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Chapter 1| Introduction

1.1 Classification of pores and application of porous materials
1.1.1 Classification of pores

Porous materials are classified into three grades depending on their pore diameter
d: micropore (d < 2 nm), mesopore (2 nm < d < 50 nm) and macropore (d > 50 nm),
according to IUPAC[1]. In addition, pores with the size of less than100 nm are defined
as 'manopores' in the IUPAC report, however, it should be noted that pores of less than 5
nm size are often called manopores' in the field of gas adsorption measurement[2]. In
this study, the discussion of pore size uses the terms micropore, mesopore, and macropore
according to the IUPAC definitions.

There is also a classification from the view point of practical applications. For
example, in the field of fluid filtration, there are categories, such as nanofiltration /
reverse osmosis (d < 1 nm), ultrafiltration (Inm < d < 100 nm), microfiltration (100nm <
d < 10 pm), and filtration (d > 10pum) based on the size of the particles to be removed and
the mesh size of the filter[3-5]. A rough range of pore diameter d is shown here, however,
the classification of filtration systems is still ambiguous[6], and there are differences in
the criteria depending on the literature. Documents are confirmed that set the boundary
between nanofiltration and ultrafiltration at 2 nm, and the boundary between
ultrafiltration and microfiltration at 50 nm[7, 8]. Figure 1.1 shows the pore size
classification according to the IUPAC and the filtration categories with the rough pore
size criteria. Although the divisions of filtration are not exact, it is practical to estimate
the size of material separated by the filter.

Pores can also be classified by their shapel[9, 10]. Figure 1.2 is a schematic

illustration of the pore morphology with reference to the IUPAC literature[11].
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Figure 1.1. Pore size classification according to the IUPAC and the filtration categories

with the pore size criteria

Figure 1.2. Classification of pores according to their morphology modified from [11])
(a)Closed pore, (b)Bottleneck-shape blind pore, (c) Cylindrical connected pore,
(d) Funnel-shape connected pore, (e) Open at two ends (through) pore,

(P Cylindrical blind pore, (g) Pore or surface roughness



First, the distinction between an open pore and closed pore is very important. Closed
pores, shown in Figure 1.2(a), are isolated from the surrounding environment and inert
to fluid flow and adsorption processes. Closed pores are desirable for a thermal insulation
porous body because they reduce heat transfer associated with mass transfer, and are
also acceptable as a function of weight reduction and applications where continuity of
the matrix is required such as heater materials and electrodes.

On the other hand, Figure 1.2(b)-(f) are open pores which have a continuous channel
of communication with the external surface of the body. The pores like (b) and (f) with
one entrance and one end, are described as blind pores, and (e) is open at two ends
(through), connected, or networked pores. Pores with a constant width are called
cylindrical pores either open (c) or blind (f), and that with non-constant widths (b) and
(d) are called bottleneck-shape and funnel-shape, respectively. A simple convention for
distinguishing whether (g) is pore or surface roughness is to consider a surface hole
deeper than its width as a pore. Blind pores are not suitable for filtration applications,
but are acceptable for adsorption.

The pore shape is also related to the characterization method. The mercury
porosimetry method described in Section 1.4.3 assumes a cylindrical open pore, and gas
adsorption measurement may assume the pore shape to estimate the pore size
distribution.

The pore size and pore shape of the porous material are selected according to the

application.



1.1.2 Application of macroporous ceramics

Porous materials are used in many fields such as chemical synthesis, environment,
energy, optics, medicine, and electronics [3, 10, 12-14]. Porous ceramics bulk bodies have
the advantage that the intrinsic properties of the ceramic, such as heat resistance,
corrosion resistance, high strength, low density, biocompatibility, heat transfer
properties, and electromagnetic properties, can be combined with those of distributed
pores within the matrix. The properties of porous materials include, for example, gas
and liquid permeability, adsorption properties, catalytic performance, low thermal
conductivity, high electrical resistivity, thermal shock resistance, and light weight. Some
examples of practical applications related to the materials or applications dealt with in
this study and other possible applications are briefly introduced in this section.

One of the examples of applications is automobile exhaust gas filters[3, 15, 16].
Exhaust gas from diesel engine vehicles contains particulate matter (PM), which consists
of aggregates of carbon fine particles, soluble organic fraction, oxygen-containing organic
compounds, and sulfate particles. A porous ceramic filter called a diesel particulate filter
(DPF) is used to remove the PM from the gas. The DPF employs a structure called a wall-
through filter[17], in which the exhaust gas passes through the walls of porous ceramics
with a honeycomb structure. Figure 1.3 shows the commercial DPF filters and sectional
view of the wall-through monolith, the representative structure of the DPF. The PM is
trapped in the pores and walls of the ceramics. Fine particles accumulated in the DPF
are removed by oxidation. Therefore, many DPFs are coated with an oxidation catalyst

containing Pt or Pd. Cordierite and SiC are often used as the materials for the DPF.



Figure 1.3. Commercial DPF filters and sectional view of the wall-through monolith

(modified from [17, 19])

Exhaust gases from automobiles contain not only PM, but also CO, NOx, and
unburned hydrocarbons (HC)[18]. These emissions are regulated by law in Japan,
Europe, and the United States. Under regulations that have become increasingly strict
in recent years, it is difficult for one filter unit to deal with all the discharged substances.
For this reason, multiple filters are used in combination, effectively utilizing the
controlled pore structure of the porous body and the structure of the catalyst-carrying
ceramics. Zeolite catalysts have been put into practical use for decomposing nitrogen
oxides (NOx) contained in automobile exhaust gases. Zeolite catalysts are also described
later in Section 1.2. Ceramic porous bodies having a high specific surface area are often
used as catalysts, catalyst carriers, and adsorbents, thus not limited to exhaust gas
treatment.

Porous ceramics are also used as water purification filters. Various ceramic filters
have been proposed to remove bacteria and harmful chemicals from drinking water. For
example, there are pot-type filters for easily obtaining clean water at a low cost and
tubular filters for precise filtration[20-22]. Figure 1.4 shows a photograph of a

commercially-available tubular ceramic water purification membrane and module.



Ceramic filters are more durable than organic hollow fibers and can be recycled for use,
and are expected to serve as point of use (PoU) filters to supply safe water in developing

countries.

Figure 1.4. Photograph of commercially-available tubular ceramic water purification

membranes and a module (modified from [23] [24])

In the field of biomaterials, open porous ceramics with an excellent biocompatibility
are used as bioimplants for bone regeneration. For example, hydroxyapatite is the main
component of human teeth and bones, has a high biocompatibility, and has long been
studied as artificial bone[25-27]. Figure 1.5 shows an example of the appearance of the
HAp artificial bone products and the microstructure of the artificial bone (85%
porosity)[28]. Porous materials used as biomaterials often have pores on the order of 100
pm, matching the size of cells[29]. Porous ceramics, which have an excellent chemical

stability and a structure suitable for biochemical reactions, are also used as bioreactors.
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Figure 1.5. Example of the appearance of the HAp artificial bone products and the

microstructure of the artificial bone (85% porosity) (modified from [28])

Other typical applications of ceramic porous bodies include refractories and heaters.
Porous ceramics have been used as refractories in various industrial furnaces due to
their low thermal conductivity and high thermal shock damage resistance. On the other
hand, electrically-conductive porous ceramics, such as silicon carbide, are also applied to
heaters and heat exchangers due to their heat resistance and fluid permeability.

In electrochemical devices, such as gas sensors, fuel cells, and transducers, porous
ceramics are often incorporated as key parts, such as electrodes, taking advantage of
their porous structure for fluid permeability, large reaction area, and unique
electromagnetic functions.

The applications of ceramic porous bodies are wide-ranging as introduced. The
control and characterization of the pore structure, which significantly affects the

properties, is very important in any application.



1.1.3 Application of microporous and mesoporous materials

Microporous and mesoporous materials are used as adsorbents, materials for
separation, catalysts and support materials in various fields such as the environment,
chemical industry, biology, medicine, and agriculture [30].

Activated carbon is a material that has been used for a very long time. It has been
widely used as an adsorbent because it has a high specific surface area and can be
manufactured at a low cost [10].

Zeolite is a representative microporous material and the most widely used catalyst
in industry. It has been utilized in the form of a powder, molded pellets, or membrane[31-
35] due to its uniform-sized micropores and surface performance as a solid acid. The
pores of most zeolites are less than 1 nm [36], thus it is difficult to react large molecules
inside or support nanoparticles. The structure and properties of the zeolite crystal are
described in detail in Section 1.2. Efforts to expand the pore size of zeolites[30, 37-39]
and search for new mesoporous materials have been made. Mesoporous silica, such as
MCM-41 and FSM-16 developed in 1990s, synthesized using surfactant templates is well
known as a mesoporous material[40-42]. However, mesoporous silica cannot be expected
to have a catalytic function because the pore walls are amorphous silica with a poor
reactivity[43]. Attempts have been made to introduce catalytic metal oxides into the
silica frameworks[44-47], and the synthesis of mesoporous materials with a transition
metal oxide skeleton[48, 49] to improve the reactivity of the mesoporous material.

Porous coordination polymers (PCPs) and metal-organic frameworks (MOFs) are
porous materials that have attracted attention due to their flexibility in pore size design
and simple synthesis processes[50]. PCPs and MOFs are generally produced in a powder

form by a hydrothermal synthesis.



Microporous and mesoporous materials, such as zeolites, mesoporous silica, and
MOFs, are obtained as synthesized powders. The fine powder materials are often
difficult to use in industry without changing the form, thus scale-up of the structures is
required. Figure 1.6 shows the typical sequence of interactive tasks followed in a catalyst
development program for the material, such as zeolites, and Figure 1.7 shows the
commonly applied components in the catalyst formulation[34]. Additives incorporated to
facilitate the shaping or to enhance the properties of technical catalysts change the
composition, structure, porosity, and performance with respect to research catalysts.
Scale-up 1s an important issue in the successful implementation of new materials.
Research that introduces higher-order structures and expresses functions when scaling-

up microporous and mesoporous materials has the potential for future progress.
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Figure 1.6. Typical sequence of interactive tasks followed

in a catalyst development program [34]

plasticiser

technical catalyst

Figure 1.7. Commonly applied components in catalyst formulation[34]
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1.1.4 Designing of pore structure

Attempts have been made to combine microporous materials and mesoporous
materials that have the ability as molecular sieves or adsorbents with larger-scale
structures to apply their functions. For example, a monolithic ceramic made from silica
gel has been put to practical use as a column for liquid chromatography[51]. It has a
structure that combines the mesopores of silica gel and macropores of the monolith.
According to a report, the monolith with smaller macropores and higher porosity became

a more efficient column. Figure 1.8 shows the microstructure of the reported material.

10 um
(a) (b)

Figure 1.8. Structure of a monolithic silica gel with highly ordered two-dimensional

hexagonal mesopores (a) SEM image, (b) TEM image (modified from [51])

Another example is zeolite membranes that have been developed as a gas separation
filter[52-56]. Membranes of various types of zeolites such as FAU, MFI, and DDR, have
been synthesized for the separation of hydrocarbon gases and COz. The development and
commercialization of the DDR-type zeolite membranes for carbon dioxide separation
(Figure 1.9) [57] and zeolite membranes for dehydration from bioethanol[58-60] are

being promoted as carbon-neutral technologies that are of significant interest in recent

11



years. These materials have a structure in which the surface of a ceramic macroporous

support is covered with a zeolite membrane.

180 mm

DDR Membrane element

DDR-type zeolite

Substrate

Figure 1.9. DDR-type zeolite membranes for carbon dioxide separation [57]

In this research, I aim to develop functions by controlling the higher-order structures
that combine the functionality of fine structures in different scales. Zeolite, which is a
microporous material, was chosen as the first material of interest. Fabrication of the
zeolite bulk body by sintering is difficult as it decomposes at high temperatures.
Ceramics bulk bodies with micropores, mesopores, and macropores are fabricated using
a zeolite with a highly-reactive surface as a material, and the bulk functions are

characterized. The functionality of the zeolites is described in Section 1.2.
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As a second material of interest, hydroxyapatite, was selected. Hydroxyapatite
(HAp), with the chemical formula Cas(PO4)3sOH, is considered the structural template
for the mineral phase of bone, dentin and enamel. HAp has been used for artificial bones
and artificial tooth roots (implant materials) as a biomaterial with an excellent
biocompatibility. HAp also exhibits many functions, such as ion exchange properties, ion
adsorption properties, catalytic properties, and ion conduction properties.

Figure 1.10 shows the crystal structure of hydroxyapatite[61-63]. HAp typically has
a hexagonal crystal structure with a P6s/m space group, and its crystal unitcell is
characterized as a=b=0.942 nm, ¢=0.688 nm, a==90° y=120°.There are two major
crystal planes, which are the a(b)-plane (ac and bc crystal faces) and the c-plane
(ab crystal face). The a(b)-plane is rich in calcium ions and positively charged, while the
c-plane is rich in phosphate and hydroxide ions and negatively charged[64].
Single-crystal HAp particles with two types of anisotropy were synthesized by Aizawa et
al. The a(b)- and c-planes exhibit anisotropic characteristics, such as resolvability,

biocompatibility, and adsorptive activity.

c-axis
Screw axis Ca Columnar Ca c-plane -
)
a-plane
c-plane (+)
(-)_\
@ | 254 =
S—
Platelike particle = —— /

/ ) <D

a-axis ©@Ca O:0 eH eP Rodlike particle

Figure 1.10. Crystal structure of hydroxyapatite
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By using HAp crystals with a significantly exposed a-plane as a filter, viruses of
which their surface is mainly negatively charged [65, 66], can be removed with a high
efficiency by utilizing electrostatic attraction. In addition, HAp is a biomaterial ceramic
that is quite safe for the human body and can be reused by heat treatment. In this study,
fabrication of the HAp porous body with a positively charged a-plane exposure and
continuous pore structure was attempted. To expose the positive sites, rodlike HAp
particles, which have a large a-plane surface area, were used as the raw materials.

HAp has a significant potential as a material for filter applications. In this study,
the filter application that combines the microstructure and macroporous structure of
HAp was investigated. Methods for controlling the macroporous structure is introduced

in Section 1.3, and characterization of the pore structure are described in Section 1.4.
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1.2 Microstructure and synthesis method of zeolite
1.2.1 Microstructure of zeolite

Zeolites are crystalline aluminosilicates and are microporous materials known as
molecular sieves[10, 16, 30, 67]. The primary building unit of zeolite is a tetrahedral
structure of SiO4 or AlO4, which are collectively written as TO4. The TO4 tetrahedra are
linked by sharing O as shown in Figure 1.11 to form a three-dimensional framework. A
silicate having the chemical composition of SiO: is electrically neutral, but an
aluminosilicate in which a part of Si4* is replaced with Al3+ become electrically negative.
The cations involved in the zeolite structure compensate for the negative charge of the

aluminosilicate framework.

Figure 1.11. Tetrahedral basic unit of zeolite

The chemical composition of zeolite is represented by formulal, where M ! and M I

are monovalent and divalent cations, respectively [68].

MI, MT 1) n (AlmSinO2@min) *xH20,(h=m) —formural
M Lit, Nat, K+, TI* etc.. M": Mg2+, Ca2*, Sr2+, Ba2* etc..
The M ! and M I cations and H20 are confined in cages or channels within the zeolite

structure and do not participate in the framework.

15



Since zeolite containing water of crystallization is stable, dehydrated zeolite is
available as a strong adsorbent for water. When hydrogen ion binds to electrically
negative oxygen, Bronsted acid sites are generated. Bronsted acid sites changes to Lewis
acid sites by heat dehydration, and Lewis acid sites changes to Brensted acid sites upon
hydration as shown in Figure 1.12. Zeolites are widely used as catalysts due to their solid

acid property.

Bronsted acid site
¥ ¥

Basic site
l-ll+ H* Lewis acid site I'4
e, @: ¥ )
0 0 0 0 0 0 0 0 0
\Si/ \AI/ \Si/ \AI/ — N\ &N
/ \ / \ / \ / \ /Sl\ /A|\ /Sl\ /Al\ r
O OO OO OO O O OO 0O OO O

Figure 1.12. Acid site of zeolite

The zeolite crystalline structure has many variations due to the geometric bonding
of the TO4 tetrahedra, called the framework. Zeolites are classified according to the
framework that is given the code name of FTC (Framework Type Code) consisting of
three capital letters that is approved and organized in a database by the Structure
Commission of the International Zeolite Association (IZA-SC)[36, 69]. However, zeolites
with disordered framework structures were difficult to describe by FTC, which assumes
a completely ordered structure in three dimensions. Therefore, a second database was
proposed by the IZA Structure Commission in June 2022 to classify zeolites with
disordered structures as Intergrowth Families, separate from zeolites with FTC codes.

According to the IZA-SC database, 248 types of zeolites with FTC and 40 Intergrowth

16



Families have been reported as of January 2023. However, there are only about 12 types
of zeolites that are currently industrially used [31]. Among them, the most frequently
used zeolites for industry are only five types called the “Big five”, i.e., faujasite (FAU),
mordenite (MOR), ferrierite (FER), ZSM-5 (MFI), and beta(BEA)[70]. Figure 1.13 shows
the framework of the 'Big 5' zeolite and examples of representative materials with the
framework. BEA zeolites marked with an asterisk are classified as beta in the new

classification of the intergrowth family.

Framework Type Code FAU FER MOR *BEA (Beta)

Framework R i)
&

Viewed along [111] | Viewed along [001] | Viewed along [010] | Viewed along [001] | Viewed along [010]

Faujasite

Materials Zeolite X Ferrierite Z.SM 5 Mordenite Beta
. Silicalite

Zeolite Y

Figure 1.13. Framework of 'Big 5' zeolite and examples of representative materials

with the framework (modified from [69])

The zeolite crystal structure contain micropores that are derived from their
respective frameworks. A tubular pore is called a channel, and a cage-like pore is called
a cavity. Zeolites exhibit a molecular sieving effect due to its pores which have the size
on the order of a molecular scale. The IZA database presents the geometric structure
data of zeolites, and the size of the channel that contributes to the material diffusion can
be simply expressed by the maximum number of connecting tetrahedral atoms (T-atoms)
and the size of the ring. In the Big 5, FER and MFI have 10-membered rings, and FAU,

MOR, and Beta have 12-membered rings. Zeolites are conventionally classified by the

17



maximum number of T-rings. A zeolite with an 8-membered ring is called a small-pore
zeolite, with a 10-membered ring is a medium pore zeolite, with a 12-membered ring is
a large pore size zeolite, and with over a 14-membered ring is an extra-large pore zeolite.
The current largest ring is the 30-membered ring of the ITQ-37 mesoporous chiral zeolite,
known as an extra-large pore zeolite[36, 71].

Quantitative information on the size of channel systems is also provided by
calculations on the diameter of the largest possible included sphere. These diameter data
indicate the pore size of the largest sphere that can be included inside the structure. In
addition, the sizes of the spheres that can diffuse along the a-b-c axes through the
idealized channel are also labeled as the max diameter of a sphere that can diffuse. The
maximum value of the largest possible included sphere is 1.645nm for the TSC type
zeolite, and that of the maximum sphere that can be diffused is 1.212 nm indicated by
ITQ-44, the IRR type zeolite. However, it should be noted that these data are theoretical

calculations involving ideal crystals and some assumptions.
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1.2.2 Properties of zeolite

Zeolites are widely used in adsorbents, industrial catalysts (solid acid catalysts),
builders (detergent), desiccants, ion exchangers, wastewater treatment, fertilizers, and
feed additives[68].

Due to the microporous structure, a phenomenon occurs in which the molecules that
enter the pores are adsorbed and stay inside the pores. The adsorption characteristics
vary depending on the type of zeolite. Factors that affect the adsorption properties of
zeolites include the pore structure (dimensions, number of ring members, shape), pore
size controlled by ion exchange and chemical reaction, hydrophilicity controlled by the
Si/Al ratio, the polarity of adsorbents, size and shape of the adsorbed molecules, and
diffusion coefficient changing with the temperature[68].

As catalysts, zeolites indicate three types of shapes selectivity depending on their
micropore structure as follows: (a) Reactant shape selectivity: molecules that are too
large to enter the zeolite pores cannot reach the acid sites for reaction and are therefore
not converted into products. (b) Transition state shape selectivity: molecules (and
transition states) that are too large to fit inside a pore do not form. (c) Product shape
selectivity: new molecules are formed in the adsorbed phase but are too large to desorb
as products[16].

Zeolite functions as a catalyst carrier for supporting metal ions that reduces and
decomposes NOx are mentioned in Section 1.1.2. Three-way catalysts, which decompose
and remove carbon monoxide (CO), unburned hydrocarbon (HC), and nitrogen oxides
(NOx), are widely used for automobile exhaust gas treatment [16]. A three-way catalyst
generally has a structure in which the main catalyst, such as Rh, Pt, and Pd, and a co-

catalyst, such as CeQOz2, are supported on a honeycomb monolithic carrier made of
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ceramics such as alumina. Exhaust gas contains oxygen. When there is an excess of
oxygen, the reduction of NOx is insufficient, while on the other hand, when there is a
limited supply of oxygen, the removal of CO and HC is incomplete. By controlling the
amount of fuel injected according to the amount of air, complete treatment is achieved,
but the conventional three-way catalyst has the weakness of imperfect treatment of NOx
when oxygen is excessively supplied. Cu-ZSM-5, which supports copper ions by ion
exchange, was proposed as a reduction catalyst to solve this problem[72]. This catalyst
was not put to practical use because its activity decreased in the presence of water, but
later catalysts were developed in which various ions were supported on ZSM-5. For
example, the Ir-Pt/MFI catalyst has been put into practical use.

As already mentioned, the pore size of currently known zeolites is limited to less
than 2 nm, which limits the size of substances that can be supported. Metal ions can be
supported by zeolites in terms of size, but functional nanoparticles of several nanometers
in size, which have been studied in recent years, cannot be supported. Applications of

zeolites are being further expanded by increasing the types of supported substances.
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1.2.3 Synthesis method

Zeolites also exist as natural aluminosilicates, but in industrial applications, they
are commonly artificially synthesized by a hydrothermal synthesis (HTS)[67, 73]. For
the hydrothermal synthesis of zeolites, organic structure directing agents (OSDA) are
used to control the microstructure of the zeolite and silica/alumina ratio[74, 75]. OSDA
is also called a template. Processes with various OSDAs have been proposed to
synthesize novel zeolites.

Figure 1.14 shows a typical hydrothermal synthesis (HTS) method of a zeolite[73,
76]. First, amorphous reactants containing silica and alumina with a cation source,
OSDA and water are mixed to prepare a basic (high pH) aqueous precursor. The
precursor is then heated in a sealed autoclave. The T atom sources maintain their
amorphous structure in the precursor just after the heating starts, but the zeolite
crystals are gradually synthesized through the steps of an 'induction period', 'nucleation’
and 'crystal growth'[73, 77]. The synthesis temperature and time period depend on the
type of zeolite and synthesis process. The synthesis is typically carried out at 100-200°C
for several hours to several days, but in recent years, a method of synthesizing in a short
time by applying a high temperature has been reported[78-80]. The synthesized zeolites
are generally obtained as crystalline powders, collected after filtration, washing, and
drying. OSDA-free synthesis methods have also been investigated in which zeolite seeds
are added to the precursor[81-84].

Seed crystals of zeolite are also used in the secondary growth method that is a
general process to synthesize zeolite membranes. In this method, seed crystals are evenly

attached to the surface of the substrate, then grown into a membrane by a
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hydrothermal synthesis. For various zeolites, the attaching and synthesizing process of

the seed crystals have been investigated[85-87].

HZOC’)SNS;\/W Autoclave
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Precursor 100-200°C

-b =
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Crystalline zeolite

Figure 1.14. Hydrothermal synthesis (HT'S) method of zeolite

A solid-phase reaction process called the dry-gel conversion (DGC) is also known as
one of the synthesis methods of zeolites. It has been reported by Xu et al. in 1990 that a
dry aluminosilicate gel could be transformed to an MFI by contact with the vapors of
water in an autoclave[88]. It was a process in which the dried precursor gel is converted
to a zeolite in a steam of water or an organic solvent at high temperature and pressure.
DGC comes in two variations; i.e., vapor-phase transport (VPT) and steam assisted
conversion (SAC)[89, 90]. The two differ in whether OSDA is included in the precursor
gel or in the reaction vapor.

Figure 1.15 shows two DGC methods; i.e., vapor-phase transport (VPT) and steam-
assisted conversion (SAC). It is reported that MFI, FER, and MOR zeolites synthesized
by the VPT method have different compositions from zeolites synthesized by the

conventional HTS method, and the ratio of Na to the Si02/Al203 ratio is low. Moreover,
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in the SAC method, the synthesis reaction, which normally takes several days, was
completed in several hours [90]. In recent years, a method has also been proposed for the
rapid synthesis of zeolites by only heating a solid gel in an autoclave without using a
solvent[91]. The advantages of the DGC method are that it synthesizes zeolites with a
composition that cannot be obtained by the ordinary HTS process, and that it uses less
solvent.

Attempts have also been made to fabricate mesoporous material and zeolite
composites by applying SAC. Research has been conducted to synthesize zeolite-
mesoporous composites by the SAC method using mesoporous silica SBA-15 as the raw
material[92]. It has been reported that the meso-structure regularity is lost and
collapsed as the long-range structure of the zeolites is formed, and the reaction proceeded
faster when the Si/Al ratio was higher.

In the HT'S method, zeolites were rapidly synthesized without OSDA by adding seed
crystals, and in the DGC method, a high Si ratio facilitated conversion to the zeolite.
Furthermore, the green body tends to retain its shape with DGC because it does not come
into direct contact with the solution.

Based on this information, the DGC method was attempted to create a bulk zeolite
in this study by treating the green body made of zeolite crystal powder and colloidal silica
with a high-pressure water vapor. A surface reaction between the colloidal silica and

zeolite has the possibility to produce a strong bulk body.
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(a)Steam assisted conversion (SAC) (b)Vapor-phase transport (VPT)
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Figure 1.15. Dry gel conversion (DGC) method (a) Steam-assisted conversion (SAC),
(b)Vapor-phase transport (VPT)
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1.3 Processing technique for macroporous ceramics
1.3.1 General method

In this section, the major fabrication techniques for a porous ceramic body are
introduced. Figure 1.16 shows representative fabrication processes for macroporous
ceramics. The process of (a) partial sintering, (b) sacrificial fugitives, (c) replica
templates, and (d) direct foaming [3, 13, 14, 93, 94] are described.

Partial sintering (Figure 1.16 (a)) is the simplest method to fabricate porous
ceramics. This is a technique in which the sintering is interrupted after necking between
particles i1s formed due to material diffusion on the surface leaving the spaces between
the particles as pores. The pore size depends on the size of the raw material powder, and
the porosity varies depending on the density of the compact, sintering conditions, and
the addition of sintering additives. This method has an advantage that a porous body
with a uniform structure can be easily obtained. However, it is difficult to produce
ceramics with a porosity of more than 50% by this method.

Sacrificial fugitives (Figure 1.16 (b)) are also a widely used technique. In this method,
a pore-forming agent is dispersed in the ceramic compact and removed by sublimation
or combustion before or during sintering. The size, shape and amount of the pore-forming
agent can be controlled to create a variety of structures.

The pore forming agents are generally classified into synthetic organic matters
(polymer beads[93, 95-100], etc.), natural organic matters (starch[101-111],
cellulose[112], etc.), inorganic matters (carbon[113, 114], fly ash[115, 116], glass

particles[117], etc.), liquid (water[118-120], and emulsions[121], etc.).
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Figure 1.16. Representative fabrication processes for macroporous ceramics

Polymethyl methacrylate (PMMA) is one of the frequently used synthetic organic

pore forming agents. Polymer beads create spherical pores that reflect the size and shape
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of the pore forming agent[97]. The structure can be controlled by the amount of added
beads, but the pores in the compact will be isolated if the pore forming agent particles
do not contact with each other. Attempts were made to connect the polymer beads and
create open pores by chemical treatment with acetone prior to adding the pore former to
the slurry[99]. Particles of starch have also been used as a pore forming agent. A process
called starch consolidation has been proposed in which starch is added to the slurry
followed by heating[101, 102, 107-110]. This method is explained as a process in which
the starch absorbs water, which causes the ceramic particles to encounter each other and
harden the compact, showing spherical pores in the form of starch particles.

Figure 1.17 shows the microstructure of porous ceramics using PMMA and corn
starch as the pore-forming agents, and the structure of the porous alumina by the starch

consolidation technique[93, 110, 111].

Figure 1.17. Microstructure of porous material fabricated by sacrificial template (a) a

microcellular SiOC foam obtained by the burn-out of polymeric microbeads with 25-pm
diameter (modified from [93]), (b) a porous SiC ceramics fabricated by adding 46wt%
cornstarch with a diameter of 15-25um (modified from [111]), (c) a porous alumina
sintered at 1700°C after starch consolidation with 8wt% corn starch (no description of

starch particle size, modified from [110])
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The freeze-dry casting method reported by Fukushima et al. and Fukasawa et al. is
considered as a kind of sacrificial fugitives[118-120]. The water-based suspension was
frozen in one direction, and the ice is sublimed under reduced pressure before sintering.
Porous bodies with honeycomb-like shapes and communicating pores in the freezing
direction were obtained using this method. This is a method in which the structure
changes depending on the freezing direction. Figure 1.18 shows the structure of the

porous SiC obtained by the freeze-dry casting [120].
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perpendicular b,d) to the direction of freezing

Figure 1.18. Structure of the porous SiC obtained by the freeze-dry casting
(modified from [120])
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Replica templates (Figure 1.16 (c)) create very uniquely-shaped pores to reflect the
shape of various replicas such as polyurethane foam, woods, and coral [122-125]. In this
method, the porous structure template is impregnated with a ceramic slurry or precursor
solution, then the template is removed by heat treatment after drying, and the remaining
ceramic green is densified by sintering. Figure 1.19 and Figure 1.20 show examples of

the pore structure of a porous body obtained by using the replica templates.

Figure 1.19. Cellular structures obtained by ceramic replication with

polyurethane foam, alumina and colloidal silica (modified from[122])
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Figure 1.20. Scanning electron microscopy images of porous ceramics fabricated by
replica template: pyrolyzed biocarbon template from rattan (Cs-template), the AlsCs
sample after aluminum-vapor infiltration at 1600 C for 1 h, and the biomorphic Al2O3
ceramic after sintering at 1600 C for 3 h in air. Left column: axial cut (perpendicular to
the cell elongation); Right column: longitudinal cut (parallel to the cell elongation)
(modified from [124])

Although there are few research examples, replica templates have also been applied
to fabricate zeolite bulks. Zeolite is a material that is difficult to solidify by sintering, but
it 1s possible to take on the challenge of depositing crystals on the surface of a template
at a high density and removing the template to create a bulk. The fabrication of ZSM-5
zeolite monoliths by the replica template using polyurethane foam has been reported
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[126]. It was a monolith foam having macropores with the size of 100-300 pm, and a self-
standing structure is fabricated. Figure 1.21 shows the structure of the zeolite monolith
prepared using a template of polyurethane foam.

Hierarchically-porous zeolites using diatom skeletons as templates have also been
proposed[127]. An attempt was made to synthesize the MFI zeolite on the surface of a
diatom skeleton with the size of 10 x 20 um, and a unique structure was obtained. Figure
1.22 shows the morphology of the diatoms before and after growth of the MFI zeolite

crystals.

Polyurethane Zeolite
Sponge foam

Figure 1.21. Morphology of ZSM-5 monolith foam, (a) photograph of polyurethane
foam, (b) ZSM-5 monolith foam, (c) SEM images of ZSM-5 foam and
(d) magnified portion of ZSM-5 foam (modified from [126])
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Figure 1.22. Morphology of the diatoms before and after growth of the MFI zeolite
crystal, (a-c) The parent diatom with overall dimension of about 1020pm,

(d- f) The diatoms after a 3-h hydrothermal growth (modified from [127])

Some attempts are being made to make zeolite bulks, even though the structure is
different from the bulk body in this study. Direct foaming (Figure 1.16 (d)) is a method
in which gas bubbles are introduced into a suspension or precursor, stabilized, dried, and
sintered to obtain a porous body. Liquid foams are thermodynamically unstable
systems due to their high gas—liquid interfacial area. Surfactants are used to stabilize
fine bubbles in suspensions, and various formulations have been proposed [14]. In
addition, it is desirable that the bubbles are difficult to move, as they rise in a suspension
according to the Stokes equation. The forming method is suitable for producing porous

bodies with a high porosity of about 45-97%[128]. As an example of the structure of
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ceramics made by direct foaming, ZrC ceramics made by the carbothermal reduction of
ZrO2 and C are shown in Figure 1.23[129]. Water, methanol, n-pentane (blowing agent)
and ammonia (curing agent) were used for the foaming. Regarding the shape of the air
bubbles, spherical pores are formed by this method. Due to the high porosity and
degassing during sintering, spaces are opened between the pores to create an
interconnected structure. When the porosity is particularly high, a reticulate structure
is formed by leaving the structure of the pore interface[129-131]. It is suitable for
fabricating a continuous pore structure, but fabrication of a strong structure with low

porosity is difficult.

Figure 1.23. ZrC ceramics made by the carbothermal reduction of ZrO2 and C by the
forming system of water, methanol, n-pentane (blowing agent) and ammonia (curing

agent) (modified from [129])
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Various fabrication methods and structures of the macroporous materials were
introduced. While each result is an impressive achievement, challenges in the process
for producing a porous body still remain. In partial sintering, the pore volume and pore
size depend on the grain size of the raw material, thus the structure cannot be freely
designed. In sacrificial fugitives and direct foaming, there is a strong relationship
between the number of pores and connectivity, so there tends to be a trade-off
relationship between the strength and connectivity. With replica templates, very
interesting structures were obtained, however, in order to evenly introduce the material
into the template, a structure of large macropores tends to be created. In this study, a
process to create a structure with finely interconnected macropores even in materials

with a moderate porosity and strength was proposed.
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1.3.2 Starch as a pore-forming agent

As mentioned in Section 1.3.1, starch has been used as a pore-forming agent in the
sacrificial fugitive in previous studies. However, in these studies, starch is reported as a
kind of particulate pore former that forms spherical pores.

On the other hand, starch is generally known to form network structures[132, 133].
Our research group is investigating the use of the network structure of starch as a pore-
forming agent for making connected porous structures[134].

Starch is a polysaccharide that is produced by photosynthesis in plants. Starch is
composed of amylose, which has a linear structure, and amylopectin, which has a
complex branched structure, and is produced by various plants such as corn, wheat, rice,
potato, and cassava. Raw starch powder is not soluble in water at room temperature and
forms an opaque suspension. However, starch forms a gel with an a-starch network when
heated with water and the gel turns into solidified B-starch after cooling. These
properties of starch networking upon heating and cooling are called gelatinization and
retrogradation, respectively. This phenomenon is thought to be a kind of phase transition
that occurs when amylose and amylopectin, which are macromolecular components
constituting starch, absorb and separate water. Figure 1.24 shows the morphological
changes in rice starch due to gelatinization and retrogradation. This change occurs by
the mechanism shown in the schematic illustration of Figure 1.25. When water is added
to starch and heated, gelatinization occurs, and the starch granules absorb water and
swell. Amylose dissolves in hot water. Amylopectin does not dissolve in hot water, but it
absorbs water and swells. Upon subsequent cooling, the starch hardens as the amylose

molecules rearrange and the amylopectin molecules recrystallize.
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In this study, the fabrication of interconnected macropore ceramics using starch

networked by gelatinization and retrogradation as a pore-forming agent was attempted.

Raw powder:B-starch  a-starch network B-starch network

H,O + Heating Cooling

Figure 1.24. Morphological changes of rice starch due to gelatinization and
retrogradation [134]
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Figure 1.25. Phenomena of starch gelatinization and retrogradation [134]
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1.4 Characterization method for pore structure
1.4.1 General characterization method

The following section describes the general methods for the characterization of pore
materials. Gas adsorption/desorption measurements, mercury porosimetry, structure
observations with an electron microscope (Scanning electron microscope: SEM,
Transmission Electron Microscope: TEM), observations with an optical microscope and
X-ray computed tomography are known. These methods are used according to the size of
the pores that need to be characterized. Whether a quantitative evaluation or qualitative
characterization is required is an important factor. Figure 1.26 shows the pore size range

applicable to each characterization method[135].

2rrm 50?m
| I l

Gas adsorption/desorption

| | |

mercury porosimetry

| |
pE
Im| |

01 1 10 100\1 10 100 1000
nm m

2.
.
go

9.

Figure 1.26. Characterization method for pore structure

The gas adsorption measurement can quantify micropores up to about 500 nm in
diameter, but it is said that pore diameters up to about 100 nm can be measured with a

high accuracy[136]. Mercury porosimetry is often used for the quantitative evaluation of
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pores with diameters larger than of 100 nm. However, in recent years, the use of mercury
tends to be restricted due to its designation as a hazardous substance in the RoHS
Directive, and alternative methods are desired.

SEM, TEM, and optical microscopy are often used for the characterization of the
pore morphology. The observations of a pore structure by a microscope is a convenient
method, but characterization is sometimes difficult because the observed structure is
limited to two dimensions. In addition, it is difficult to quantitatively evaluate the size
and amount of the pores. It should be noted that the machining method of the observed
sample may change the apparent pore structure. When observing the fracture surface,
the sample breaks from the fragile point with large pores. There is also a method of fixing
the structure with resin and polishing the cross section for observation, but since porous
materials are generally fragile, particles tend to fall off during the polishing, making
sample processing difficult in many cases. There is a three-dimensional observation
method using SEM that combines a focused ion beam (FIB) device[137]. The maximum
field of view of this observation method is about 100 um square, and the sample is
destroyed during observation. Although it is a difficult technique for observing fragile
porous materials, the method can be selected when a detailed three-dimensional
observation is desired with a field of view of 100 pm or less.

Another three-dimensional observation method is X-ray Computed Tomography.
With general industrial micro—X-ray Computed Tomography equipment, it is difficult to
1image structures of several microns in terms of resolution. X-ray microtomography at a
synchrotron radiation facility can be cited as a method that enables three-dimensional

observations with a higher resolution, but the ease of use is a problem.
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1.4.2 Gas adsorption/desorption measurement

Physical adsorption (physisorption) measurements are used for the determination
of the surface area and pore size distribution[138]. At cryogenic temperatures, weak
molecular attraction forces will cause the gas molecules to reversibly adsorb on the
surface of the solid material. Gas i1s added to the sample in controlled doses, and the
pressure in the sample container is measured after each dosing. A direct relationship
exists between the pressure and the volume of gas in the sample container if the
temperature is constant. The volume of gas adsorbed by the sample can be determined
by measurement of the reduced pressure due to the adsorption. This relationship is
known as an adsorption isotherm [139]. Physisorption isotherms were grouped into six
types by the IUPAC[1]. Furthermore, Type I and Type IV have the sub-categories (a)
and (b), respectively. The classification of physisorption isotherms is shown in Figure
1.27. Differences in the isotherm shapes are explained by phenomena during the
adsorption process such as micropore filling, monolayer-adsorption, multilayer-

adsorption, and capillary condensation.

A description of the classifications taken from the IUPAC report is as follows:

Reversible Type I isotherms are given by microporous solids having relatively small
external surfaces. This limiting uptake of the amount of adsorptive is governed by the
accessible micropore volume. A steep uptake at very low p/po is due to enhanced
adsorbent-adsorptive interactions in narrow micropores, resulting in micropore filling.
TBype I(a) isotherms are given by microporous materials having mainly narrow micropores

(of width <~ 1 nm); Type I(b) isotherms are found with materials having pore size
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distributions over a broader range including wider micropores and possibly narrow
mesopores (< ~ 2.5 nm).

Reversible Type Il isotherms are given by the physisorption of most gases on

nonporous or macroporous adsorbents. The shape is the result of unrestricted monolayer-
multilayer adsorption up to high p/po.
In the case of a Type IIl isotherm, there is no Point B and therefore no identifiable
monolayer formation; the adsorbent-adsorbate interactions are now relatively weak and
the adsorbed molecules are clustered around the most favorable sites on the surface of a
nonporous or macroporous solid.

TBype 1V isotherms are given by mesoporous adsorbents (e.g., many oxide gels,
industrial adsorbents, and mesoporous molecular sieves). The adsorption behaviour in
mesopores is determined by the adsorbent-adsorptive interactions and by the interactions
between the molecules in the condensed state. In this case, the initial monolayer-
multilayer adsorption on the mesopore walls, which takes the same path as the
corresponding part of a Type Il isotherm, is followed by pore condensation. Pore
condensation is the phenomenon whereby a gas condenses to a liquid-like phase in a pore
at a pressure p less than the saturation pressure po of the bulk liquid.

In the case of a Type IVa isotherm, capillary condensation is accompanied by
hysteresis. This occurs when the pore width exceeds a certain critical width, which is
dependent on the adsorption system and temperature (e.g., for nitrogen and argon
adsorption in cylindrical pores at 77 K and 87 K, respectively, hysteresis starts to occur
for pores wider than ~ 4 nm). With adsorbents having mesopores of smaller width,
completely reversible Type IVb isotherms are observed. In principle, Type IVb isotherms

are also given by conical and cylindrical mesopores that are closed at the tapered end.
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In the low p/po range, the Type V isotherm shape is very similar to that of Type Il and
this can be attributed to relatively weak dsorbent—adsorbate interactions. At higher p/po,
molecular clustering is followed by pore filling. For instance, Type V isotherms are
observed for water adsorption on hydrophobic microporous and mesoporous adsorbents.

The reversible stepwise Type VI isotherm is representative of layer-by-layer
adsorption on a highly uniform nonporous surface. The step-height now represents the
capacity for each adsorbed layer, while the sharpness of the step is dependent on the
system and the temperature. Amongst the best examples of Type VI isotherms are those

obtained with argon or krypton at low temperature on graphitised carbon blacks.
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Figure 1.27. Classification of physisorption isotherms [1]

The surface area of the material can be calculated from knowledge of the size and
number of the adsorbed gas molecules. The theory of gas adsorption in multimolecular
layers, as a means of determining the surface area of materials, was first described by
Brunauer et al. in 1938[140]. The Brunauer-Emmett-Teller (BET) gas adsorption method
has become the most widely used standard procedure for the determination of the surface

areas of porous materials. The BET equation is used to determine the volume of a gas
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needed to form a monolayer on the surface of a sample. The BET equation is defined as

follows:

1 c—1(p 1

v[(@o/P) =1 Vmc \Po) Vmc

where v is the specific amount of the adsorbed gas at the relative pressure p/po, vm 1s the
monolayer capacity of the adsorbed gas, p is the pressure, po is the saturation pressure
of a substance being adsorbed at the adsorption temperature, and C is the BET constant.

The Langmuir theory assumes that gas molecules form a monolayer adsorption
which is an ideal situation. For a multilayer adsorption, assuming all layers are in
equilibrium and do not interact with each other, the BET equation approximates the
Langmuir equation. The surface area is determined from the slope and intercept of the
BET plot. The BET equation is used in the range of p/po=0.05-0.35 due to the assumption
of the BET formula that the gas adsorption layer is infinite does not hold in the high-
pressure region.

The hysteresis loop observed in mesoporous materials is explained by capillary

condensation[141]. The following Kelvin equation applies:

2y
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0
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where rx is the radius, y is the surface tension, Vm is the molar volume, p/pois the relative

pressure, R is the gas constant, T is the absolute temperature, p is the vapor pressure
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and po 1s the saturated vapor pressure on a flat surface. The BJH-plot method uses
Wheeler's cylindrical pore model to convert the relative pressure into the pore diameter
and obtain the mesopore size distribution from the desorption isotherm[142-144]. BJH
plots are not applicable to micropores as the capillary condensation theory is not
applicable to pores smaller than 2 nm.

A schematic representation of the relationship between the isotherms and the

progress of gas adsorption/desorption is shown in Figure 1.28.
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Figure 1.28. Relationship between the isotherms and the progress of

gas adsorption/desorption
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1.4.3 Mercury porosimetry

Mercury porosimetry[145, 146] is a common method employed for the
characterization of relatively large pores, in particular macropores. Ordinary liquids
that contact with capillaries on a solid surface enter the pores by capillary action, while
mercury is forced out of the capillaries due to the large surface tension that exhibits a
contact angle of over 90° with most solids. The mercury porosimetry utilizes this
phenomenon.

The method is applied to a cylindrical pore model and the following equation holds:

AP = —2vy cos(0)/R

where AP is the pressure across the interface, y is the fluid surface tension, 0 is the

contact angle of the fluid and R is the equivalent radius of the cylindrical pores.

Mercury porosimetry generally characterize the pore size distribution from the
intrusion curve at pressurization, but there are also cases where the extrusion curve is
measured. It has been reported that the indentation curve and the extrusion curve do
not overlap when the pore shape is not cylindrical, but like an ’ink-bottle’ shape; the
entrance is narrow and the diameter increases toward the inside. Attention should be

paid to the difference between the theoretical assumptions and actual pore shapes.
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1.4.4 Three-dimensional observation method by liquid immersion technique

The structure produced by the starch pore-forming agent has a size order of several
microns, as shown in Figure 1.24, Section 1.3.2. In order to effectively characterize the
pore structure with a size order of several microns made by the starch pore forming agent
introduced in the previous chapter, a unique characterization technique by confocal laser
fluorescence microscopy using a liquid immersion method was applied. The technique is
a three-dimensional observation method of a ceramics internal structure in high
resolution based on observation methods developed to characterize defects in ceramic
green bodies and granules[147-149]. The liquid immersion method is also an internal
structure observation technique that can be applied to a system in which the material is
transparent to the observation light and has a little optical anisotropy. A ceramic
compact or a bulk body becomes transparent when an immersion liquid having the close
refractive index to the raw material of the sample is permeated into the open pores, thus
reducing light scattering on the surface of the raw material. Observation inside the
samples becomes available using a fluorescent microscope by dissolving a small amount
of fluorescent agent in the immersion liquid. In this study, this technique was used to
characterize the structure of the porous ceramics. Figure 1.29 shows a schematic
illustration of the observation method of the pore structure by a confocal laser fluorescent
microscope using the liquid immersion method.

This is the first time that the observation technique has been used to characterize
the three-dimensional pore structure of porous ceramics. It is also the first time to apply
the liquid immersion method to the material systems of zeolite and hydroxyapatite. One
of the purposes of this research is to verify whether the observation method can be used

to characterize the structure of pores compared to the general characterization method.
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Figure 1.29. Observation of pore structure by a confocal laser fluorescent microscope

using the liquid immersion method
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1.5 Objective of the thesis
The objective of this thesis is as follows:

* Designing and fabrication of hierarchical porous zeolite bulk bodies with micropores,
macropores and mesopores, and clarification of their structures and properties. The
zeolite bulk has advantages such as excellent surface function due to the micropores,
support/adsorption function due to the mesopores, and high-speed mass transfer due to
the macropores.

+ Clarification of the applicability of a material that combines the microstructure and
macroporous structure of HAp.

+ Clarification that the networked starch can be used as a pore-forming agent to control
the macropore structure of ceramics.

+ Establishment of a three-dimensional observation method for characterizing the pore

structure is verified in comparison to the general characterization methods.
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Chapter 2 | Fabrication of zeolite bulk body and

characterization of pore structure

2.1 Introduction

Zeolites are microporous crystalline aluminosilicates known as molecular sieves
that have been widely used in industry as adsorbents, catalysts, and ion exchangers. The
hydrothermal method is commonly used for the synthesis of zeolites, which are generally
obtained as powders consisting of nano- to micron-sized crystals [30, 67, 73]. The
molecular sieving ability of zeolites depends on their crystalline structure containing
pores and cavities of molecular dimensions. Efforts have long been made to increase the
pore size of the zeolite crystal units due to the potential capacity of chemical processes
that require larger pore spaces as reaction fields. Consequently, the synthesis of extra-
large pore zeolites has been attempted [37-39, 71, 150, 151], leading to the synthesis of
ITQ-37 having a 30-membered ring. However, the diameter of the largest-free-sphere of
zeolite units listed in the IZA database [36] is still less than 10 A. For now, the reactants
or supported materials on the zeolites are limited in terms of cavity size. Mesoporous
materials, such as MCM-41, are also known as zeolite-like materials with nanoscale pore
size structures [30, 40, 152, 153]. However, due to their low crystallinity, their ability to
act as acid catalysts is lower than that of the zeolites.

Zeolite bulks containing mesopores and macropores have a significant potential to
improve the capabilities of larger molecular reactors. S. Zou et al. reported the synthesis
of a hierarchically porous zeolite using a polyurethane foam template [154], and M.
Anderson et al. proposed a biomineralization method using diatoms [127]. However, they

did not mention the mechanical strength of the resulting products. The handling
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availability with a sufficient mechanical strength is an important factor for practical use
as a bulk body. E. Igi et al synthesized a porous zeolite bulk body by a one-pot
hydrothermal method and reported that it had a sufficient mechanical strength for
machining[155, 156]. A new processing method is now proposed for producing a porous
zeolite bulk body that contains micropores, mesopores, and macropores and has a
sufficiently high mechanical strength for handling. Hybrid materials consisting of
zeolites and functional particles are expected to be used as novel catalysts or purification
filters. Mesopores will be effective in supporting the functional nanoparticles.
Continuous macropores will be essential for the smooth flow of a gas or liquid that needs
to be treated.

Starch has been used as a pore-forming agent, and a hierarchical porous structure
was introduced into the zeolite bulks. Starch forms a gel with an a-starch network when
heated with water. The a-starch gel turns into solidified B-starch after a cooling process
while keeping the network structure[132, 133]. This starch property is appropriate for a
pore-forming agent to make a networked porous structure [134]. The morphological
changes of the pore structure in the zeolite bulk body involved with the gelation
treatment of the pore-forming agent were investigated. In order to reveal the
hierarchically pore structure, it is necessary to investigate the existence of micropores
with a diameter of less than 2 nm, mesopores with a diameter of 2-50 nm, and
macropores with a diameter of more than 50 nm. Micropores and mesopores can be
generally characterized from N2 gas adsorption/desorption isotherms [1, 138, 139]. For
macropores, the direct observation of the pore structure using a confocal laser fluorescent
microscope (CLFM) employing the liquid immersion method was attempted. It is a high-

resolution three-dimensional observation method which was developed to characterize
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the defects in a ceramic green-body and granules[148, 149]. The liquid immersion
method i1s also an internal structure observation technique that can be applied to a
system in which the material is transparent to the observation light and has a little
optical anisotropy. Observation inside the samples becomes available using a fluorescent

microscope by dissolving a small amount of fluorescent agent in the immersion liquid.

51



2.2 Experimental Procedure

Commercially-available ZSM-5 zeolite powder (HSZ-840HOA, Tosoh Corp., Japan)
was used as the starting material. Aqueous colloidal silica (Snowtex ST-S, Nissan
Chemical Corp., Japan) with the average particle size of 9 nm, containing 30 wt% SiOs,
was used as a binder. The ZSM-5 powder was added to the aqueous colloidal silica so
that the weight ratio of zeolite to silica was 2:1. The slurry was ball-milled at 30 rpm for
24 hours using a zirconia ball medium (2- 10 mm diameter). Rice starch powder (Sigma-
Aldrich Co. LLC) with the particle size range of 2.0- 8.0 um was added to the slurry as a
pore-forming agent in the amount of 20 wt% or 0 wt% vs. the solid contents in the slurry.
The starch was mixed and dispersed in the slurry using a planetary centrifugal mixer
(ARE-310, THINKY Corp., Japan) at 2000 rpm for 5 minutes. The slurry was cast into
acrylic molds with a 16-mm diameter and steamed in water vapor at 80 “C for 10
minutes to gelatinize the starch or just dried with no heating. The green bodies were
treated in an autoclave for 24 hours in steam at 180 °C without direct contact with water
as shown in Figure 2.1 to bind the zeolite particles by a surface reaction between the
colloidal silica and the zeolite. The consolidated bodies were then thermally treated in
air at 450 ‘C for 24 hours to remove the starch. Finally, three porous zeolite bulk bodies
formed by different processes were obtained. In other words, the following three types of
samples were prepared as (1) starch-free (sample without starch), (2) starch-added
(sample with starch and no heat-treatment), and (3) starch-gelated (sample with starch
and heat-treatment at 80 °C). The schematic illustrations of the expected internal

structures of each sample are shown in Figure 2.2.
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Figure 2.2. Schematic illustrations of the expected internal structure of each sample
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The crystal structures of the raw zeolite powder and the bulk samples were
identified by an X-ray powder diffraction measurement (Miniflex600, Rigaku) with CuKa
radiation. The pore size distribution in the mesoporous region was characterized by a
nitrogen-gas adsorption/desorption measurement using a surface area and pore
distribution size analyzer (BELSORP-1I, MicrotracBEL). The Barrett-Joyner-Halenda
(BJH) method was applied to the desorption isotherm to calculate the pore size
distribution. The BJH method is based on the Kelvin equation, which assumes a system
of open-ended, cylindrical mesopores. The capillary radius can be calculated when
capillary condensation occurs from the Kelvin equation [144]. The specific surface area
was calculated from the as-plot since the Brunauer-Emmet-Teller (BET) theory is not
applicable to microporous materials [1]. The fracture surface of the bulk bodies was
observed by scanning electron microscopy (JSM-6500F, JEOL). The internal structure of
the bulk bodies was observed by a confocal scanning laser fluorescence microscope (TCS-
SP5, Leica Microsystem) using the liquid immersion method. The sample became
transparent to visible light when the immersion liquid, which has the refractive index n
close to that of the base material, permeated into the samples due to reducing the
reflection of light at the interface of the powder particles and the surrounding medium.
The refractive index of the synthesized ZSM-5 is 1.48[157], therefore, 1-methyl-2-
francalboxyrate (n =1.48-1.49) [158]was selected as the immersion liquid. The
fluorescent agent, Rhodamine B, was dissolved in the immersion liquid before liquid
permeation to distinguish between the open pores and zeolite bulk. The samples were
fractured, then ground with an abrasive paper to a thickness of 200-500 um before the
liquid immersion. The internal microstructures of the samples were observed by confocal

scanning laser fluorescence microscopy. Cross-sectional images of the sample were
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acquired continuously at arbitrary intervals of 0.08 to 0.26 ym from the surface to
approximately a 100-pm depth. The sliced images were binarized into the pore and base
material phases, then these images were stacked to create a three-dimensional image
using image processing software (AVIZO, Thermo Fisher Scientific, Inc.). The density of
the bulk bodies was measured by Archimedes’ method using kerosene as the solvent.
The pore distributions of the three bulk bodies were evaluated by mercury
porosimetry, (AutoPore IV 9520, Micromeritics Instrument Corp.) measuring the

intrusion and extrusion curves.
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2.3 Results and Discussion

Hard, crack-free bulk samples were successfully fabricated. A zeolite bulk body with
gelated starch is shown in Figure 2.3. The other samples are also white lumps,
suggesting that the starch has been completely removed. X-ray diffraction patterns of
the raw ZSM-5 powder and the bulks are shown in Figure 2.4. All the peaks of the bulk
samples were identified as peaks of the ZSM-5 phase. The results indicated that the bulk
body maintained the crystal structure of the ZSM-5 zeolite through all the processes.
The colloidal silica phase did not appear in the XRD probably because it remained as an

amorphous phase.

Figure 2.3. A zeolite bulk body (starch-gelated sample)
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Figure 2.4. X-ray diffraction patterns of raw ZSM-5 powder and the bulk samples
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The N2 adsorption/desorption isotherms measured at 77 K are shown in Figure 2.5.
According to the IUPAC classification, the isotherm of the raw ZSM-5 powder is
classified as type I (a), indicating that it was a typical microporous material. On the
other hand, the isotherms of the bulk bodies showed hysteresis loops which were
provided by mesoporous adsorbents classified as Type IV(a). However, the isotherms of
the bulk samples also indicated a steep uptake at a very low relative pressure, the same
as the raw material due to the micropore filling. In addition, the successive uptake of
the bulk’s isotherms in the high relative pressure region revealed the presence of
macropores. This suggested that the bulk samples contained pores of various sizes not
found in the raw zeolite powder, such as mesopores and macropores. There was no
significant difference in the shape of the adsorption isotherm between the starch-free
sample and the starch-added sample. The starch-gelated sample clearly increased the
amount of adsorption at the same relative pressure. For example, the amount of
adsorption at a relative pressure of around 1.0 was approximately 200 cm3(STP)/g for
the starch-free sample and the starch-added sample, while it was approximately 240

cm3(STP)/g for the starch-gelated sample.
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Figure 2.5. N2 adsorption/desorption isotherms measured at 77K
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The pore size distributions obtained from the BJH plots are shown in Figure 2.6.
Since the capillary condensation theory cannot be applied to pores below 2 nm, the BJH
plot cannot provide micropore comparisons. However, it is effective for discussion about
the mesopore region. All the bulk samples had a peak distribution at 7-9 nm,
corresponding to mesopores, regardless of the addition of starch. It was also found that
starch-gelated sample contained the largest volume of mesopores. The amount of
mesopores did not significantly change between the starch-free and starch-added
samples. The results mean that mesopores would be formed between the zeolite particles
in the bulk, and that they were increased by the starch network structure. The zeolite
bulks with mesopores would be suitable for supporting functional nanoparticles. The
specific surface area of the samples calculated by the as -plots[143] was as follows: starch-
free: 378 m2g’l; starch-added: 375 m2gl; starch-gelated: 387 m2gl; ZSM-5 raw powder:
573 m2gl. The three bulk samples have very similar specific surface areas to each other,
and they were lower than that of the ZSM-5 raw powder. For the bulk sample, the contact
between the particles leads to a lower surface area. The presence of the pore-forming
agent did not contribute to the specific surface area because the amount of micropores

was the dominant factor for the specific surface area of the bulk samples.
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The macroporous structures were characterized by observation using a scanning
electron microscope (SEM) and a confocal laser fluorescence microscope (CLFM). SEM
1images of the fracture surface at two different magnifications and CLFM images of the
corresponding samples are shown in Figure 2.7. The CLFM images were taken at a depth
of 20 mm from the sample surface. Black spots on the CLFM images correspond to pores.
The structural images obtained by the two observation methods are similar
demonstrating the validity of this internal observation method. Cross-sectional images
by CLFM revealed that the structure of the pores clearly changes with the addition of
starch and its gelation process. No large pores were observed in the starch-free sample.
On the other hand, large pores with a size of more than 5 pm were observed in the starch-
added and starch-gelated samples, and the two pore structures are different depending
on the presence or absence of the heating process. Based on the higher magnified SEM

1images, the existence of pores that have a size of less than 1 pm was confirmed.
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Figure 2.7. SEM images of the fracture surface at two different magnifications and

CLFM images of the corresponding samples

The three-dimensional images of the macropores created from the CLFM images at

the voxel of 0.08 um and 0.25 pm are shown in Figure 2.8. Pores are shown in white in

the images. The photos of 450 leaves and 280 leaves were used to create the three-

dimensional images at each magnification. The acquisition time of the raw photos for

one dataset was about 5-15 minutes.

The (1) starch-free sample did not contain micron-sized pores within the observed

volume (Figure 2.8 (a), (d)). On the other hand, large-pore structures were observed in

the samples with a pore-forming agent (Figure 2.8 (e), (f). It was confirmed that the (2)

starch-added sample had many spherical pores, and (3) the starch-gelated sample had
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interconnected pores (Figure 2.8 (b), (c)). Conventional micro-X-ray CT is generally

known as a three-dimensional observation method, but it is difficult to observe a pore

structure of several microns in terms of resolution, except when using large synchrotron

radiation facilities [159-161]. It was demonstrated that the CLFM method is excellent

for facilitating the 3D high resolution observations. Results of the density measurement

by Archimedes’ method is shown in Table 2.1. As already mentioned, the (2) starch-added

sample and the (3) starch-gelated sample had different macropore structures, but the

porosity measured by Archimedes’ method was similar because the same amount of pore-

forming agent was added.

Sample (1)starch—free

(2)starch—added

(3)starch—gelated

Voxel:
0.08um

Field of view:
41x41x36pm

Voxel:
0.25um

Field of view:
128x128x70um

Figure 2.8. The three-dimensional images of macropores created from CLFM images
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Table 2.1. Results of density measurement by Archimedes’ method

Sample (1)starch—free (2)starch—added | (3)starch—gelated
Apparent density(g/cm?3) 2.07 2.06 2.08
Bulk density(g/cm?3) 1.36 1.12 1.13
Porosity(%) 34.2 45.6 45.5

The intrusion and extrusion curves of three zeolite bulk bodies measured by mercury
porosimetry are shown in Figure 2.9. The intrusion curve and extrusion curve do not
overlap, and the curves indicated a hysteresis shape. As shown in Figure 2.8, the pore
shape of the zeolite bulk bodies was complicated and different from the ideal cylindrical
shape, resulting in a hysteresis loop.

The pore size distribution of each sample estimated from the intrusion and extrusion
curves are shown in Figure 2.10 and Figure 2.11, respectively. The difference in the
presence of peaks and shift in the peak position in the two figures are due to the
complexity of the pore shape. In Figure 2.10, which is generally regarded as the pore size
distribution, all the graphs show a peak at pore sizes below 0.01 um, consistent with the
size of the mesopores confirmed by the gas adsorption measurements. Although the peak
positions shift, the peaks around 0.01 um were also confirmed in Figure 2.11. On the
other hand, the large peaks observed around 0.1 pm in Figure 2.10 disappeared in Figure
2.11. The data suggests that the porous bodies had pores with a surface opening size of
around 0.1 um, and the volumes of the internal pores that were accessed through the
surface pores were very large. The peak position indicates the entrance size of pore on
the surface, that the (3) starch-gelated samples were the largest, and the (1) starch-free
samples were the smallest. Pores of several microns, which were confirmed by the CLFM

observation, could not be confirmed in Figure 2.10. However, in the enlarged view of
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Figure 2.10, peaks that seem to be macropores due to the starch pore-forming agent were
confirmed at the position of 4 to 5 pm (Figure 2.12). Since mercury porosimetry measures
the size distribution of surface pore entrances, ‘ink-bottle’ shaped macropores in the bulk
are counted as smaller pores. For samples with a hierarchical pore structure, it is

difficult to accurately determine the distribution of macropores in the bulk by this

method.
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Figure 2.9. Intrusion and extrusion curve measured by mercury porosimetry
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2.4 Conclusions

Porous zeolite bulks were fabricated using starch as a pore-forming agent. An X-ray
diffraction pattern indicated that the crystal structure of the starting ZSM-5 zeolite
material was maintained in the bulk samples through all the processes, implying that
the micropores in the zeolite crystal unit were maintained in the bulk bodies. The
presence of micropores, mesopores, and macropores in the bulks was suggested by the
adsorption / desorption isotherms of N2 gas. The pore size distribution of the bulk
samples had a peak at 7-9 nm, corresponding to mesopores which would be suitable for
supporting functional nanoparticles. Changes in the macropore structure due to the
starch heating process were confirmed from the cross-sectional images inside the
samples observed by confocal laser fluorescence microscopy using the liquid immersion
method. The three-dimensional images of the macropores created from the cross-
sectional images had a higher resolution than from the industrial micro-X-ray computed
tomography. This observation method can be applied to other porous materials by

properly selecting the refractive index of the immersion liquid.
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Chapter 3| Properties of zeolite bulk body

3.1 Introduction

In Chapter 3, the functional and mechanical properties of the zeolite bulk body
described in chapter 2 were investigated. The compressive strength, water vapor
adsorption properties, and gas permeability of the zeolite bulks were measured. These
properties are important for applications in the separation and purification of gases and
liquids and for environmental purification, and examined the relationship with the
microstructure of the bulk body.

Today's homes in Japan are more airtight to save energy, but the air in the room
tends to be very moist or very dry. In addition, the release and accumulation of
formaldehyde and other harmful volatile organic compounds (VOCs) from man-made
materials has created a new health-related problem known as the "sick building
syndrome"[162-164]. To solve these problems, mesoporous materials with a humidity
control capability have been developed. For example, Japanese Patent Application Laid-
Open No. 2004-242848[165] mentioned a material obtained by a mixing and sintering
method, consists of a main deodorizing component containing at least one of the metal
hydroxides or metal oxides and a humidity control component made of inorganic
materials. Through the joint research between the AIST group, which holds the patent,
and the LIXIL Corporation (formerly the INAX Corporation), functional humidity control
tiles have been developed and commercially sold [166, 167]. The tile is made from clay
minerals, such as allophane, a hydrated aluminum silicate with a low crystallinity
obtained from volcanic ash soil[168], contains mesopores of 1-10 nm, and indicates a

higher humidity control performance than diatomite.
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Zeolite 1s also mentioned as one of the humidity control materials, but it is not used
as a raw material for the examples described in the patent. Zeolite is a crystalline
aluminosilicate with micropores derived from the crystal structure having a high specific
surface area, and is known to have excellent adsorption performance for water and
volatile organic compounds. Therefore, the zeolite exhibits a deodorizing performance
even as a single substance. However, it is difficult to obtain a solidified zeolite body with
a sufficient strength for use as a structural material while maintaining the original
crystal structure that can exhibit an adsorption performance, because the zeolite is
difficult to sinter as a main component. Furthermore, zeolite in the powder form exhibits
an adsorption performance, but doesn't exhibit a humidity control performance that
releases water vapor when the relative pressure of the water vapor decreases[169].

The zeolite bulk body, which has a strength while maintaining the original
adsorption function of the zeolite, may be applied as a structural material with a
humidity control function. The compressive strength, water vapor adsorption isotherm,
and gas permeability of the zeolite bulk body were measured and compared with the
structure. The water vapor adsorption performance was also compared with previously

reported literature materials.
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3.2 Experimental Procedure

The properties of the three types of zeolite bulk bodies described in Chapter 2: (1)
starch-free (sample without starch), (2) starch-added (sample with starch and no heat-
treatment) and (3) starch-gelated (sample with starch and heat-treatment) were
Iinvestigated.

The mechanical strength of the bulk bodies was evaluated by compressive strength
tests using an autograph (AG-I, SHIMADZU, Corp.) based on Japanese industrial
standards[170]. The samples were polished to a diameter of 12 mm and a height of 10
mm for the tests. Seven test pieces were used to measure the strength of each sample.
The water adsorption characteristics of the raw zeolite powder and the zeolite bulk
bodies were evaluated by adsorption /desorption isotherm measurement at 40°C using a
surface area and pore distribution size analyzer (BELSORP-II, MicrotracBEL) with a
water vapor unit. The gas permeabilities of the samples were evaluated by a permeation
membrane analyzer (PMA-601, SepraTek). A circular hole with a diameter of 6 mm was
cut in the center of a round PET sheet with a diameter of 55 mm and a thickness of 110
pm. A sample with a diameter of 12 mm and a thickness of 2 mm was then fixed in the
hole of the round PET sheet with epoxy resin. The sample fixed to the PET sheet was
placed in the chamber of the analyzer. The amount of gas permeation per unit of time
was measured by flowing 0.5 MPa of N2 gas from one side of the sample as shown in

Figure 3.1.
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Figure 3.1. Schematic illustration of nitrogen gas permeability measurement
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3.3 Results and Discussion

The compressive strength of the zeolite bulk bodies is shown in Figure 3.2. All the
samples had a compressive strength above 25 MPa. The compressive strength of the
bulks was more than that of general construction concrete which has a strength of 24
MPa[171]. When comparing the samples with different processes, the strength of the
starch-free sample was the highest. According to the Weibull’s weakest link theory[172] ,
the destruction of ceramics starts from the largest defect. Samples that used starch as a
pore-forming agent had a lower strength because they contained macropores which acted

as a starting point for the fracture.
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Figure 3.2. The compressive strength of the zeolite bulk bodies
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Figure 3.3 shows the results of the adsorption/desorption isotherm of water. The x-
axis is the relative humidity and the y-axis is the weight of water vapor adsorbed per
weight of powder. For comparison, the adsorption isotherms of clay minerals measured
by the INAX Corp. group is shown in Figure 3.4 [169]. In Figure 3.3, hysteresis curves
that were not seen in the raw zeolite powder material were confirmed in the solidified
bodies. It was also confirmed that the amount of water adsorbed in the high relative
humidity was greater in the solidified bodies than in the raw zeolite powder material.
This property indicates that the solidified bodies have an environmental humidity
control performance. In particular, the steep increase in the slope at a high relative
humidity and large hysteresis are excellent properties for humidity control. This means
that the material tends to retain water, adsorbs more at a very high humidity, and slowly
desorbs the retained water at a lower humidity. A comparison to the adsorption
properties of clay minerals in Figure 3.4 shows that my bulk sample exhibits adsorption
properties very similar to some clay minerals, which are different from conventional
zeolites. Although the measurement temperature is different, the adsorption capacity of
my samples is equal to or greater than previous reports because the adsorption isobaric
lines generally show that the adsorption capacity decreases as the temperature increases.
In their literature, clays with a high adsorption capacity are mentioned as containing
large amounts of mesopores. It is noteworthy that the amount of water vapor adsorption
varied between the samples in which the pore structure was modified by starch addition
and the gelation process. It was confirmed that the amount of water vapor adsorbed was
the highest in the (3) starch-gelated sample in which the pore networks were formed by
the addition of starch and the heat treatment in steam at 80 °C. In the bulk sample for

which the hysteresis curve was observed, it is considered that water was adsorbed on the
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mesopores, like N2 adsorption. According to Figure 2.6 in Section 2 and Figure 3.3,

samples with more mesopores actually also adsorb more water vapor.
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Figure 3.3. H20 vapor Adsorption/ Desorption isotherm at 40°C
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(modified from [169])

Figure 3.5 shows the N2 gas permeability of the bulk bodies. The samples had almost
no gas permeability as a filter considering the velocity of the carrier gas generally used
in gas chromatography is set to about 30 cm/s[173]. The starch-gelated sample showed
the highest gas permeability among the three, although the starch-gelated and the
starch-added sample indicated almost the same porosity based on Archimedes’ method.
The differences occurred due to the pore structure. The CLFM observation results
showed that isolated macropores as large as the starch grains were formed in the sample
with the ungelated starch. The isolated macropores did not contribute to the gas
permeability. Spherical pores derived from the starch irregularly expanded in the gelated
sample to form a network structure. The increase in the connected structure pores

resulted in an increased gas permeation in the sample containing the gelated starch.
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3.4 Conclusions

The compressive strength of the zeolite bulk bodies was above 25 MPa, which was
higher than the that of general concrete used for construction. This result showed that
the bulk bodies had a sufficient mechanical strength for handling. The zeolite bulks
exhibited water vapor adsorption properties similar to those of clay minerals unlike the
zeolite powders. It was confirmed that the amount of adsorbed water vapor was the
highest in the sample in which a pore network was formed by starch gelation. It was
suggested that the adsorption properties could be controlled by the process. The starch-
gelated sample showed the highest gas permeability among the three indicating that the
starch networks as pore-forming agents are available to create continuous pore

structures for a smooth gas flow.
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Chapter 4 | Fabrication of Porous Hydroxyapatite

4.1 Introduction

Lack of safe water is a great issue for public health around the world. According to
the WHO report, 771 million people lack even a basic drinking-water service, including
122 million people who are dependent on surface water in 2020[174]. Contaminated
water can transmit diseases such diarrhoea, cholera, dysentery, typhoid, and polio[175].
Even in developed countries with centralized water treatment facilities, water pollution
by microbes is one of the great threats to public health[176]. There are concerns about
the aggravation of water problems due to global population growth, climate change,
natural disasters, and the aging social infrastructure. PoU (point of use) water treatment
technology is useful in areas where it is difficult to maintain a water distribution system.

Activated carbon has been widely used as PoU filtering medium to purify water [177].
The filter medium absorbs various harmful substances by physical adsorption due to its
high specific surface area. It is a disposable material that is difficult to recycle as an
adsorbent. Activated carbon has the function of decomposing chlorine by a catalytic
reaction and is often used for the treatment of water that has already been disinfected
with chlorine [178]. Another example of a practical filter is a hollow fiber membrane,
which is an organic polymer-based filter [65, 176]. As an inorganic material filter, a
tubular ceramic membrane is also known [61, 66]. These two types of filters remove
harmful substances by passing water through submicron-sized pores. The substance that
can be removed depends on the physical pore size of the filter. Bacteria can be removed
by submicron-sized pores, but viruses of several nanometers cannot be removed by pore-

size-dependent isolation processes. Ingenuity for disinfection needs to be added to the
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filter[134]. As the pore size decreases, a higher pressure is required to allow water to
pass through the pores.

The hydroxyapatite (HAp) porous material has a high potential as a material for
water purification filters. HAp has a hexagonal crystal structure with two major crystal
planes; the a-plane and c-plane. The a-plane is positively charged and the surface of a
virus is mainly negatively charged. By using HAp crystals with a significantly exposed
a-plane as a filter, viruses can be removed with a high efficiency by utilizing electrostatic
attraction. In addition, HAp is a biomaterial ceramic that is highly safe for the human
body and can be reused by heat treatment. In this study, fabrication of the HAp porous
body with positively charged a-plane exposure and continuous pore structure was
attempted. To expose the positive sites, rodlike HAp particles, which have a large surface
area of a-planes, were used as the raw materials.

Starch was selected as a pore-forming agent utilizing its properties called
gelatinization and retrogradation in which starch particles formed a self-network
structure by heat treatment. The properties of starch are appropriate to form a
networked porous structure. Starch is also a natural polymer and is promising for
process design with less impact on the environment. Furthermore, a freeze casting
method was used to achieve a high porosity of the sample[120].

A three-dimensional observation method combining a confocal laser scanning
microscope and an immersion translucency method was applied for the evaluation of the
networked structure. The method can be applied to single-composition ceramics with
open pores if the immersion liquid to make the sample transparent is available. An

immersion liquid suitable for HAp was selected, and observations were attempted.

82



4.2 Experimental Procedure

Commercially-available rodlike hydroxyapatite powder, which has a particle size
diameter from 0.15 to 0.30 um and length from 1.0 to 1.5 m. (HAP-200, Taihei Chemical
Industrial Co., Ltd.) was selected as the starting material. Figure 4.1 shows an SEM
image of the HAp raw powder. The powder was dispersed in distilled water with 1.5
mass% ammonium polyacrylate (A-30SL, Toagosei Co., Ltd.) and 4 mass% poly-vinyl
alcohol (Japan Vam & Poval Co., Ltd.) based on the powder weight as the dispersant and
the binder, respectively. An aqueous slurry with a solid loading of 12 vol% was prepared
by ball milling for 24 hours. Rice starch powder with a diameter of 2.0 ~8.0 pm (Sigma-
Aldrich Co. LLC) as a pore-forming agent was added to the slurry and dispersed using
an ultrasonic homogenizer. The slurry was then cast into an acrylic mold with a 26-mm
diameter and heated in steam at 80 C for 30 minutes to gelatinize the starch. For
comparison, the slurry without heat treatment was also cast. The slurries were one-
directionally frozen from the bottom of the mold with liquid nitrogen. The frozen
compacts were freeze-dried under a reduced pressure of 10 Pa for 48 hours. The dried
samples were degreased at 500 C for 5 hours, then sintered at 1200°C for 12 hours to
fabricate the porous bodies of hydroxyapatite.

The crystal structures of the raw HAp powder and the bulk samples were identified
by an X-ray powder diffraction measurement (Miniflex600, Rigaku) with CuKa radiation.
Fracture surface observations were performed by scanning electron microscopy (SEM).
Samples were observed in the direction parallel to the cooling direction during the freeze-
dry molding. The internal structures of the samples were observed by a confocal scanning
laser fluorescence microscope (CLFM) using the immersion transmission method. The

method of observing the internal structure of ceramic green bodies was applied to the
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HAp porous bodies [10, 11]. As the immersion liquid, 1-bromonaphthalene (n = 1.66)[158]
that has a refractive index, n, close to that of hydroxyapatite (n = 1.63-1.64) [179] was
used to reduce light scattering at the interface between the pores and the matrix. The
fluorescent agent, Rhodamine B, was dissolved in the immersion liquid, then the liquid
was allowed to permeate into the slices of the samples having a thickness of 200-500 pm.
The sliced samples were observed from the surface to the depth of 52 pm, and 180 images
were obtained at intervals of 0.29 um. The images were stacked to create a three-
dimensional image after image processing to separate the matrix and pores. Finally, the
density was measured by Archimedes’ method. Five test pieces were used to measure the

density of each sample.

Figure 4.1. SEM image of the HAp raw powder
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4.3 Results and Discussion

The carbon component of the starch was removed by a sufficiently long sintering
time, and white bulk samples were obtained. X-ray diffraction patterns of the raw HAp
powder and the porous bodies degreased at 500 ‘C for 5 hours, then sintered at 1050-
1300°C for 12 hours are shown in Figure 4.2. The bulk sample peak was identified as
the HAp phase, with no decomposition or formation of other components confirmed at
1050-1300°C. Figure 4.3 shows the fracture surface of the porous hydroxyapatite
observed by SEM. The vertical direction of the photos is the freezing direction. Figure
4.3 (a) and 4.3 (b) show the fracture surface of the samples with heat treatment at 80 °C
and untreated, respectively. Three-dimensionally connected pores of about 5 pm with a
low anisotropy were observed in Figure 4.3(a). On the other hand, elongated pores
parallel to the freezing direction were confirmed in Figure 4.3(b). The elongated pores
are derived from ice crystals grown in the uniaxial direction. Fukushima et al. reported
the production of porous ceramics with a controlled pore structure by ice crystals[120].
The structure of the sample in which the starch network was formed was not affected by
the freezing direction of the water.

Figure 4.4 (al) and (a2) are cross-sectional images in the sample obtained at a depth
of about 20 pm from the surface; the vertical direction of the images is the freezing
direction. The structures similar to the fracture surface observed by SEM were confirmed.
Since Figure 4.4 (al) and (a2) are images optically cut from the confocal surface of the
microscope, the observed surface is not affected by the roughness caused by the fracture.
Figure 4.4 (b1) and (b2) are images of the YZ-plane of the samples created by stacking of
the XY-plane observation images. The observation images taken at a greater depth

position became darker. To reduce the influence of the image brightness on the image
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analysis, 512 images of the YZ-plane were used. The YZ plane images were binarized by
determining the matrix and the pore region using trainable Weka Segmentation[180]
which is a machine learning technique. Figure 4.4 (c1) and (c2) show examples of the
binarized images, and Figure 4.4 (d1) and (d2) show the Fourier transform images of
each binarized image. The horizontal line in the center of Figure 4.4 (d2) means that the
binarized images inside the sample without heat treatment had a lateral periodic
structure. In fact, anisotropy due to the freezing direction was confirmed in Figure 4.4
(c2). Figure 4.4 (el) and (e2) show three-dimensional images created by stacking the
binarized images. The porosities of the samples estimated from Figure 4.4 (el) and (e2)
were 67% and 65%, respectively. The average porosity obtained from the results of the
Archimedes density measurement was 72% and 73% for the samples with and without
heat treatment, respectively. The standard deviations of the porosity were 1.5 for both
samples. The porosity did not change with the heating of the starch, but the porosity
estimated from the 3D image was lower than the actual porosity because the pores with
a pixel size of less than 0.29 pm were not imaged by the CLFM. The samples have a
sufficiently high porosity as a filter.

Zhang et al. reported fabrication of an HAp membrane and its performance for
separating Au nanoparticles from a suspension[181]. In the report, they used the same
commercially-available HAp powder that I used and succeeded in separating the
negatively charged Au nanoparticles that were used as an alternative to the virus. My
samples have structures influenced by both the starch networks and ice crystals. By
combining these two factors in this way, it may be possible to control a more complex

network structure of pores.
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Figure 4.3. Fracture surface of the porous hydroxyapatite observed by SEM
(a)with heat treatment at 80 °C and (b) untreated
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Figure 4.4. (al, a2) Cross-sectional images of the hydroxyapatite porous body observed
by CLFM, (b1, b2) YZ-plane images, (c1, c2) binarized YZ plane images, (d1, d2) Fast
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Fourier Transform images of binarized YZ-plane images, and (e1, e2) Three-

dimensional images created by stacking the cross-sectional observation images.
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4.4 Conclusions

Rice starch powder formed a network structure by the process of gelatinization and
retrogradation. Subsequent sintering removed the starch, a pore-forming agent,
resulting in the formation of a porous body with connecting pores. In the sintered body,

pores derived from the starch networks were observed.
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Chapter S | Characterization of porous hydroxyapatite

5.1 Introduction

In Chapter 5, the water purification performance of the hydroxyapatite porous
material is described. Porous ceramics have already been put to practical use as filters
for water purification, and removal of bacteria from water using porous filters has been
previously reported. However, the removal of microorganisms by a ceramic porous body
is based on the physical sieving effect of the pores. Therefore, it is generally difficult to
remove viruses with a ceramic porous body having pores larger than the size of the
viruses. An ultrafiltration membrane or nanomembrane filter is required for a virus
[182]. Time period for filtration increases if the particles to remove are finer. Efficient
filters can be designed by utilizing the electrochemical properties of the surface of the
filter material.

Porous HAp was produced by the freeze-drying method and its structure was
evaluated in previous chapter. The porous body had a high porosity of more than 70%
and having continuous porous structure. However, it could not be used for the filtration
test due to its cracking and brittleness, thus the fabrication process of the porous body
was changed. A slip-casting process was adopted in which the concentration of the
starting material in the ceramic slurry was increased. To maintain the porous structure
with the rod-like powder shape, the grain growth during sintering must be minimized.
On the other hand, if the sintering does not progress at all, the strength will decrease
and the porous body will break during the filter test. It is necessary to promote necking
of the particles to some extent. The partial sintering described in Section 1.3 is
incorporated into the fabrication process of the pore structure. A hierarchically porous

material with submicron pores created by partial sintering, larger macropores derived
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from starch pore-forming agent and surface potential of the HAp was used for the
filtration test. First, Escherichia coli (E. coli) was used for the test, then the human
coronavirus was used. The concentration of the microorganisms contained in the buffer
solution before and after filtration was confirmed to verify the performance of the

ceramic porous body as a filter.
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5.2 Experimental Procedure

Commercially-available rodlike hydroxyapatite powder, which has a particle size
diameter from 0.15 to 0.30 um and length from 1.0 to 1.5 pm (HAP-200, Taihei Chemical
Industrial Co., Ltd.) was dispersed in distilled water with 2 wt% polyethyleneimine
(EPOMIN SP-200, Nippon Shokubai Co., Ltd.) based on the powder weight as a
dispersant. An aqueous slurry with a solid loading of 40 vol% was prepared by ball
milling for 24 hours using a polyethylene bottle and a zirconia ball medium (2-10 mm
diameter). Corn starch powder (Nihon Shokuhin Kako Co.,Litd.) as a pore-forming agent
was added to the slurry in the amount of 40 wt% vs. the powder contents in the slurry.
The starch was mixed and dispersed in the slurry using a planetary centrifugal mixer
(ARE-310, THINKY Corp., Japan) at 2000 rpm for 5 minutes. The slurry was cast into
acrylic molds with a 35-mm diameter and steamed in water vapor at 90 C for 20
minutes to gelatinize the starch. After the heat treatment, the cast bodies were dried at
room temperature for 10 days. The dried green bodies were de-starched at 500°C for 5
hours, then sintered at 1050°C for 3 hours. A disk-shaped porous ceramic sample was
obtained.

The shrinkage rate after sintering was calculated from the diameter of the samples.
The density of the samples was measured by Archimedes' method using kerosene as the
solvent. More than 2 test pieces were used for density measurement per each sample.
The microstructure of the samples was observed by scanning electron microscopy and
confocal laser fluorescent microscopy along with the liquid immersion method using 1-

bromonaphthalene as the immersion liquid.
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Figure 5.1 shows the filtration test apparatus for the porous ceramics. The ceramic
samples washed with distilled water were dried in an oven of 60°C for one day, and the
sample surface was covered with parafilm (PM-996, Bemis Manufacturing Company).
The sample was then placed in the center of a plastic mold and PDMS (SYLGARD TM
184, The DOW Chemical Company) was poured into the mold. After curing the PDMS in
an oven at 60°C for one day, the parafilm on the sample top and bottom was cut off. The
PDMS-sealed samples were fixed on glass suction filters after sterilization in an
autoclave. The inside of the sample was washed with sterilized water before the filtration
test. A 5-ml aliquot of sterilized water was poured on the sample top and suctioned by
vacuum. The starting time and end time of the suction was recorded. The washing
operation was repeated three times. The cloudy water in the suction bottle was removed
with a pipette.

E. coli was used for the bacteria removal filtration test. A buffer containing E. coli
with an OD600 of 0.3 was prepared and further diluted 10-fold with the buffer. OD600
is a common absorbance index for evaluating the concentration of bacterial cultures[183].
The procedure of pouring and suction of the 5-ml buffer solution containing E. coli onto
the sample was repeated four times. The time period required to filter each 5 ml sample
was recorded. The filtered liquid was pipetted from the suction bottle each time. The
buffer solution before filtration and the liquid after filtration were diluted in a power of
10 from O to 106. The area of the agar medium in the sterilized petri dish was divided
into 6 areas, and 9 points of the diluted solution were dropped on each area. The petri
dishes were kept in a constant temperature oven at 60° C for one day, and the presence
of E. coli in the buffer solution was confirmed by the bacterial colonies cultured on the

agar medium.
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Human strains of coronavirus 229E[184] were used for the viral removal filtration
test. As viruses cannot be cultured in buffers or agar media, the preparation methods
must be different from bacteria. Human liver cancer cells (Huh7:[185]) were used for the
virus culture. A 229E viral solution (~105 viral particles/ ml) in phosphate-buffered saline
(PBS buffer) was prepared. The viral solution (5 ml) was then placed on the top of the
ceramic sample and vacuumed the same as the bacteria filtration test. The buffer
solutions before and after filtration were serially diluted, Huh7 cells in the wells were
infected, and incubated for 4-6 days. The tissue culture infective dose was used for
determination of the viral particles concentration assay (TCID50 assay[186]). The broth
was discarded from each well and rinsed with 1XPBS buffer. A 100-ul sample of 2.5%
paraformaldehyde was added to the PBS buffer and incubated overnight at 4°C. After
incubation, the buffer was removed and stained with 50 pl of DAPI stain for 30 minutes
in the dark. Viable cells observed in blue and virus-infected dead cells were counted using
a fluorescence microscope (EVOS imaging system) with a DAPI filter. Based on the
number of the cells, the percent reduction and log reduction of the cells were

characterized by formulas 1 and 2, and the effect of virus removal was evaluated.

(Percent Reduction) = (A— B )x100/A —formula 1

(Log Reduction) = logi0(A) — log10(B) —formula 2

where A is the number of viable microorganisms before treatment, and B is the number

of viable microorganisms after treatment.
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Figure 5.1. Filtration test apparatus for porous ceramics
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5.3 Results and Discussion

A white disk-shaped porous body with a diameter of 30 mm and a height of 5 mm
was obtained. The shrinkage rate after sintering was 8-10%. Density measurements by
the Archimedes method indicated that the porosity of the sample was 57-59%. Although
the porosity was lower than that of the HAp porous body prepared in Chapter 4, cracks
were not observed on the surface. A suitable sample for the filtration test was thus
obtained.

Figure 5.2 shows the microstructure of the sample observed by scanning electron
microscopy. Spherical pores with a size of about 10 um are pores produced from the starch
pore-forming agent. Based on observations at a higher magnification, the necking
structure between the HAp particles was confirmed. Submicron-sized pores existed
around the particles. Figure 5.3 shows the results of three-dimensional observations of
the porous HAp. A shell-like structure was observed around the pores. The structure
may formed from hydroxyapatite particles incorporated into the surface of the starch
pore-forming agent. The same structure was confirmed in the observations of the
fracture surface by SEM. The pores formed by starch were connected according to the

three-dimensional observations.

b A R o

Figure 5.2. Microstructure of the porous HAp observed by scanning electron microscopy
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Figure 5.3. Three-dimensional structure of the porous HAp observed by confocal laser

fluorescent microscopy using liquid immersion method

Figure 5.4 shows the results of the bacteria removal test. It took approximately 8-
12 minutes for filtration of the 5-ml buffer. Colonies of E. coli were confirmed in the petri
dish in which the buffer solution before filtration was cultured. On the other hand, no
colony of E. coli was observed in the petri dishes in which the solution after filtration
were cultured. E. coli is an elongated bacterium with a length of 20 um and a diameter
of about 5 pm [187]. The E. coli was physically removed considering the observed pore
structure and pore size of the porous body. The filtration test process worked and the

porous body was available to remove the E. coli.
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Figure 5.4. Cultured bacteria colony using buffer solution before and after filtration

Table 5.1 shows the reduction rate of the virus by filtration. The buffer solution
before filtration contained viruses, but the solution after filtration did not contain any,
confirming the very high removal performance of 99.998%. The size of the human
coronavirus is about 0.1-0.2 um[184] and considering the pore structure of the porous
body, physical removal of the virus is difficult. However, a high removal rate was
confirmed. It could be explained that the virus was electrochemically adsorbed on the
surface of the hydroxyapatite and removed. Verification tests are necessary in the future

since the number of tests is currently one.

Table 5.1. Reduction rate of the virus by filtration

Viral solution Filtrate #1 Filtrate #2
1.8x10° 3.16 3.16
+sd 2.5x10° 0.0 0.0
-sd 1.4 x10° 0.0 0.0
Log 5.3 0.5 0.5
Log reduction 4.8 4.8
% reduction 99.998 99.998
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5.4 Conclusions

The filtration performance of porous HAp was verified by the test to remove bacteria
and viruses from the contaminated liquid A buffer solution containing E. coli at a
concentration of 2.4x107 cells/ml filtered by suction four times, in succession at 5 ml, and
it was confirmed that the filtrate contained no detectable concentration of E. coli. In
addition, a buffer solution containing human coronavirus 229E at a virus infectious titer
of 1.8x105 TCID50/ml was filtered twice in succession at 5 ml each time, and 99.998% of
the virus was removed. These results indicated the applicability of the hydroxyapatite

porous material as a polluted water purification filter.
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Chapter 6 | Summary

Porous materials are used in a broad field such as the environment, energy, optics,
medicine, and electronics. In recent years, there are high expectations for porous
materials that will contribute to solving environmental problems associated with global
warming. The sophistication of the pore structure control technology is becoming more
and more important. Polymer beads, carbon, starch, etc., have been used as pore-forming
agents for forming macropores using sacrificial fugitives, which is a process that has
been widely used in the manufacture of porous ceramics. Generally, pores were
introduced into the porous material using the initial shape of the pore-forming agent
particles as a template. In this research, the starch properties called gelatinization and
retrogradation were focused on, in which starch self-forms a three-dimensional network
structure by heating and cooling with water. A new process for producing porous bodies
using the networked starch as a pore-forming agent were developed. In addition, it was
demonstrated that the network structure can be changed by adjusting the process, such
as the heat treatment method, and that the macropore structure of the ceramic porous
material can be controlled. In this study, zeolite, which has micropores derived from the
crystal structure, and hydroxyapatite, which has different surface potentials depending
on the crystal orientation, were selected as raw materials for the porous ceramics. It was
clarified that these porous materials exhibit new functions derived from the pore
structure. Furthermore, for a structural characterization of the connected macropores, a
three-dimensional observation method of the internal structure of the ceramics using a
confocal laser fluorescence microscope and a liquid immersion method were proposed.
The liquid immersion method is a technique that enables transmission observation of

the inside of a porous body by impregnating a porous body sample with a liquid having
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the same refractive index as the raw material. The three-dimensional structure of
macropores, which was difficult to evaluate by conventional techniques, could be

evaluated by this three-dimensional observation method.

Chapter 1
The position of this research on the application of ceramic porous bodies was shown,

and the research purpose of this paper was described.

Chapter 2

Zeolite bulk bodies were fabricated using zeolite powder, which is a typical
microporous material as a raw material, and the relationship between the fabrication
process and the internal structure of the porous body was verified. ZSM-5, which is
widely used in industry, was selected as the zeolite raw material. Since zeolites are
decomposed at high temperatures, they are generally difficult to form a bulk body by
sintering, and are usually synthesized as nano- to micron-sized crystalline powders by a
hydrothermal method. Therefore, the zeolite synthesis process using high-pressure
steam, called the dry gel conversion method, was applied to make the bulk body. Starch
powder was used as the pore-forming agent and colloidal silica was used as the binder.
Bulk bodies were produced after the treatment in hot steam and degreasing treatment
at 450°C for 24 hours. The microstructure of the bulk bodies was characterized by X-ray
diffraction measurements, nitrogen gas adsorption, mercury porosimetry, fracture
surface observations by scanning electron microscopy, and three-dimensional

observation by confocal laser fluorescence microscopy with the liquid immersion method.
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The prepared bulk body maintained the crystal structure of the ZSM-5 zeolite and
had mesopores and macropores. In addition, the macropore structure was changed by
the heat treatment process for the gelation of starch. It was clarified that the three-
dimensional observation method of the internal structure used in this study can be
applied to zeolite bulk bodies, and that the pore structure can be controlled by the process

of heat treatment to make a network structure of the pore-forming agent.

Chapter 3

The properties of the zeolite bulk body prepared in the previous chapter were
investigated. The compressive strength, water vapor adsorption properties, and gas
permeability, which are important for applications in the separation and purification of
gases and liquids and for environmental purification, were characterized. The
relationship between the properties and microstructure of the bulk body were evaluated.
The fabricated bulk bodies were confirmed to have a compressive strength of more than
25 MPa, which is about the same as general concrete (18-24 MPa), and it was shown that
they have a potential for practical use based on their strength. In addition, a hysteresis
curve, which is not seen in the raw zeolite powder, appears in the adsorption isotherm of
water vapor with the bulk bodies. In the sample with an improved macropore
connectivity by changing the heat treatment method, the improvement of nitrogen gas
permeability was confirmed, demonstrating that the characteristics can be changed by
controlling the pore structure in this study. The results indicated the potential of the
process using the starch as a pore forming agent to control the properties such as water

adsorption and permiability.
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Chapter 4

The preparation process of the porous materials using starch as a pore-forming
agent and the three-dimensional observation method by confocal laser fluorescence
microscopy were applied to the hydroxyapatite porous material. The purpose of this
chapter is to describe how to produce porous ceramics for contaminated water treatment
using the anisotropy of the surface potential of the hydroxyapatite crystal planes.
Hydroxyapatite porous bodies were produced, and their three-dimensional structure was
evaluated. As in Chapter 2, it was demonstrated that the internal structure of the porous
material changes depending on the process, and that the three-dimensional observation

method used in this study can be applied to the hydroxyapatite porous material.

Chapter 5

The use of the hydroxyapatite porous material as a water purification filter was
investigated. In this chapter, the porous material tested its ability as a filter to remove
bacteria and viruses from contaminated liquids. A buffer solution containing E. coli at a
concentration of 2.4X10 7 cells/ml was filtered by suction four times in succession, each 5
ml, and it was confirmed that the liquid after filtration contained no detectable
concentration of E. coli. In addition, a buffer solution containing human coronavirus
229E at a virus infectious titer of 1.8x105 TCID50/ml was suctioned and filtered twice in
succession at 5 ml each time, and 99.998% of the virus was removed by filtration. These
results indicated the applicability of the hydroxyapatite porous material as a polluted

water purification filter.
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Improvement of the functionality of porous ceramics by controlling the pore
structure of the ceramics using starch, which forms a network structure, as a pore-
forming agent was clarified. The three-dimensional observation method of the internal
structure was applied to the two types of ceramics; i.e., zeolite and hydroxyapatite. The
method can be applied in principle to any material to which the liquid immersion method
can be used, as an additional characterization technique for the structure of porous

ceramics.
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