makes ECH unique compared
to other crosslinking agents.[343% This opens up the possibility of utilizing hydroxy groups for
crosslinking reactions, which can be advantageous for enzyme immobilization. In this study, the
crosslinking reaction was initiated on the CT monolith rather than on the CS monolith. Compared
to amino groups, amide groups in CT are less reactive. Hence, the crosslinking reaction proceeds
towards the hydroxy groups, generating a significant number of available amino groups after
deacetylation. The amount of reactive epoxy groups incorporated in the various CS_ECH
monoliths was estimated by sodium thiosulfate/HCI titration. The epoxy content of the
CS_ECH 3,CS ECH_5,CS ECH _10,and CS _ECH_20 monoliths was measured as 180 umol/g,
199 umol/g, 284 umol/g, and 335 pmol/g, respectively. It was observed that the incorporation of
epoxy groups can be increased by increasing the feed ratio of ECH in the crosslinking reaction.
During the crosslinking process, a portion of the ECH effectively enhances the chemical and
physical stability of the CS monolith, making it more robust and resistant to degradation.
Simultaneously, the unreacted epoxy groups that remain after crosslinking play a crucial role in
enzyme immobilization through covalent bonding. These unreacted epoxy groups can form stable
covalent bonds with enzymes, creating a strong attachment and preventing enzyme leaching. The
amount of enzyme immobilization can be controlled by adjusting the feed amount of ECH during
the crosslinking reaction. To investigate the role of crosslinking reactions on enzyme
immobilization, crosslinked CS100 monoliths put in continuous flow system to capture enzyme
molecules from flow solution. The results revealed that the amount of immobilized a-amylase on
the monoliths increased with increasing ECH concentration (Figure 3-5(a)). This indicated that
both amino groups and ECH played a crucial role in immobilizing a-amylase on the monolith. The
incorporation of ECH into the crosslinking reaction introduced additional covalent bonds within
the CS monolith structure. These covalent bonds enhanced the stability and robustness of the CS
matrix for enzyme immobilization. While non-covalent adsorption forces could contribute to
enzyme immobilization, the formation of covalent bonds between the enzyme and CS matrix
through crosslinking further enhanced the stability of the enzyme and reduced the risk of enzyme
leaching. Among the fabricated monoliths, CS_ECH_20 exhibited the highest enzyme
immobilization. This suggested that an increased ECH concentration in the crosslinking reaction

increased the number of covalent bonds and consequently increased the number of immobilized
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Figure 3-5. (a) Immobilization efficiency and (b) activity a-amylase on the CS

monoliths.
enzymes via reaction probable to proceed between glycidyl group on the monolith and amino
groups of the enzyme. Therefore, the CS_ECH_20 monolith exhibited a favorable immobilization
efficiency; However, the CS_ECH_3 monolith was found to have the highest activity when
immobilized enzymes on monoliths degraded starch into oligosaccharides in a flow system at 40
°C (Figure 3-5(b)). A possible explanation is that ECH is an active chemical, and its excessive use
may cause enzyme denaturation or structural alterations, affecting the overall activity.
Nevertheless, compared to free a-amylase, all immobilized samples exhibited improved activity.
This indicated that, compared to the soluble form of a-amylase, immobilized a-amylase provided
higher enzyme stability and activity, regardless of the specific ECH ratio. Especially in case of
CS_ECH_3, by optimized combination of covalent bonds based on glycidyl groups with physical
interaction via amino group on CS monolith, immobilization of enzyme, maintaining relatively
high and stable activity was achieved. Furthermore, the integration of physical adsorption and
covalent binding facilitated a balance between simplicity and stability of the immobilization

process.

3.3.3 Effect of pH and temperature on enzyme activity

The influence of pH on free and immobilized a-amylase activities was investigated in the pH
range of 3.5-8.5 at 40 °C (Figure 3-6(a)). The highest free and immobilized enzyme activities were
detected at a pH of 6.5. Atall pH levels, the activity of immobilized a-amylase on CS_ECH_3 was
more than that of its free counterpart. At the pH levels of 4.5, 5.5, 7.5, and 8.5, the activities of the
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immobilized enzyme were 65%, 87%, 71%, and 55%, whereas those of the free a-amylase were
57%, 81%, 60%, and 34%, respectively. This may be due to strong interactions between the
enzyme and monolith. Various crosslinking interactions were used to fix the enzymes to the
support material, thereby stabilizing the enzyme structure and protecting it from pH and
temperature variations.[*6371 Upon immobilization, the properties of amylase were altered because
of conformational changes due to the binding between the support material and enzyme.
Consequently, the immobilization reduced the sensitivity of the enzyme to both acidic and alkaline
conditions.[8 Notably, the crosslinking reactions prevented CS_ECH_3 from dissolving at low
pH levels. CS_ECH_3 is a reliable support material for immobilizing and improving the stability
of a-amylase across diverse pH environments.

Additionally, the free and immobilized a-amylase activities were investigated at various
temperatures (3060 °C) in a thermostatically controlled water bath at a pH of 6.5. As shown in
Figure 3-6(b), the free enzyme and immobilized enzyme exhibit optimum activities at the
temperatures of 40 °C and 50 °C, respectively. As temperature increases, the free-enzyme activity
significantly reduces to 34% at 60 °C. By contrast, the immobilized-enzyme activity reduces to
only 80% at 60 °C. Enzyme stability may explain the decrease in activity at high temperatures.
Compared with immobilized enzymes, soluble enzymes begin to denature at high
temperatures.[3®4% Thermal denaturation reduces the relative activity of the unbound enzyme at

high temperatures. However, the activity of the immobilized enzyme decreases more slowly above
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Figure 3-6. Effect of (a) pH and (b) temperature on activity of free and immobilized a-
amylase.
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50 °C. The formation of several covalent bonds between the enzyme and support reduces
conformational flexibility, thermal vibration, and enzyme mobility. Additionally, it prevents the
aggregation and unfolding of the enzyme protein.[?8 Therefore, compared to the free enzyme, the
immobilized enzyme exhibits superior stability over a broader temperature profile. Several studies
have reported that enzyme immobilization leads to increased optimal temperatures.[*1-43 As
immobilized enzymes can withstand high temperatures, they are preferred for industrial

applications over their soluble counterparts.[*4

3.3.4 Kinetic parameters

Using a Lineweaver—Burk plot, the rate of the enzymatic reaction can be evaluated with
respect to the substrate concentration (Figure 3-7). The apparent Km values of the immobilized and
soluble a-amylase were 4.59 mg/mL and 3.08 mg/mL, respectively, and the Vm values were 1.31
umol/mL-min and 1.53 pmol/mL-min, respectively. Vm, the maximum reaction velocity, is a
measure of the intrinsic characteristics of the enzyme, and Km is a measure of the affinity of the
substrate for the enzyme. Compared to the free enzyme, the immobilized enzyme exhibited a
higher Km, suggesting that it had a lower affinity for the substrates. A possible explanation for this
is that immobilization alters the structural characteristics of the enzyme and restricts substrate
access to the active sites, leading to decreased affinity.[*>461 This explanation is consistent with the
decreased Vm value of the immobilized enzyme. The reduced Vm value can be attributed to the
mass-transfer restricting pores in the monolith, which limit starch diffusion towards immobilized
a-amylase. Several studies have reported larger Km and lower Vm for immobilized a-amylase
compared to its free form.[*"]

In the field of enzyme immobilization, it is imperative to assess the performance of the
immobilized enzyme in comparison with its free form. The affinity of the enzyme for its substrate
and the maximum reaction rate are key parameters to evaluate. Many studies have reported that
upon immobilization, enzymes tend to exhibit reduced substrate affinity (high Km values) and
decreased reaction rates (low Vm values) (Table 3-2). In the case of a-amylase immobilization on
the CS monolith, the results indicate a decrease in substrate affinity, consistent with previous
findings. However, the reduction in affinity is relatively small at only 1.5 times the decrease in Km
values. This suggests that the CS monolith provides a favorable microenvironment that helps to

maintain a relatively high substrate affinity for the enzyme. Interestingly, when considering Vm,
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Figure 3-7. (a) Lineweaver—Burk plot (b) Km of immobilized and free a-amylase.

the immobilized a-amylase on the CS monolith shows one of the lowest reductions compared to
its free form, with just 1.2 times the decrease. This suggests that the CS monolith effectively retains
the catalytic activity of the enzyme, allowing it to maintain a high reaction rate even after
immobilization. Another notable advantage of the CS monolith is its suitability for use in a flow
system. The advantages of flow systems over batch systems in practical industrial processes
include continuous operation, saving time and energy, and enabling continuous operation. CS
monoliths with immobilized enzymes have demonstrated high activity in flow systems indicating

their potential for practical applications in various biotechnological processes.

3.3.5 Storage stability

Storage stability is a crucial parameter that affects enzyme immobilization. Generally,
enzymes in solution are unstable during storage, and their activity gradually decreases. To achieve
a long shelf life, the effects of storage conditions on immobilized enzymes must be considered.
Therefore, the storage stabilities of the immobilized and free enzymes were evaluated over a
storage period of 56 d at 4 °C, and their catalytic activities were measured every week. Their
relative activity was calculated based on the initial activity. Figure 3-8 shows the storage stabilities

of free and immobilized a-amylase. After one month, the free enzyme loses almost all its activity.
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Table 3-2. Comparison of K and ¥, values of immobilized a-amylases.

) Immob. type
a-Amylase |Support material Km Vi Ref.
(system)
12.01 mg/mL 10.198 mg/mL-min _
. . adsorption
. hybrid gel f1.89 mg/mL f0.329 mg/mL-min (batch) 4
atc
increased 1.1 times decreased 1.7 times
11.49 mg/mL i3.44 mg/mL-min _
£ = ) ] adsorption
S ® | chitosan beads f0.5 mg/mL 7.4 mg/mL-min 48
s € _ _ _ (batch)
increased 3 times decreased 2.2 times
" 9.6 mg/mL 10.281 mg/mL-min covalent
S 2 amidoximated .
= = _ _ f3.8 mg/mL f0.311 mg/mL-min | attachment |
8 S acrylic fabric | _ _
@ @« increased 2.5 times decreased 1.1 times (batch)
© _ '9.12 mg/mL '1.3 mg/mL-min covalent
R nanocomposite ) . )
s N beads 6.8 mg/mL 0.629 mg/mL-min | attachment | 2
o o
< °© increased 1.3 times increased 2.1 times (batch)
o @ 10.55 mg/mL 10.35 mg/mL-min covalent
353
g S CaCOs f0.45 mg/mL 10 mg/mL-min attachment | #°
o [
o & increased 1.2 times decreased 29 times (batch)
) poly(ethylene 111.94 mg/mL 10.335 U covalent
—_ [<5]
q§: E terephthalate) f6.61 mg/mL f0.628 U attachment | 50
2‘ © fiber increased 1.8 times decreased 1.9 times (flow)

Aspergillus
oryzae
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i0.18 mM
f0.15 mM

increased 1.2 times

181.3 mg/mL-min
f357.1 mg/mL-min
decreased 4.4 times

enzyme
entrapment | 5!
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Bacillus sp.
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14,59 mg/mL
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Figure 3-8. Storage stability of immobilized o-
amylase on CS_ECH_3 monolith.

By contrast, a-amylase immobilized on the CS_ECH_3 monolith loses only 6% of its original
activity after three weeks and retains more than 60% after eight weeks. Compared to the free a-
amylase, the immobilized a-amylase appears to be more conformationally stable, owing to the
interactions between the enzyme and carrier. Therefore, immobilization significantly prevents
enzyme deactivation and enhances enzyme storage stability. Several polymeric supports have been
reported to retain 75-90% of a-amylase activity 25 d after immobilization.[“®] The experimental
results also demonstrated that the CS_ECH_3 monolith could serve as a favorable support for a-

amylase.

3.3.6 Reusability of immobilized a-amylase

Although enzymes are expensive, the existing immobilization techniques allow them to be
recycled and reused multiple times. Immobilized enzymes must be frequently reused to ensure
their cost-effectiveness in industrial applications. The reusability of a-amylase immobilized on
CS, CSE_ECH_3, CSE_ECH_5, CSE_ECH_10, and CSE_ECH_20 monoliths was examined
across several cycles (Figure 3-9). The average enzyme activity was determined at a pH of 6.5 and
temperature of 40 °C. The relative activity of each sample was calculated based on the first cycle.
After three cycles, the activities of the enzymes immobilized on the CSE_ECH_3, CSE_ECH _5,
CSE_ECH_10, and CSE_ECH_20 monoliths were 61.8%, 70.9%, 72.3%, 87.4%, and 89.6%,
respectively. At the end of the seventh cycle, their activities gradually decreased to 11.2%, 32.9%,
32.8%, 47.1%, and 65.6%, respectively. The subsequent decrease in activity after each cycle can

be attributed to enzyme desorption. Enzymes that attach to carriers solely through adsorption
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Figure 3-9. Reusability of immobilized a-amylase
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and CS_ECH_20.
forces may be removed during a cycle, reducing the number of enzymes remaining on the
monoliths. This phenomenon is validated by the behavior of the non-crosslinked and crosslinked
monoliths with different ratios. The enzymes immobilized on the CSE_ECH_20 monolith were
difficult to remove as most of them were covalently bonded to the monolith. Hence, compared to
the other monoliths, CSE_ECH_20 retained higher amount of a-amylase after seven cycles. By
contrast, the availability of enzymes on the non-crosslinked CS monolith decreased after each
cycle.

The reduced activity with increasing number of cycles may also be due to the gradual
inactivation of the immobilized a-amylase. Previous studies have reported a similar decrease in
enzyme activity after the second cycle.[*74%501 Nevertheless, the crosslinked CS monoliths
demonstrated their efficiency as a-amylase supports, and they can be used multiple times in flow

systems in various applications.

3.3.7 Immobilization of lipase and catalase
CS monolith was also used in preliminary analysis to assess the efficiency in immobilizing
enzymes of different types, aiming to evaluate the affinity of the CS monolith with a broader range

of enzymes. Figure 3-10(a) shows the amount of immobilized a-amylase, lipase and catalase. The
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Figure 3-10. (a) Amount of a-amylase, lipase, and catalase immobilized on the
CS_ECH_3 monolith and (b) relative activities of free and immobilized lipase and
catalase.
loading capacities of the CS_ECH_3 monolith for lipase and catalase were 82.4 mg/g and 70.3
mg/g, respectively, which were higher than that observed for a-amylase (40.1 mg/g). Therefore, it
can be concluded that the CS monolith can also immobilize other enzymes.

The activities of immobilized lipase and immobilized catalase were higher than those of
their free counterparts (Figure 3-10(b)). The immobilized lipase exhibited an activity of 112%,
suggesting that the CS monoliths effectively retained the catalytic activity of the immobilized
lipase, leading to higher enzyme activity compared to the free enzymes. Considering the
hydrophilic nature of the CS monoliths, there is a possibility that the hydrophobic nature of
lipase's substrate might be incompatible with the hydrophilic environment. However, as the
study concludes that lipase was successfully immobilized and its activity was higher than that of
the free enzyme, it suggests that the CS monoliths were able to provide an environment
conducive to the catalytic activity of lipase despite hydrophobic nature of lipase.

Similarly, immobilized catalase demonstrated an activity of 106%, which was higher than
that of its free counterpart. This indicated that the immobilization of catalase also increased its
activity. The immobilization may have facilitated a more favorable microenvironment for catalase,
leading to improved catalytic properties.

Factors such as enzyme structure, substrate specificity, and the immobilization technique

employed can influence the interaction between enzymes and the CS matrix. Hydrophilic enzymes
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like a-amylase and catalase have shown successful immobilization on the CS monolith, while
lipase, a hydrophobic enzyme, may present challenges. However, preliminary experiments have
demonstrated that CS can still immobilize lipase effectively. By discussing the classification of
enzymes and presenting the results of immobilized lipase and catalase on the CS monolith, it
becomes evident that while some enzymes may pose challenges due to their properties, the CS
monolith offers a promising platform for effective enzyme immobilization across a range of

enzyme types.

3.4 Conclusions

This study presents a practical method for immobilizing a-amylase on a hierarchically porous
CS monolith fabricated using chemically modified CT and thermally induced phase separation.
The SEM images and N2 adsorption-desorption isotherms revealed the specific pore sizes of the
CS100 monolith, provided an optimal structure for enzyme immobilization. As part of this
immobilization technique, two bindings are utilized, amino groups in CS assisting in physical
adsorption, and epoxy groups in ECH enhancing covalent bonding. Compared to the soluble form,
a-amylase immobilized on the CS monolith exhibited excellent stability across various pH levels
and temperatures. Moreover, the CS monolith effectively retained a relatively high substrate
affinity (1.5 times decrease in Km values) and maintained a high reaction rate (1.2 times decrease
in Vm values) compared to other reported immobilization techniques. The immobilized a-amylase
on the CS_ECH_3 monolith demonstrated impressive storage stability, retaining over 60% of its
activity after eight weeks of storage at 4 °C, and reusability, further emphasizing its practicality.
Furthermore, the CS monolith showcased potential for immobilizing other enzymes, namely lipase
and catalase. The immobilized lipase and catalase exhibited higher loading capacities and
enhanced activity than their soluble counterparts. Overall, this study provides guidelines for
leveraging the hierarchical porous structure of CS monoliths for immobilizing enzymes, which can
lead to efficient enzyme utilization in flow systems and potentially enhance the cost-effectiveness

of enzymes in industrial applications.
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Concluding remarks

In conclusion, the successful fabrication of tunable hierarchically porous CT and CS
monoliths using the TIPS method represents a significant advancement in the field of porous
materials. The ability to control the pore morphology by adjusting the phase separation conditions
is a crucial capability, as it allows the tailoring of the monoliths' properties to suit specific
applications. The monoliths, as well as hydroxy groups, also contain acetylamide and amino bonds,
which broadens their direct applications and provides many possibilities for modification with
other functional groups.

In chapter 1, a continuous porous CT monolith was fabricated for the first time using the TIPS
method. Initially, DBC, a CT derivative, was synthesized and used as the starting polymer to
fabricate the monolith. By manipulating parameters such as the DBC concentration and the
DMSO/H:0 ratio, the pore morphology of the monoliths could be controlled. The DBC monolith
was then converted to a CT monolith through an alkaline hydrolysis of the butyryl ester. Along
with the hierarchical porous structure, the DBC and CT monoliths exhibited excellent mechanical
properties and thermal stability, and water flow tests demonstrated sufficient permeability for use
as a filter or microreactor.

In chapter 2, a new, practical, and template-free approach was developed to prepare highly
effective, stable, and reusable hierarchically porous CS monoliths by deacetylation of CT
monoliths. Prior to the deacetylation process, CT monoliths were crosslinked by ECH with varied
ratios, and the deacetylation of the CT monoliths to CS monoliths was achieved through a high-
concentration alkali treatment at high temperature. The crosslinking by ECH was found to increase
the durability of the CS monoliths against acidic and basic environments. The acquired CS
monoliths exhibited a high surface area, and in adsorption experiments, they demonstrated
excellent performance in a continuous flow system due to their hierarchical porous morphology.
The monoliths were able to efficiently remove metal ions from aqueous solutions, and the
crosslinked CS monoliths exhibited good reusability in multiple adsorption-desorption cycles.

Chapter 3 introduced a novel and practical method for immobilizing the enzyme a-amylase
on a hierarchically porous CS monolith. By controlling the morphology of the CS monolith, the
specific pore sizes were optimized to provide an ideal structure for effective enzyme
immobilization. The immobilization technique utilized two types of binding mechanisms. Firstly,
the amino groups present in the CS assisted in the physical adsorption of the enzyme. Secondly,
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the epoxy groups introduced through the use of ECH facilitated enhanced covalent bonding
between the CS and the enzyme. The a-amylase immobilized on the CS monolith demonstrated
excellent stability, reusability, and increased activity compared to the soluble enzyme, across a
range of pH levels and temperatures. The high porosity and permeability of the CS monolith
enabled the preservation of a high reaction rate and good affinity with substrate for the
immobilized enzymes. The optimal preparation conditions for the immobilization process were
determined based on parameters such as immobilization efficiency, enzymatic activity, storage
stability, and reusability. To further validate the versatility of this method, CS monoliths were also
tested with other enzymes, such as lipase and catalase, and their performance was evaluated.
Overall, the findings from this research have far-reaching implications. The ability to
fabricate tunable porous monoliths with desirable properties, along with the development of
efficient enzyme immobilization techniques, can contribute to the advancement of various
industries, including water treatment, biomedicine, and biotechnology. The practical guidelines
provided can aid in the design and development of cost-effective, high-performance systems for

real-world applications.
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