
論文 / 著書情報
Article / Book Information

題目(和文) カプセル化球殻構造を有する表面制御機能性酸化物に関する研究

Title(English) Study on Surface-controlled Functional Oxides with Encapsulated
Spherical Shell Structures

著者(和文) 松田ﾏﾘｯｸ隆磨

Author(English) Ryuma Malik Matsuda

出典(和文)  学位:博士（工学）,
 学位授与機関:東京工業大学,
 報告番号:甲第10184号,
 授与年月日:2016年3月26日,
 学位の種別:課程博士,
 審査員:小田原 修,和田 裕之,吉本 護,近藤 道雄,中村 一隆

Citation(English)  Degree:,
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第10184号,
 Conferred date:2016/3/26,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


A doctoral dissertation 

 

 

 

Study on Surface-controlled Functional 

Oxides with Encapsulated Spherical 

Shell Structures 

 

 

Ryuma Malik Matsuda 

 

 

Supervised by 

Professor Osamu Odawara 

Associate Professor Hiroyuki Wada 

 

Department of Innovative and Engineered Materials 

Interdisciplinary Graduate School of Science and Engineering 

Tokyo Institute of Technology 

 

March 2016 



2 

 

Contents 

 

Chapter 1 General introduction .................................................................................. 5 

1.1 Modern applications of capsule ................................................................................ 5 

1.1.1 Protection media .............................................................................................. 7 

1.1.2 Interaction media.............................................................................................. 9 

1.2 Encapsulation techniques....................................................................................... 11 

1.2.1 Direct sealing process ..................................................................................... 11 

1.2.2 Expansion process .......................................................................................... 13 

1.2.3 Precipitation process ....................................................................................... 14 

1.2.4 Powder coating process ................................................................................... 16 

1.3 Shell structure functionality and controllability ........................................................ 19 

1.4 Objectives ........................................................................................................... 24 

References ................................................................................................................ 25 

Chapter 2 Encapsulation of solutions for controlling heat transfer ........................ 30 

2.1 Introduction ......................................................................................................... 30 

2.2 Experimental ....................................................................................................... 31 

2.2.1 Preparation of encapsulated solutions................................................................ 31 

2.2.2 Temperature measurement ............................................................................... 34 

2.3 Results and discussion .......................................................................................... 35 

2.3.1 Morphology of encapsulated solutions .............................................................. 35 

2.3.2 Observation of temperature change of encapsulated solutions .............................. 37 

2.4 Conclusions ......................................................................................................... 41 

References ................................................................................................................ 42 



3 

 

Chapter 3 Effect of sintering temperature on the characteristics of hollow capsules 

produced by sacrificial template method .................................................................. 43 

3.1 Introduction ......................................................................................................... 43 

3.2 Experimental ....................................................................................................... 44 

3.2.1 Preparation of hollow capsules ......................................................................... 44 

3.2.2 Characterization ............................................................................................. 46 

3.3 Results and discussion .......................................................................................... 48 

3.3.1 Shape of hollow capsules ................................................................................ 48 

3.3.2 Shell surface morphology ................................................................................ 49 

3.3.3 Gas adsorption property .................................................................................. 51 

3.4 Conclusions ......................................................................................................... 53 

References ................................................................................................................ 53 

Chapter 4 Material compatibility of voids embedded hollow capsule under methane 

and carbon dioxide gases flow condition ................................................................... 56 

4.1 Introduction ......................................................................................................... 56 

4.2 Experimental ....................................................................................................... 57 

4.2.1 Preparation of shell structure modified hollow capsule ........................................ 57 

4.2.2 Gas exposure test ........................................................................................... 60 

4.2.3 Characterization ............................................................................................. 61 

4.3 Results and discussion .......................................................................................... 63 

4.3.1 Morphology, elemental composition and gas adsorption of voids embedded hollow 

capsule .................................................................................................................. 63 

4.3.2 Gas decreasing rates ....................................................................................... 68 

4.3.3 Crystal form of voids embedded hollow capsule before and after gas exposure test 70 

4.4 Conclusions ......................................................................................................... 79 



4 

 

References ................................................................................................................ 79 

Chapter 5 General conclusions ................................................................................. 81 

Acknowledgments ...................................................................................................... 83 

Accomplishments ....................................................................................................... 85 

  



5 

 

Chapter 1 General introduction 

 

1.1 Modern applications of capsule 

Capsule is generally defined as a shape-formed product where various phase 

core materials covered by a solid shell in the broad sense of the word. Figure 1.1 shows 

examples for the capsule form with each core phase. Each capsule having different core 

phases (solid, liquid, gas or hollow core) represents well-known products in daily. The 

capsule covered by a soft shell must need the core to form the capsule, while it is 

possible to retain the capsule formation with a hard shell. 

 

Figure 1.1 The various core phases capsule covered by soft shell or hard shell 

 

The formation of capsule is mainly indicated as a spherical form with diverse size, 

thickness and porosity. Each specific structure will be decided by a purpose in which the 

capsule will be utilized. According to fields which has been studied and developed, 

several names are given, for instance, a core-shell [1], coated particle [2], micro [3] or 

nano capsule [4] and hollow sphere [5]. The capsule had been appeared in ancient time 

as an ingestion product covering by a gelatin at the head of a capsule history [6]. From 

around 18th century, a coated drug was appeared in order to avoid unpleasant taste of 

drug. As for further practical use, the micro capsule is well-known as that a first 

development applied for a carbonless copy paper with oil containing capsules was 

reported by B.K. Green and L. Schleicher [7]. Thank of tremendous contributions to the 

present, wide variety of works and applications with capsule have been explored. Figure 
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1.2 simply shows the time flow of the capsule development. In present day, there exist 

multiple applications as described below. 

 

Figure 1.2 History of capsule development 

 

One of applications is a protection media where core materials are protected 

by a durable shell or controlled to disperse at specific timing. This functionality has 

been developed in the basis of first concept of capsule utilization and often designed by 

organic shell. Other aspect of applications is an interactive media where the solid shell 

of capsule affects an ambient environment and more realized with a metal or ceramic 

shell. This functionality also can be categorized in the field of porous materials. Most of 

this functionality is competed with a foamed body which is also regarded as one of 

porous materials. The foamed body is generally produced by the integral molding, 

however, the variation of porous state due to nonhomogeneous void place and size in 

the body tends to occur which leads to the nonhomogeneous quality of characteristics 

(Figure 1.3). On the other hand, the porous state of capsule can be more precisely 

designed by controlling the inner core space and porosity in the shell with tunable 

filling property and shape of composite consisting of capsules. As for the disadvantages, 

a nonhomogeneous capsule shape or size might happen in dependent on the fabrication 

methods. However, owing to attractive advantages, the functionality for the interactive 

media has been enthusiastically studied as a new concept of capsule utilization. 
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Figure 1.3 Advantage and disadvantage for the foamed body and capsule 

 

1.1.1 Protection media 

Biological application 

In capsule study, it is not an exaggeration to say that a medical application 

laid the foundation for the capsule history. A coated or sealed medicine has become a 

common sense in a pharmaceutical field. By adding some flavors in the shell material, it 

will be easy for people taking the medicine as well as the protection behavior. Other 

purpose of the coating is that a sustained release of core medicine. The shell materials 

are possible to dissolve gradually in a digestive system, the core medicine will be 

dissolved at specific area and time to promote its efficacy. There are 2 basic types of 

pharmaceutical capsules: Two-piece capsule (hard capsule) and single-piece capsule 

(soft capsule) [8]. The two-piece capsule consists of a body and cap which have 

one-side-closed cylindrical shape. The cap has larger diameter than that of body and fits 

the body to seal an ingredient. On the other hand, the single-piece capsule sometimes 

can have a seamless shape owing to the production method. Both of pharmaceutical 

capsule generally are made of gelatin. If the gelatin contains a plasticizer such as 

glycerol or sorbitol, the elasticity of gelatin will increase [9]. This is the basic concept to 

make a soft shell for the single-piece capsule. They are used properly depending on the 

type of ingredient to be sealed or when it releases the ingredient. For example, the hard 

capsule is suit to contain the solid and liquid ingredients, while the soft capsule is suit to 
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contain the liquid ingredient with flexible shape selectivity. The concept of the sustained 

release leads to design a drug delivery system with a lot of attentions in recent study 

(Figure 1.4). Especially it is regarded as a new attractive treatment for the cancer owing 

to possible local treatment without damaging other normal cell. There are some transfer 

types to realize this concept. Firstly, a natural transfer type by utilizing the immune 

system in the body [10], because the cancer cell intensively absorb the particles flowing 

in the blood vessel which is called enhanced permeability and retention effect [11]. 

Therefore, the drug capsule can be injected to the blood vessel and just relied on the 

blood flow. Since the capsule is flowed in the blood vessel and accumulated in the 

cancer cell, it should be designed in a submicron scale. Secondly, a transfer by external 

force such as magnetic force is used to induce the way to the destination [12]. This type 

of capsule includes or consisted of the magnetic materials. Thirdly, the capsule having a 

motive power can move by itself [13]. This type is based on the electric power and 

capsule directly aims to the destination. It seems like a considerable small submarine. 

As for the treatment, the dispersed drug from the capsule works [10] or capsule heat and 

thermally damages the cancer, so called hyperthermia effect [14]. 

 

 

Figure 1.4 The image for drug delivery system by using drug containing capsule 

 

Display 

The concept of the carbonless copy paper has been inherited as a functional 

display device using microcapsule has been appeared [15]. The device is usually paper 

form where the capsules containing chargeable particle with dye disperse. When an 
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electric power or electric field are applied to the paper, its surface will change the color 

since the particles go along the direction involving an electric force (Figure 1.5). 

Therefore, such paper-like device is sometimes called “electric paper (e-paper)”. The 

e-paper is rewritable and erasable, therefore it can compete with an ordinary paper in 

terms of saving resources. 

 

Figure 1.5 The image of electric paper by using chargeable particle containing capsule 

 

1.1.2 Interaction media  

High catalytic activity 

 Since the capsule has inner core with fine size in comparison with solid 

particle, surface activity involving the adsorption is facilitated due to high specific 

surface area [16]. It will result the promotion of a conversion activity for catalysis 

(Figure 1.6). Because the capsule shell is made of solid, a heterogeneous catalysis has 

been applied. It is possible to use as catalyst support where the fine catalyst materials 

with size of dozens of nanometers is located on the surface of capsule shell as well as 

being catalyst itself [17]. The surface covering by fine catalysts sometimes leads to 

decrease the specific surface area compared with that of as-prepared support material. 

However, by introducing a zeolite coating on the solid particle catalyst, high specific 

surface area up to hundreds of square meter per gram retains due to fine pores on the 

zeolite [18]. It leads to promote the diffusion of material or electron which is influence 

on the catalytic activity. Therefore, there are 2 types of catalyst capsule forms as 
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described above. The former case is based on hollow type capsule with considerable 

fine size, the latter case is based on solid core type capsule with considerable high 

specific surface area shell. 

 

Figure 1.6 The image of catalytic activity promotion by using solid particle catalyst (left) and 

hollow capsule form catalyst (right) 

 

Thermal insulation 

The thermal insulation is a key technology to solve a problem relating to the 

temperature distribution. It is essential for our life to keep a warm environment or 

protect from severe temperature. Especially, the fine size hollow capsule is possible to 

apply for this technology. The existence of core inner space mostly relates to the 

decreasing of thermal conductivity over the capsule body. It means the temperature is 

not immediately varied. For instance, the hollow capsule with silica based shell and size 

of a few hundred nanometers exhibited very low thermal conductivity around 0.020 

W/mK [19]. By collecting the capsules, the desired shape composite can be fabricated 

(Figure 1.7). 

 

Figure 1.7 The thermal insulation composite consisting of hollow capsules 
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1.2 Encapsulation techniques 

 The applications introduced in the section of 1.1 could be possible with 

multiple elaborate encapsulation techniques. In this section, 4 categorized processes to 

produce the capsules are explained with 2 representative methods for each process and 

the general mechanisms. Firstly, a direct sealing process is that shell material directly 

covers the core material. Secondly an expansion process is suit to produce a gas core 

capsule with an expansion force caused by generated gas product during the process. 

Thirdly, a precipitation process is made through the precipitation of shell material at a 

boundary between raw materials in dependent on the variation of pH, temperature or 

concentration. Lastly, a powder coating process is that the shell materials coat on the 

core materials by a mixing of raw materials. This process is based on most simple 

procedure to produce the capsule containing the core material with various phases. In 

the dissertation, the encapsulation mechanism for the powder coating process is 

particularly explained in detail. 

 

1.2.1 Direct sealing process 

Extrusion method 

This process is generally made possible with the combination of coaxial 

nozzle and shell solidification from liquid state as briefly shown in Figure 1.8. The 

solidification is generally relied on the drying of the gelatin [20] or a crosslinking of 

alginate [21]. It is excellent method for the continuous generation of capsules containing 

various liquid materials. The method mostly has applied to the drug encapsulation. The 

precise condition of capsule structure such as homogeneous coating shell and size is 

possible owing to the contribution related to an innovation of fabrication machine. 

Although the direct sealing process, the capsule diameter can be precisely controlled up 

to 10 micrometer [22]. 
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Figure 1.8 The liquid encapsulation by extrusion method 

 

Filling method 

The filling method has been adopted mainly in pharmaceutical industry to 

fabricate capsule containing drug ingredients. The capsule form consists of the body and 

cap as introduced in 1.1.1 and is mostly elliptical shape. Both of liquid and solid can be 

filled in the hard capsule. In the industry, tremendous number of capsules is fabricated 

through continuous process by using filling machine. It is said that 200,000 numbers of 

hard capsules every one hour can be produced [23]. The body created in advance is set 

the machine and core material is added in the body. Finally, the open edge is sealed with 

the cap as shown in Figure 1.9. 

 

Figure 1.9 The encapsulation process of filling method 
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1.2.2 Expansion process 

Spray dry method 

The raw material solution is spayed along the flow of rapid stream gas from 

an atomizer (Figure 1.10). The atomized solution droplets are dispersed in a drying 

chamber which is generally heated at specific temperature. As a result, the surface of 

droplet is dried and solidified. This is the conventional way to obtain the dried product 

where the ingredients are homogeneously dispersed in the product particle. It is widely 

used in food industry and produces well-known product such as a skimmed milk 

powder [24]. In order to achieve the capsule form, the raw material solution should be 

the emulsion system containing a foaming agent prior to the spray drying [25]. It leads 

to expand the solution droplets during the spray dry. Therefore, the obtained product is 

possible to form the hollow type capsule. 

 

Figure 1.10 The outline installation of spray dry method 

 

Ostwald ripening method 

 The hollow core or rattle type capsule where the solid core separately exists 

inside the capsule can be formed by Ostwald ripening method [26]. It is interesting 

encapsulation method by using chemical driving force. This phenomenon is driven by a 

difference of stability between 2 particles having different sizes in the nucleation or 

crystallization processes [27]. Since the smaller size particle is less energetically stable 
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compared to the larger size particle, it results in the promotion of particle size growth of 

larger particle by taking in the smaller size particle. The fine scale hollow capsule up to 

hundreds nanometers can be fabricated via the rattle type form from solid micro particle 

as shown in Figure 1.11 [26]. Similar concept for the preparation of hollow core capsule 

has been studied which is focused on Kirkendall effect where the difference of a 

diffusion rate of atom exiting in a material consisted of other atoms causes an 

unbalanced growth speed of synthesis [28]. As a result, the hollow core is formed inside 

either material particle which is occurred the slower product growth [29]. 

 

 

Figure 1.11 The hollow core capsule formation process by Ostwald ripening method 

 

1.2.3 Precipitation process 

Emulsion method 

The emulsion method has been used to fabricate the liquid core capsule by 

precipitation or polymerization processes. These processes occur at the boundary 

between an oil phase and aqueous. As a result, solid shell is appeared at the boundary as 

shown in Figure 1.12. A driving force of the precipitation or polymerization is 

temperature or pH variation in the solution. Therefore, it is suit to be applied making the 

organic shell capsule. The capsule structure is influenced by the experimental condition 

such as type and concentration of raw material or pH [30]. It is also possible to make 

fine capsule up to hundreds of nanometers [30]. However, the shape selectivity is 

limited due to relying on self-growth formation which results in the spherical capsule 

because of the lowest surface energy. In the Figure 1.12, the liquid core capsule is 

formed from oil in water emulsion system [31]. On the other hand, it is also applied to 
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produce the rattle-type capsule from water in oil emulsion [32]. In addition, there exists 

a multiple phase system such as oil in water in oil [33] for making a hybrid capsule. 

 

Figure 1.12 The liquid encapsulation by emulsion method 

 

Bubble template method 

The bubble template method is quite new encapsulation method and based on 

epoch-making idea for making of hollow core capsule (Figure 1.13). It is said that this 

method is ecofriendly to fabricate the capsule due to unnecessity of core material which 

is needed to remove after the shell formation. The shell formation is occurred with the 

variation of pH leading to the precipitation [34] or contacting with the raw materials 

[35]. For instance, vaporized cyanoacrylate is added in the water, and then the solid 

shell is formed at the surface between bubble of cyanoacrylate monomer and solution. 

The shell formation is based on the polymerization of cyanoacrylate where the 

cyanoacrylate monomer rapidly reacts with water and the polymer is generated [35]. 

There is also a technical issue in terms of low material selectivity because the core 

material must be gas phase and reacts with the external environment to form the solid 

shell. 
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Figure 1.13 The hollow core capsule formation by bubble template method 

 

1.2.4 Powder coating process 

Dry water method 

 Dry water method is quite simple method to encapsulate the liquid where only 

the blending of hydrophobic powder and aqueous liquid is needed (Figure 1.14). 

Numerous encapsulated liquid droplets covered by the hydrophobic powder can be 

obtained. It is said that this powder-like liquid is possible to retain high amount of water 

up to 98 weight percent [36]. Each encapsulated liquid is made up of a capillary force 

between hydrophobic powder and liquid. Therefore, there is a limited diameter to retain 

the spherical shape. The capsule having large diameter forms the elliptical shape since 

the gravity force dominates and the power balance between it and the capillary force is 

collapsed [37]. 

 

Figure 1.14 The liquid encapsulation by Dry water method 
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In order to achieve the encapsulation, a hydrophobicity of shell powder and blending 

condition are key factors [36] as indicated in Figure 1.15. If the powder is hydrophilic 

which means that a contact angle of water droplet on powder surface is less than 90 

degree, the mixture state will form a suspension where the powder disperses in water. 

Although the powder is hydrophobic, the mixture is completely separated to each part 

(Di-phasic) when the blending energy is not enough to split the mixture well. The 

blending energy depends on multiple conditions such as a shearing speed or blade type 

[36]. If an enough blending energy is provided to the mixture, 2 types of results will be 

obtained. The capsule form is the one of them, however, a mousse form is also possible 

to get when the blending energy exceeds the immersion energy of the powder. The 

immersion energy means that a required energy for the powder to immerse into liquid 

from the air. Therefore, the encapsulation is attained under the optimum conditions. 

  

Figure 1.15 Mixture state of powder and water as a function of blending energy and contact angle of 

water droplet on powder surface (left), and the illustration for each mixture state (right) (Eimm is 

immersion energy) 

 

Sacrificial template method 

 The sacrificial template method is generally used to make hollow core capsule 

through a coating process and core removal process. This method includes 2 different 

starting systems: liquid based system and solid based system. The liquid based system is 
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suite to prepare fine size capsule. A spherical silica [38] or polystyrene [39] template are 

mostly used because they can be removed by pH or temperature variation. Here, 

detailed information about the solid based system is described below. The solid based 

system is usually indicated as the combination of powder coating process and heating 

process for the core removing. It is similar to a pan coating method for a layering of 

confectionery in terms of the coating process [40]. The coating state is considered to be 

formed with an ordered mixing phenomenon as shown in Figure 1.16 [41]. To achieve 

the ordered mixing, the difference between the diameter of small particles and large 

particles is needed to be large enough to increase the adhesion force of small particles 

against large particles. As for the template, expanded polystyrene spheres which are one 

of the foamed plastic are generally used because they are broadly and commercially 

produced. By covering the expanded polystyrene spheres with the powders which are 

mainly ceramics, the coating spheres are obtained. In this case, the expanded 

polystyrene sphere and powder should be much different in size to attain the 

homogeneous coating. 

 

 

Figure 1.16 Coating of small particles on large particles by mixing 

 

An organic binder which affects the retention of spherical form is also needed to mix 

during the coating process. By adding the optimum type and amount of the organic 

binder, the spherical form of capsule can be retained during the core removing. The core 
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can be removed by dissolution with some acids or heating in high temperature. 

Particularly, the heating process is not only to lead a pyrolysis of the template and 

organic binder, but the ceramic powder is sintered to promote a hardness of shell 

structure (Figure 1.17). 

 

 

Figure 1.17 The schematic process to obtain hollow capsule under heating condition 

 

1.3 Shell structure functionality and controllability 

The functionality of capsule is highly dependent on the shell structure as well 

as the physicochemical property of shell material. Therefore, the shell structure is one of 

key factors for the application of capsule. The shell structure affects the capsule size, 

shell thickness and porosity. For instance, the shell size will be important when the 

capsule is applied to the biological field, the shell with large thickness and small 

porosity will express a large hardness to maintain the capsule structure and keep the 

core material protect. Besides, if the core material should be taken out, some methods 

such as crushing of shell or modification of shell geometry will be needed. This is 

particularly important for a liquid core capsule. The purpose of the liquid protection 

from external environment by the encapsulation is to prevent from a liquid dispersion 

and absorption of other factors into liquid. The prevention of liquid dispersion is 

effective for a good handling as solid-like form and suppression of decreasing the liquid 

amount due to the vaporization. The prevention of absorption of other factors involving 

materials, temperature or electromagnetic wave is also effective to keep the quality of 



20 

 

liquid core material. Especially, the prevention of liquid dispersion is deeply related to 

the capsule size. According to the thermodynamics, a flow in the liquid with small 

volume is hard to occur which leads to be utilized as the suppression of convection 

under heating condition. It simultaneously brings out a result of the liquid vaporization 

due to large surface area. However, by covering the liquid with shell, the vaporization 

also can be suppressed. In addition, the shell having numerous voids would control the 

dispersion ratio of the liquid and the difference of thermal conductivity between the 

liquid and shell material can promote the heat energy given to the liquid. It would lead 

to decrease the energy consumption. This concept will be utilized for heating of reactive 

material such as a liquid fuel. By encapsulating the reactive liquid droplets, long time 

heating to occur the reaction and high pressure to produce the fine fuel droplets [42] 

will be unnecessary (Figure 1.18). There is also similar concept in the field such using a 

micro reactor where the small volume of fluid is introduced in micro scale vessel in 

order to control and investigate the reaction in detail [43]. Particularly, in similar 

application of liquid capsules under heating condition, capsules containing phase 

change materials have been studied to realize the thermal storage resource [44]. The 

capsule shell is used as the vessel to protect inner liquid and thermally insulated. Thus, 

it is also meaningful to focus on the liquid capsule to be used for and open the thermal 

application. 

 

 

Figure 1.18 Advantage of liquid encapsulation in heating applications 
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Next, the shell structure controllability is explained as follows. The shell 

structure is key characteristic of capsule since it highly affects the capsule functionality. 

The formation of shell structure depends on the encapsulation methods and their 

conditions. In Figure 1.19, two fundamental methods to control the shell structure in 

terms of the variation of porous state are focused on. An etching method varies the shell 

structure by contacting to acidic or alkaline environments [45]. If the intensive etching 

is conducted, it significantly causes the porosification of shell structure [45]. On the 

other hand, a sintering method is applied to densify the shell structure by sintering 

temperature. The shell structure will be significantly dense in case of high temperature 

sintering [46]. Both of methods sometimes may lead to cause of the variation of capsule 

shape, capsule size and shell thickness as well as controlling of porous state. Therefore, 

the detail control condition is required to make a desired property of capsule. 

Furthermore, by considering the material to be adopted in each method, the sintering 

method is available for multiple materials such as metal or ceramic which can 

chemically retain the material structure during exposure to high temperature. While, 

candidate material is limited to the etching method due to chemical approach such 

utilizing the acid solubility. 

 

Figure 1.19 Shell structure varied by the etching and sintering 

 

The ceramics are feasible as a matrix of the capsule shell because of high 

melting point with high material stability in addition to the superiority as explained 

above. Besides, the powder material is selected since the capsules having such shell can 

be obtained in a few step processes based on the powder coating process and mass 
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production is available, which leads to broaden the study field because of the simplicity 

of capsule preparation. Particularly, the shell structure can be varied with sintering 

process leading to design of the specific porous state for desired utilizations. In the case 

of sparse shell structure (open shell), the capsule is suit to apply for a selective 

permeation (Figure 1.20). On the contrary, the dense shell structure (closed shell) is 

possible to utilize as an intensive protection from external environment. It is important 

to know the condition for specific characteristics. However, the only intensive sintering 

process needs to make the closed shell. It also causes the variation of other 

characteristics. For example, a compressive strength of the hollow capsule made by 

other method in the variation of sintering temperature cannot promote simultaneously 

with the high porous state [46]. 

 

 

Figure 1.20 Specific utilization depended on porous state of shell structures 

 

Instead of relying on the atomic diffusion phenomenon caused by the sintering process, 

the voids in open shell can be embedded by other materials (Figure 1.21). Although fine 

particles can generally promote the catalytic performance due to the high specific 

surface area, it is hard to deal with since they tend to aggregate together and adsorb 

other materials. Thus, such fine particles need to immobilize to overcome the 

inferiorities. It is close to the concept of surface modification of support materials by the 

catalyst to be applied in heterogeneous catalysis where the catalyst phase is different 

from the phase of materials to be catalyzed [17]. Furthermore, hollow capsules with the 
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catalytic property can be filled depending on any shapes and refilled to correspond to 

various conditions. 

 

Figure 1.21 Advantage of hollow core capsules in control of the surface activity with improved 

handling for fine particles 

 

To embed the voids, solution combustion synthesis (SCS) is possible to apply. SCS is a 

material synthesis technique to generally produce fine ceramics and starts from the 

solution mixture containing various metal nitrates with fuels. The high temperature 

condition owing to the exothermic reaction between raw materials is generated [47], 

thus it will not cause to promote significant sintering effect for the particles on capsule 

shell. It can be promising process to embed the voids on capsule shell. Among various 

ceramics which can be synthesized by SCS, the materials having the catalytic 

performance are suit to apply for the embedding material, since it is easy to evaluate the 

material characteristic and the geometrical characteristic of capsule with embedding 

materials in heterogeneous catalysis as the specific environment. 
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1.4 Objectives 

 In the dissertation, 3 following objectives are listed to design new capsule 

applications involving the control of heat transfer and diffusion of liquid, and 

surface activity of solid by utilizing the liquid core and the hollow core capsule:  

1. To elucidate the liquid and hollow core encapsulation processes and their structure 

controllability 

2. To demonstrate the heat transfer controllability of encapsulated liquid 

3. To demonstrate the material compatibility of voids embedded hollow capsules with 

catalysts 

As for the encapsulation method, Dry water method and sacrificial template method are 

selected because of most simple method where the mass production in a few steps is 

available. In chapter 2, the heat transfer through encapsulated liquid is investigated by 

observing the temperature change over the encapsulated liquid. The controllability of 

heat transfer in liquid would help to utilize the thermal energy effectively for liquid 

application. In chapter 3, the effect of sintering temperature on the capsule shell 

structure is investigated by observing the morphology of hollow capsule. The 

controllability of shell structure, particularly shell porous state, would contribute to 

provide the specific characteristics of hollow capsule. Besides, by using a permanent 

magnetic material as capsule shell, it would be possible to open the application field as 

well as to confirm the availability of various materials which have not been used yet. In 

chapter 4, the effect of embedding of various catalyst candidate materials synthesized 

by SCS on capsule shell structure is investigated by observing the morphology of 

hollow capsule. The effect of type of materials is also investigated by analyzing the 

crystal form of materials which is exposure to methane and carbon dioxide gases flow. 

Because of the attractive catalysis to produce synthesis gases in recent, these gases are 

selected as the heterogeneous catalysis to verify the efficacy of void embedded hollow 

capsules with catalysts as support material. Following advantages of voids embedding 

by other catalyst candidate materials by SCS would be listed. Long time and high 
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temperature sintering is not needed during the embedding process. Fine material is 

immobilized for the improvement of usability. The catalytic activity can be installed to 

the original characteristics of hollow capsules. 
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Chapter 2 Encapsulation of solutions for controlling heat transfer 

 

2.1 Introduction 

Liquid encapsulation is a process that covers liquid droplets by a solid shell. 

These covered droplets are separate the liquid from its external environment, thereby 

allowing easy transport and controlled release [1-3]. Particularly, interesting is the 

possibility of applying liquid encapsulation techniques for chemical processes where 

control of mass and heat transfer between capsules can produce a new type of chemical 

synthesis. Encapsulation of liquids produces small volumes of liquids without 

coalescing effects; therefore, the thermal diffusion caused by the convection and 

gasification in liquids during chemical synthesis can be moderated in order to use the 

chemical energy effectively. This concept is especially important in the field of micro 

scale system such as a micro reactor. However, to present knowledge, there are 

relatively few studies on heat transfer in powders of encapsulated liquids. 

Among the various methods for the liquid encapsulation, Dry water method is 

possible to encapsulate a large amount of water by using a comparatively small amount 

of hydrophobic silica nanopowders [4]. Up to 98 wt% of water can be included in 

capsules by using this method [4]. Aqueous solutions containing dissolved additives 

also can be encapsulated if these additives do not have a significant influence on the 

surface tension of aqueous solutions [5]. Therefore, numerous kind of aqueous solutions 

are applicable to encapsulate. Besides, a capsule shell consisted of fine hydrophobic 

silica particles make inner solutions possible to control the dispersion rate though 

evaporation with varying the environmental temperature and humidity. It will lead to 

prevent the inner pressure from rapid increasing in capsules which causes of chemical 

energy lost. 

In order to elucidate energy transfer between liquid capsules aiming at the 

effective utilization of chemical synthesis involving liquids in fine region, heat transfer 
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in powders consisting of capsules that include an aqueous solution prepared by Dry 

water method was studied in this chapter. 

 

2.2 Experimental 

2.2.1 Preparation of encapsulated solutions 

Hydrophobic silica 

Hydrophobic silica as the shell material of capsules with the physical 

properties is indicated in Table 2.1. Hydrophobic silica is surface modified with 

Polydimethylsiloxane to have larger water contact angle more than 90˚ which is 

categorized as hydrophobic. Water contact angle was experimentally measured an angle 

at which the water droplet and vapor interface meets the hydrophobic silica pellet and 

water droplet. The pellet was made by a pressing machine under a condition of 0.5 tons 

for 5 minutes. 

 

Table 2.1 Physical properties of hydrophobic silica 

Molecular formula SiO2 (amorphous) 

Molecular weight [g/mol] 60.1 

Melting temperature [K] 1,923 

Ignition temperature [K] 733 

Specific surface area [cm2/g] 203 

Carbon content [%] 4.5 

Tap density [g/cm3] 5.0×10-2 

Particle size [m] 8.51 

Water contact angle [deg.] 130 

Surface modifier Polydimethylsiloxane 
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Solution 

The solution consisted of pure water with iodine, potassium iodide and starch 

was selected. It change the color from deep blue to colorless at 353 K, which is referred 

to as a thermochromic solution and convenient to visualize the heat transfer. Mechanism 

for color change is studied and explained as follows. Iodine molecule enclosed in the 

structure of amylodextrin as starch main composition separates from the structure due to 

temperature increase, resulting in the color change. It is also said that iodine is 

promoted to dissolve in water with the coexistence of potassium iodide. The physical 

properties of chemical components and weight ratio between components were 

described in Table 2.2. The concentration of components in pure water was about 1 

wt. % which is assumed to have little influence on the surface tension of water. Iodine 

and potassium iodide were dissolved in a half amount of pure water, and starch was 

dissolved in another half amount of pure water at first, respectively. Then, both of 

solutions were mixed together and consequently the color change from colorless to deep 

blue. 

Table 2.2 Physical properties of components and weight ratio in solution 

 Iodine Potassium iodide Starch 

Molecular formula I2 KI (C6H10O5)n 

Molecular weight 

[g/mol] 
253.809 [6] 166.00 [6] ― 

Melting temperature [K] 386.6 996 Decompose 

Boiling temperature [K] 458.24 1,603 Decompose 

Ratio [wt. %] 2.6 8.8 88.6 
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Blending condition 

The mixture of hydrophobic silica and solution contained iodine, potassium 

iodide and starch was blended in a blender (Figure 2.1) with specifications as shown in 

Table 2.3. Encapsulated solutions were obtained under specific condition described in 

Table 2.4. To investigate the influence of ratio between hydrophobic silica and solution 

on heat transfer, samples contained different solution ratios were prepared. 

 

Figure 2.1 Blender 

 

Table 2.3 Blender specifications 

Container material Polycarbonate 

Inner volume [cm3] 1.25×103 

Blending speed (Low) [rpm] 15,800 

Blending speed (High) [rpm] 18,500 

Rated voltage [V] 100 

Rated power consumption [W] 208 

 

Table 2.4 Encapsulation conditions 

Blending speed [rpm] 18,500 

Blending time [s] 90 

Solution ratio [wt. %] 98, 95, 90 
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Characterization 

Morphology of encapsulated solutions contained different solution ratios were 

observed with an optical microscope (VHX-600, KEYENCE). The size distribution of 

the capsules was calculated by measuring the diameters of 100 capsules from the image 

of the optical microscope. 

 

2.2.2 Temperature measurement 

Figure 2.2 shows the experimental setup for the temperature measurement. 

The temperature of samples was measured by three thermocouples (K type), located at 5, 

10 and 15 mm distances from the bottom of a glass tube. The capsule is the sphere 

which indicates the point contact with the thermal source; thus, the curved surface 

vessel in order to set the unique point of the thermal conduction was selected. It is 

assumed that the parallel isothermal surface in the samples starts to form from 5 mm 

distances from the bottom of the glass tube. Each thermocouple was connected to a data 

logger to record the temperature profiles. Original solution was also examined to 

compare with encapsulated solution. Prior to the temperature measurement, 

encapsulated solutions and original solution were heated at 333K for 30 min in a dry 

oven to obtain a vivid blue color for a clear visualization of color changes. The bottom 

of the glass tube was heated by using a hotplate, while the sample surface was exposed 

to the atmosphere. Temperature measurement was started when the glass tube touched 

the hotplate. Experimental conditions were also specified in Table 2.5. 
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Figure 2.2 Experimental setup for the temperature measurement: (1) Hot plate, (2) Thermocouple, 

(3) Data logger, (4) Glass tube and (5) Samples 

 

Table 2.5 Experimental condition for the temperature measurement 

Sample amount [g] 
1.5 (Encapsulated solution), 

3.0 (Solution) 

Initial temperature [K] 293 

Hotplate temperature [K] 523 

Measurement time interval [s] 0.5 

 

2.3 Results and discussion 

2.3.1 Morphology of encapsulated solutions 

As a result of the encapsulation of the thermochromic solution, transparent 

capsules with wide range of droplet sizes and shapes in a form of powders were 

observed as shown in Figure 2.3-a1, a2 and a3. Solution droplets were completely 

covered with hydrophobic silica nanopowders. Some free nanopowders, which are not 

involved in the structure of the capsules, were found in all samples, and their amount 
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increased in the case of the samples with lower solution contents. According to Figure 

2.3-a1, a2 and a3, the amount of hydrophobic silica nanopowders constructing each 

capsule membrane was approximately the same among all samples; thus, the thickness 

of the capsule shell is assumed to be constant. As the solution content of the samples 

decreased, the variance of the capsule sizes became smaller which is confirmed from 

Figure 2.3-b1, b2 and b3. The mean size of the capsules varied from 130 μm (90 wt%), 

190 μm (95 wt%) to 230 μm (98 wt%). It can be explained such that higher solution 

content leads to an enlargement of the capsule sizes because of a partial coalescence of 

solution droplets, as a certain amount of hydrophobic silica nanopowders is needed to 

prevent each droplet from coalescence. The same tendency was reported by Bomhard 

[7]. 

 

Figure 2.3 Optical microscope images (a) and size distributions of capsules (b) of encapsulated 

solutions for various solution contents: (1) 98 wt%, (2) 95 wt%, (3) 90 wt% 
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2.3.2 Observation of temperature change of encapsulated solutions 

The encapsulated thermochromic solution had light blue color initially, then 

gradually changed their color to white from the bottom of the samples because of 

heating (Figure 2.4-a). A color change occurred when the temperature reached 353 K. 

By contrast, the color of the original solution changed uniformly in the entire volume 

because of the convective effect (Figure 2.4-b). Heating caused a gradual color change 

to yellowish after 15 min, eventually resulting in the original color of the iodine 

solution (which is not shown here). Hence, the process of color change is clearly 

different from that of the encapsulated solution. 

 

 

Figure 2.4 Color change images of (a) encapsulated solutions contained 98 wt % of solution and (b) 

original solution heated from one end 

 

The temperature of the encapsulated solutions gradually increased to around 

373K as a function of time as shown in Figure 2.5-a, b and c. Figures show that the 

temperature change profiles are different for each measurement point at different 

distances from the hot plate. This result implies that the temperature steadily increased 

from the bottom to the top of the samples. In contrast, the temperature of the original 

solution increased uniformly, which indicates that there is no significant dependency 

between the temperature and the measurement point (Figure 2.5-d). Thus, the liquid 
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flow was controlled, and the heat transfer had a particular direction in case of 

encapsulated solutions. 

 

 

 

 

Figure 2.5 Temperature change profiles of encapsulated solutions with (a) 98, (b) 95 and (c) 90 

wt % solution contents and (d) original solution 

 

Figure 2.5 shows that the temperature exponentially changed and differed depending on 

the solution contents and distance from the hot plate. Based on the data of each 

measurement point shown in Figure 2.5, a rate constant, k (/s), was calculated as 

follows when the temperature of each sample increased until an equilibrium temperature 

from initial temperature: 

 

k = - log ((Teq – T(t))/(Teq – Ti)) / t     (1) 
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where T(t) (K) is a temperature when specific time has elapsed since the measurement 

started, Teq (K) is an equilibrium temperature, Ti (K) is the initial temperature and t (s) 

is the elapsed time. 

The equation (1) was based on Newton's law of cooling and derived from equation (2) 

as follows: 

 

T(t) = Teq – (Teq - Ti) exp(-kt)      (2) 

 

The calculated values of k for the original solution and encapsulated solutions with 90, 

95 and 98 wt% solution contents are shown in Figure 2.6. 

 

Figure 2.6 Rate constant of original solution and encapsulated solutions contained 98, 95 and 90 

wt % of solution at each measurement point from the bottom of glass tube 

 

There was no significant difference between each measurement point for original 

solution. This means that the temperature increased uniformly in the entire volume 

because of the convective effect. The rate constant for powders of encapsulated 

solutions was higher than that of the original solution and decreased with the distance 

from the bottom of the glass tube increases. The figure also shows that the values for the 

encapsulated solutions were dependent on the solution contents. The rate constant of 
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lower solution contents was larger compared with that of higher solution contents, 

which indicates that heat transfer was faster in the case of lower solution contents. A 

large distribution shown at short distance from the bottom of the glass tube for lower 

solution contents would be caused by experimental error. 

The composition of all encapsulated solutions samples is dominated by water; 

thus, it can be assumed that the thermal behavior of samples is mainly determined by 

the thermal property of water. Among all components, the highest thermal conductivity 

(0.6 W/m·K [6]) and specific heat (4.2 J/g·K [6]) values belong to water. According to 

the results, the temperature increased faster in the case of samples with lower solution 

contents. However, there is a limiting factor for the temperature increase of samples 

with different solution contents. In the case of the sample with 90 wt% solution content, 

the total amount of water and size of capsules are smaller compared to the sample with 

98 wt% solution content. The amount of heat energy that is necessary to increase the 

temperature for a single capsule from 293 K (room temperature) to 353 K can be 

estimated by a calorific calculation. The volume of the capsule and the mass of water 

were calculated by using an average diameter of the capsules; on the assumption that 

capsule shape is an ideal sphere. The thickness of the capsule shell was regarded to be 

10 m in all samples. The heat energy of a single capsule Q [J] was calculated by using 

the following equation: 

 

Q = M Cp ∆T       (3) 

 

where M (g) is the mass of a capsule, Cp(J/g·K) is the specific heat of a capsule, and ∆T 

(K) is a temperature gradient (60 K in this case). 

Here, the mass of a capsule was estimated by using experimental data with densities of 

water (1 g/cm3 [6]) and silica (0.05 g/cm3, tapped density determined experimentally). 

The specific heat of a capsule was calculated by using the data for water (4.2 J/g·K [6]) 

and silica (0.85 J/g·K [8]). Therefore, the number of capsules in a unit volume was 
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estimated. To simplify the calculation, no free hydrophobic silica nanopowders are 

existed, which means that all of them are assumed to be involved in the capsule shell. 

Furthermore, considering the heat transfer of encapsulated solutions, only thermal 

conduction can be taken into account in this calculation. As a result, the total heat 

energy necessary to increase the temperature of a unit volume for each sample from 293 

K to 353 K was calculated. In the calculation, the air included in the samples was also 

considered. Table 2.6 shows the lowest values of heat energy in a unit volume of a 

sample with 90 wt. % solution content among all samples. The time needed to increase 

the temperature is shortened in the case of samples with lower solution contents. The 

calorific calculation is adequate to describe the difference between samples observed in 

the experiments. 

Table 2.6 The data for calorific calculation of encapsulated solutions 

Solution content (wt%) 98 95 90 

Average diameter (μm) 230 190 130 

Mass of capsule (μg) 4.92 2.62 0.719 

Volume of capsule (μm3) 6.37×10
6
 3.59×10

6
 1.15×10

6
 

Number of capsules (cm-3) 1.38×10
5
 2.06×10

5
 5.25×10

5
 

Heat energy of capsule (mJ) 1.23 0.651 0.177 

Heat energy (J·cm-3) 169 134 93 

 

2.4 Conclusions 

Observation of temperature change though encapsulated iodine-starch 

(thermochromic) solutions with different solution contents prepared by dry water 

method was studied. The encapsulated solutions were possible to control the convective 

effect in liquids and exhibited the particular direction of temperature change. The 

temperature in samples with lower solution contents rises faster compared with the 

temperature in higher solution content samples. This effect can be explained by the 
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calculation of heat energy based on the difference in packing densities and capsule sizes 

among the samples with different solution contents. The results suggest that it is 

possible to control the propagation speed of heat by varying the content of the 

encapsulated solutions. 
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Chapter 3 Effect of sintering temperature on the characteristics of 

hollow capsules produced by sacrificial template method 

 

3.1 Introduction 

Hollow capsules have gained an attention because they have various potential 

advantages involving improvement of adsorptivity, permeability and insulation 

properties. Hollow capsules can serve as primary units for cellular or macroporous 

composite with filling ratio controllability and flexible shape selectivity. The presence 

of inner hollow space can be a useful property for a thermal insulation material due to 

its low thermal conductivity [1, 2]. The key characteristics of hollow capsules, which 

will determine their functionality, are structural properties such as a sphere size, a shell 

thickness and porosity of the shell as well as physicochemical properties of the shell 

material. Particularly, the porosity of the shell structure is an important characteristic 

due to its influence on mechanical integrity of the hollow capsules and their functional 

properties such as permeability. In general, the porosity of porous materials is defined as 

a void fraction in material. When numerous fine voids remain in the shell, high porosity 

can be attained. High void fraction is effective for promotion of catalytic activity due to 

an increase in specific surface area [3, 4]. In case of ceramics, the size of void and void 

fraction can be controlled irreversibly by a sintering process. Due to high melting points 

and high material stability of ceramics, a wide range of sintering conditions is available. 

To prepare the hollow capsules, the sacrificial template method with powder 

coating process was selected. The sacrificial template method [5] is based on dissolution 

or pyrolysis of a core material covered by raw materials of the hollow capsules which 

results in formation of shell. The formation process can be controlled by characteristics 

of precursor and template removal conditions. Particularly, combination of solid organic 

core material and ceramic powder is attractive for industrial field since a mass 

production is highly possible in a few steps with variable control conditions and flexible 

material selectivity [6-9]. The concept of this technique is similar to fabrication method 
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for a foamed body [10] which is also enable to use as the porous material. The inner 

hollow space in hollow capsule is more homogeneously produced compared with that in 

foamed body due to the individual designed process [11]. However, from the scientific 

point of view, fabrication of the hollow capsules by this technique has not been 

investigated in detail. In this chapter, the effect of sintering temperatures on the 

structural properties of the hollow capsules such as a sphere diameter, shell thickness, 

void diameter between sintered powder particles, specific surface area and total pore 

volume was investigated. As a material for hollow capsules, strontium ferrite 

(SrFe12O19) was selected due to its permanent magnetic property which is attractive for 

applications in various fields. 

 

3.2 Experimental 

3.2.1 Preparation of hollow capsules 

Materials 

Component materials used for the preparation of hollow capsules’ precursor 

are described in Table 3.1. Polyvinyl alcohol (PVA) with a saponification degree of 

more than 78 % was selected as a binder with water soluble property. The binder is a 

key factor to retain the hollow spherical structure. Strontium ferrite powder with an 

average particle diameter and standard deviation of 2±1 m, bulk density of 2.3 g/cm3 

was used as a matrix of hollow capsules. Expanded polystyrene (EPS) beads with an 

average diameter and standard deviation of 870±95 m, bulk density of 0.6 g/cm3 and 

weight-average molecular weight of more than 300,000 was selected as a sacrificial 

template with spherical shape. Size difference between strontium ferrite powder and 

EPS is enough to achieve the ordered mixing. All of organic materials have a pyrolysis 

temperature less than 773 K. 
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Table 3.1 Physical properties of component materials 

Material Polyvinyl alcohol 
Strontium 

ferrite 

Expanded 

polystyrene 

Molecular 

formula  
SrFe12O19 

 

Molecular 

weight [g/mol] 
104,800 1,062 >300,000 

Melting 

temperature [K] 
< 773 (Pyrolysis) > 1,643 <773(Pyrolysis) 

 

Preparation procedure 

Preparation of hollow capsules is consisted of 2 processes: Coating process 

and heating process. Firstly, 1 wt .% PVA was put in pure water and the solution 

mixture was left for 2 hours to obtain well-dissolved solution. Secondly, the strontium 

ferrite powders were added to the solution. The solution mixture was placed in a dry 

oven heated at 60˚C for 6 hours and stirred for several seconds every one hour. After 

the drying, the solution became a solid mixture. Thirdly, the solid mixture was milled 

for 30 minutes until it got powder state using a vibratory ball mill (SPARTAN, 

FRITSCH) under vertical vibration at 3,000 times per minutes. Milling medium was a 

stainless steel ball with diameter of 5 cm and weight of 500 g. Lastly, EPS the mixture 

powders were put in the blender which is described in 2.2.1. A weight ratio of strontium 

ferrite powder, EPS and PVA in the coated precursors was 93, 5 and 2. The mixture was 

blended for 2 minutes with blade speed of 1,200 round per minutes. Distilled water (5 

wt. % of the total weight of all components) was added dropwise in the blender during 

the blending. To obtain homogeneous coated precursors, the blending process was 

repeated again under the same conditions described above. Prior to the blending process, 

the blender geometrical condition was modified. The surrounding of blender’s blade 

was covered by a Teflon sheet with inner diameter of 6 cm and height of 14.5 cm. 
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Besides, a steel wire was connected with the blade. Each edge of wire was extended to 

along the inner side of the Teflon sheet and a bottom surface under the blade, 

respectively. The bottom surface was raised with an epoxy resin adhesive to near an 

edge of blade as much as possible. The purpose of this modification was to decrease a 

dead space where the mixture is stagnated. 

And then, coated precursors were placed in a programmed furnace (NHK-170, 

NITTO KAGAKU Co., Ltd.) under the heating condition as visually described in Figure 

3.1. Firstly, the temperature was increased from room temperature to 773 K at the rate 

of 4 K / min. and kept at 773 K for 1 hour to complete pyrolysis of organic components. 

Secondly, the temperature was increased to higher temperature at the rate of 10 K / min. 

and was kept at specific sintering temperature. Thereafter, the sample was cooled 

naturally in the furnace. The sintering temperatures were set at 1,373 K, 1,423 K, 1,473 

K and 1,523 K. All of steps mentioned here were conducted under an atmospheric 

condition. 

 

 

Figure 3.1 Temperature profile for coated precursor heating 

 

3.2.2 Characterization 

 The diameter of hollow capsules and thickness of their shell sintered at each 

temperature were measured by using an optical microscope (VHX-600, KEYENCE). To 

measure the shell thickness, the hollow capsules were embedded in an epoxy resin 
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adhesive and were cut at the area contained hollow capsules after the resin was 

hardened. The void area ratio, defined as a sum of void areas on the shell surface 

divided by a total surface area, was calculated from scanning electron microscope (SEM, 

JSM-6610LA, JEOL) images. Here, the void was assumed to have a spherical shape and 

the diameter of void was approximately defined in a range from a few hundred 

nanometers to few micrometers. The specific surface area of hollow capsules sintered at 

each temperature was calculated by Brunauer–Emmett–Teller (BET) method based on 

nitrogen gas adsorption (BELSORP-28SA, MicrotracBEL Corp.) at 77 K. The total pore 

volume was calculated from a maximum adsorbed amount of nitrogen. Prior to the 

nitrogen adsorption analysis, all samples were dried at 333 K for 24 hours and heated at 

573 K for 200 min to remove adsorbed gases from the surface. BET equation (4) is used 

to derive an equation (5) for the calculation of specific surface area. The total pore 

volume can be calculated from maximum amount of adsorbed nitrogen which is defined 

as equation (6). Besides, it is assumed that the pores on the surface are filled with liquid 

nitrogen. 

𝑉 =
𝑉𝑚𝐶𝑝

(𝑝0−𝑝)(1+(𝐶−1)(𝑝/𝑝0))
      (4) 

where V is amount of adsorbed nitrogen (m3/g), Vm is amount of adsorbed nitrogen on 

monolayer (m3/g), C is constant, p is equilibrium pressure (Pa) and p0 is saturated vapor 

pressure (Pa). Here, the constant C expresses how the nitrogen interacts with the surface. 

Strong interaction between them would be indicated if this value is considerable higher 

than 1. 

𝑆 =
𝑉𝑚𝑁𝑎𝑚

𝑀
       (5) 

where S is specific surface area (m2/g), Vm is amount of adsorbed nitrogen on 

monolayer (m3/g), N is Avogadro constant (/mol), am is molecular occupied 

cross-sectional area (m2) and M is molecular weight of nitrogen (g/mol) 

𝑉𝑝 =
𝑃𝑎𝑉𝑚𝑎𝑥𝑉𝑙

𝑅𝑇
       (6) 



48 

 

where Vp is total pore volume (m3/g), Pa is ambient pressure (Pa), Vmax is maximum 

amount of adsorbed nitrogen (m3/g), Vl is molar volume of liquid nitrogen (m3/mol), R 

is gas constant (Pa m3/mol/K) and T is ambient temperature (K) 

 

3.3 Results and discussion 

3.3.1 Shape of hollow capsules 

Figure 3.2-a shows optical photographs of hollow capsules sintered at 1,373 

K. Average roundness of the hollow capsules defined as a ratio between the diameters of 

the inscribed and circumscribed circles fitting the shape of a hollow capsule was around 

90 % for all samples. It can be said that all samples retained the original spherical form 

because their roundness was similar to the roundness of EPS. However, the average 

diameter decreased as the sintering temperature increases as shown in Figure 3.3. There 

is 14 % difference between the average diameters of hollow capsules sintered at 1,373 

K and 1,523 K. The result shows that rising the sintering temperature significantly 

promoted a size shrinking of hollow capsules. As a result, the average diameter of 

hollow capsules became less than that of EPS. According to a preliminary experiment, 

the organic components were thermally decomposed at temperature less than 773 K 

while the hollow spherical shape retained. Figure 3.2-b shows a cross-sectional view of 

single hollow capsule. The variation of average shell thicknesses between the hollow 

capsules sintered at 1,373 K and 1,523 K was 18 % which can be seen from Figure 3.3. 

The shell thickness for all samples also had the standard deviation due to a 

nonhomogeneous coating during the precursor preparation. From average diameters and 

thicknesses, a core volume ratio which is a ratio between core volume and total volume 

was calculated for each sample. All of samples had core volume ratios of around 75 %. 

The decreasing of thickness which was coincident with the size shrinking caused no 

significant variation of core volume ratio among samples. 
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Figure 3.2 Hollow capsules sintered at 1,373 K (a) and its cross-section (Shell thickness shown as 

the width of red dotted line) (b). 

 

 

Figure 3.3 Diameter (solid line) and shell thickness (dotted line) of hollow capsules sintered at each 

temperature. 

 

3.3.2 Shell surface morphology 

Figure 3.4 shows surface images of hollow capsules sintered at each 

temperature which was observed by SEM. Hexagonal particles shown in Figure 
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represent a typical crystal form of SrFe12O19 [12, 13]; the particle size growth was 

promoted with increasing the sintering temperature. It is also confirmed that numerous 

voids existed between the particles. The voids can mainly appear during the coating 

process. As the sintering temperature increases, number of voids tends to decrease 

(Figure 3.4). It can be seen from the figure, that by increasing sintering temperature 

from 1,373 K to 1,523K, void area ratio decreased by 9.2 times as shown in Figure 3.5. 

Since the particle size growth and necking of particles were promoted as the sintering 

temperature increases, the size of a few micrometers voids would be decreased to 

submicron size. However, such fine scale void could not clearly distinguished from 

SEM observation because the particle size and necking state were sterically grew which 

was corresponded to the result of the shrinking of shell structure. 

 

Figure 3.4 Surface images of hollow capsules sintered at 1,373 K (a), 1,423 K (b), 1,473 K (c) and 

1,523 K (d) (The red dotted circle indicates the void) 
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Figure 3.5 Surface void area ratio based on the observation of surface images of hollow capsules 

sintered at each temperature. 

 

3.3.3 Gas adsorption property 

Figure 3.6 shows the adsorption isotherm for the hollow capsules sintered at 

each temperature. Each isotherm is defined as the relationship between the amount of 

adsorbed nitrogen per unit mass and the equilibrium relative pressure. Besides, the 

shape of isotherms can belong to the Type II according to the classification issued by 

IUPAC [14]. This type is generally characteristic for non-porous or macroporous solids 

and is often obtained in the case of nitrogen adsorption on iron or oxide surface [15]. A 

hysteresis between adsorption and desorption curves observed for all samples could be 

caused by an insufficient time for the gas desorption. Because, the surface of hollow 

capsules significantly interact with nitrogen molecules. From Figure 3.6, it can be seen 

that the maximum adsorbed amount decreased as the sintering temperature increases. 

There was approximately 1.6 times difference in the maximum adsorbed amounts of 

nitrogen between the sample sintered at 1,373 K and that sintered at 1,523 K. By 
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calculating from the adsorption data, the BET specific surface area and total pore 

volume became smaller with increasing the sintering temperature as shown in Table 3.2. 

It can be concluded that higher sintering temperature intensively promoted closing of 

pores inside particles and voids between them in the shell of hollow capsules. However, 

the obtained values of specific surface area for all samples were still quite high and can 

be corresponded to that hundreds nanometer size particles exist in the shell according to 

simple estimation. Therefore, even sintered at higher temperature hollow capsules with 

high specific surface area could be designed. 

 

Figure 3.6 Nitrogen adsorption and desorption isotherm curves of hollow capsules sintered at each 

temperature. 
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Table.3.2 Specific surface area and total pore volume of hollow capsules sintered at each 

temperature. 

Sintering temperature 

[K] 

Specific surface area 

[m2/g] 

Total pore volume 

[cm3/g] 

1,373 22.8 0.020 

1,423 20.2 0.017 

1,473 13.8 0.014 

1,523 14.3 0.012 

 

3.4 Conclusions 

The structure of hollow capsules prepared by the sacrificial template method 

and sintered at different temperatures was studied by the microscopic observation and 

the gas adsorption test. With increasing the sintering temperature, the diameter of 

hollow capsules, shell thickness, void area ratio on the shell, specific surface area and 

total pore volume decreased. The result revealed that the shrinking of hollow capsules, 

decreasing number of voids in the shell and closing of pores in powder particles were 

significantly promoted with increasing the sintering temperature. To sum up, the 

structure of hollow capsules could be controlled carefully with the sintering 

temperature. 
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Chapter 4 Material compatibility of voids embedded hollow capsule 

under methane and carbon dioxide gases flow condition 

 

4.1 Introduction 

The controllability of shell structure of hollow capsule was elucidated in 

terms of the temperature in the sintering process as described in Chapter 3. As the result 

of present study, the densification of shell structure due to intensive sintering caused the 

decreasing of void area ratio on the shell surface and specific surface area or total pore 

volume of hollow capsule. Simultaneously, the hollow capsule diameter and shell 

thickness decreased. In other words, the result indicated that each parameter cannot be 

varied independently with various sintering temperatures. This is not only a natural 

consequence but also a practical issue which would cause an industrial inferiority, 

therefore, an elaboration to obtain the hollow capsule with specific parameters should 

be explored. 

In this chapter, a new embedding technique where other materials embed the 

pores and voids in the shell was developed. The embedding material compatibility with 

the material of hollow capsule under specific environment was studied. By introducing 

the other materials instead of high temperature sintering to hollow capsule, the pore and 

void spaces are possible to utilize as well as a controlling of porous state. To embed the 

pores and voids, a solution combustion synthesis (SCS) technique was selected. SCS is 

a synthesis method where fine solid powder up to nano scale size can be produced 

through a redox reaction in raw material mixture solutions containing metal nitrates 

with fuels such as urea or glycine [1, 2]. The fine size is caused by that raw materials 

are dissolved in the solution in molecular level and a dispersion of gas bi-products 

decomposed from organic components inhibits the particle size growth [2]. The high 

reaction temperature over 1,173 K during the combustion is generally occurred within 

several seconds [2]. This feature would not make a long time high temperature 

condition which causes the promotion of sintering. Besides, tremendous variations of 
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materials involving oxide, metal and their composite have been reported by means of 

SCS. As for the embedding material, non-precious metal nitrates were selected as the 

raw materials of oxides which can be prospective for the mass production. 

To elucidate the compatibility between embedding material and hollow 

capsule material is also important to make sure a stability of the crystal form as well as 

the morphology under specific environments. It is due to that the hollow capsules would 

be exposure to extraordinary environments such as high temperature, high pressure, 

acidic environment or rapid stream fluid environment which are dependent on the 

utilization. In order to evaluate the compatibility, the shell surface modified capsule was 

exposure to heating and gas flowing condition. The gases consisting of the methane, 

carbon dioxide and nitrogen was selected. The methane and carbon dioxide with a 

coexistence of transition metals or noble metals at the temperature from 1,073 K to 

1,273 K can convert to a hydrogen and carbon monoxide which is also known as a dry 

reforming of methane [3]. This is the heterogeneous catalysis and has been attracted in 

the scientific and industrial field over the last few years owing to an effective utilization 

of green-house gases converting to synthesis gases [4]. Besides, the spinel form 

produced by SCS with other oxides has been considered as a prospective material which 

can promote a catalytic activation [5]. Therefore, this technique would be expected to be 

a new utilization of hollow capsule prepared by the sacrificial template method. 

 

4.2 Experimental 

4.2.1 Preparation of shell structure modified hollow capsule 

Materials 

 In order to investigate various material compatibilities, multiple raw materials 

were selected. The physical properties of metal nitrates and urea used as raw materials 

for shell structure modification of hollow capsule were described in Table 4.1 and 4.2. 

All of raw materials here are soluble in water and most of them will start to decompose 

at less than 700 K. 
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Table 4.1 Physical properties of metal (nickel, cobalt and cerium) nitrates [6] 

 
Nickel (II) nitrate 

hexahydrate 
Cobalt (II) nitrate 

Cerium (III) nitrate 

hexahydrate 

Molecular 

formula 
Ni(NO3)2 6H2O Co(NO3)2 Ce(NO3)3 6H2O 

Molecular 

weight [g/mol] 
290.79 244.948 [7] 434.23 

Melting 

temperature [K] 
329.7 ― 

150 (Change to 

trihydrate) 

Decomposition 

temperature [K] 
409.7 (Boiling) 448 [8] 473 

 

Table 4.2 Physical properties of metal (magnesium, aluminium and iron) nitrates and urea [6] 

 

Magnesium (II) 

nitrate 

hexahydrate 

Aluminium 

(III) nitrate 

hexahydrate 

Iron (III) 

nitrate 

hexahydrate 

Urea 

Molecular 

formula 

Mg(NO3)2 

6H2O 
Al(NO3)3 9H2O Fe(NO3)3 9H2O CO(NH2)2 

Molecular 

weight [g/mol] 
256.41 375.13 404 60.06 

Melting 

temperature [K] 
362 346.5 320.2 ― 

Decomposition 

temperature [K] 
603 423 398 408 
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Preparation procedure 

 Firstly, metal nitrates, urea and Polyvinyl alcohol (PVA) were dissolved in a 

pure water of a glass beaker with specific ratios as listed in Table 4.3. PVA with same 

physical property specified in Table 3.1 was added as a binding agent. After stirring the 

solution for several seconds, hollow capsule prepared by same process as described in 

3.2.1 were impregnated in the solution with a ratio described in the Table 4.3. The 

hollow capsule used here was sintered at 1,373 K which had large porous state. The 

solution containing hollow capsules was also stirred for several seconds. A part of raw 

material molecules in the solution were considered to be pass through the voids in the 

shell into the inner core space of hollow capsule. Secondly, the mixture was put in a 

furnace heated at 773 K for 10 minutes. SCS process was completed within the time. 

Lastly, the glass beaker containing the mixture was removed from the furnace and 

placed on an alumina brick to cool naturally to room temperature. Finally, the shell 

structure modified hollow capsules were prepared. All of steps were conducted in the 

atmospheric condition and visually shown in Figure 4.1. 6 samples were prepared with 

different metal nitrates compositions and classified in 2 types: Ni-Co-O based sample 

and Mg-Al-Fe-O based sample as described in Table 4.4. In addition, some samples 

included additives such as Ce, Mg, Al or Co. The weight ratio of each sample was based 

on empirical results to synthesis spinel structure. 

 

Figure. 4.1 Preparation steps for voids embedded hollow capsule: (1) Glass beaker, (2) Solution, (3) 

Dispensing spoon, (4) Hollow capsules and (5) Furnace 
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Table. 4.3 Initial mixture weight ratio 

Raw material Metal nitrates Urea Water PVA Hollow capsule 

Ratio [wt. %] 35 12 20 1 32 

 

Table. 4.4 Metal nitrates weight ratios as raw materials for each sample 

 Ni-Co-O Mg-Al-Fe-O 

― Ce Mg Mg-Al ― Co 

Ni(NO3)2 6H2O 40 33.3 20 20 ― ― 

Co(NO3)2 60 50 30 30 ― 30 

Ce(NO3)3 6H2O ― 16.7 ― ― ― ― 

Mg(NO3)2 6H2O ― ― 50 13.8 13.8 13.8 

Al(NO3)3 9H2O ― ― ― 36.2 36.2 36.2 

Fe(NO3)3 9H2O ― ― ― ― 50 20 

                                                      (wt. %) 

 

4.2.2 Gas exposure test 

The shell structure modified capsule was exposure to the gas flowing and 

heating condition as follows: Firstly, a small amount of refractory wool was put in a 

quartz tube with 10 mm widths and 635 mm lengths at around the center of the quartz 

tube. Then, 2.2 ml of shell structure modified hollow capsules sample were put in the 

quartz tube and small amount of refractory wool was also put at another edge of sample 

to prevent the sample from being blown off during the gas flow. Secondly, the quartz 

tube contained the sample and refractory wools was set in a tubular furnace. One edge 

of the quartz tube was connected with a hose to flow gases (i.e. Inflow gases). Another 

edge of the quartz tube was also connected with another hose to flow gases passed 

through the sample and water with ice cooling trap (i.e. Outflow gases). Inflow gases 
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including equal volume of methane, carbon dioxide and nitrogen were flowed with 0.2 

liter gases per liter of sample per second. Lastly, the tubular furnace was heated up to 

1,023 K prior to flowing the gases. The temperature was varied from 1,023 K to 1,173 

K during the gas flowing and kept for 10 minutes at specific temperature for a gas 

analysis described in 4.2.2. After reaching to maximum temperature, the inflow gases 

were stopped to flow and sample was naturally cooled down to room temperature. A 

total time for the gas flowing under the heating condition in the range of temperature as 

mentioned above was less than 3 hours. Experimental setup was given in Figure 4.2 to 

understand intuitively. 

 

Figure. 4.2 Experimental setup for gas exposure test: (1) Inflow gases, (2) Quartz tube, (3) Sample, 

(4) Refractory wool, (5) Tubular furnace and (6) Out flow gases 

 

4.2.3 Characterization 

Morphologies of shell structure modified hollow capsule were observed by 

SEM (JSM-6610LA, JEOL) to observe how powder embedded on the shell. All samples 

were sputtered with Au for a conductivity imparting prior to the SEM analysis. Specific 

surface areas of samples were calculated from BET method based on a measurement of 

nitrogen gas adsorption (BELSORP-28SA, MicrotracBEL Corp.) at 77 K. Total pore 

volumes of samples were also calculated from a maximum nitrogen adsorbed amount. 

Prior to nitrogen adsorption analysis, all samples were dried at 333 K for 24 hours and 
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heated at 573 K for 200 min. to remove adsorbed water on the surface. Crystal forms of 

samples were analyzed by an x-ray diffractometer (XRD, Siemens D500) with a CuK 

emission wavelength, 0.03 deg. scan step and 1.7 deg./min. scan speeds. Each sample 

mixed with 10 wt. % of a potassium chloride (KCl) was used for the XRD analysis. KCl 

was used for a reference material to obtain the specific diffraction intensity at an 

intrinsic angle. Elemental analysis for samples was analyzed by an energy dispersive 

x-ray spectroscopy (EDS) attached to SEM. 

0.6 ml of outflow gases were collected during the heating sample and flowing 

the inflow gases at 10 minutes after reaching to a specific temperature. The collected 

outflow gases were analyzed by a gas chromatography (GC 86.10, DANI) with a 

thermal conductivity detector, a polymer HaySep Q 80 / 100 mesh column heated at 363 

K and a helium carrier gas flowed in 30 milliliter per minutes. The catalytic 

performance of each sample was evaluated with gas decreasing rate [%] of methane and 

carbon dioxide and the ratio between each gas decreasing rate by using equations as 

follows: 

 

CH4 decreasing rate = (CH4in - CH4out) / CH4in x 100   (7) 

CO2 decreasing rate = (CO2in - CO2out) / CO2in x 100   (8) 

Ratio of gases decreasing rate = CH4 decreasing rate / CO2 decreasing rate (9) 

 

where CH4in [a.u.] and CO2in [a.u.] are initial amount of methane and carbon dioxide in 

inflow gases analyzed by the gas chromatography, respectively. CH4out [a.u.] and CO2out 

[a.u.] are amount of methane and carbon dioxide in outflow gases analyzed by the gas 

chromatography, respectively. If small amount of gases are obtained in outflow gases 

and a ratio between the decreasing rates of methane and carbon dioxide is close to 1, it 

can reveal that these gases are converted to hydrogen and carbon monoxide. This 

estimation is based on stoichiometric proportion that a chemical reaction formula for 

this conversion process can be expressed as CH4 + CO2  2H2 + 2CO. Morphologies 



63 

 

and crystal forms of samples after the gas exposure test were also investigated by SEM 

and XRD with same conditions as mentioned above. 

 

4.3 Results and discussion 

4.3.1 Morphology, elemental composition and gas adsorption of voids embedded hollow 

capsule 

 All samples of shell surface modified hollow capsules retained its hollow 

spherical shape although the high temperature reaction during the modification was 

occurred with multiple gas bi-products dispersion. The products powder with dozens of 

micrometer size were partly covered the hollow capsule as shown in Figure 4.3-a. As 

can be seen from EDS spectra analyzed for 2 areas with different appearances (Figure 

4.4), the area indicated as EDS 1 had the compositions originated mainly in the original 

composition of hollow capsule (Sr, Fe and O), the other area indicated as EDS 2 had the 

compositions originated mainly in the embedded powder (Ni, Co, Mg, Al and O). 

Furthermore, the embedded powder also partly existed in inner surface of shell 

according to the images (Figure 4.3-a) and EDS spectra (Figure 4.5). It can be 

considered that the solution mixture contained raw materials permeated into the core of 

hollow capsule through the voids between particles and the reaction partially occurred. 

 

Figure. 4.3 SEM images of outer surface (a) and inner surface (b) of voids embedded hollow 

capsule (Ni-Co-Mg-Al-O sample) 
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Figure. 4.4 EDS spectra of outer surface of voids embedded hollow capsule (Ni-Co-Mg-Al-O 

sample) (Numbers are corresponded to indicated area shown in Figure 4.3-a) 

 

 

Figure. 4.5 EDS spectra of inner surface of voids embedded hollow capsule (Ni-Co-Mg-Al-O 

sample) (Numbers are corresponded to indicated area shown in Figure 4.3-b) 
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High magnification image of surface of voids embedded hollow capsule 

highlights the morphology of embedded powder on strontium ferrite particle as shown 

in Figure 4.6-b. The appearance was totally different from the image of hollow capsule 

without embedding (Figure 4.6-a). The powder embedded the voids between strontium 

ferrite particles and covered the surface of strontium ferrite particles. In particular, some 

part of voids changed the size from a few micro meters to hundreds nano meters by 

embedding of powder. A nonhomogeneous embedding morphology was due to the 

nonhomogeneous placement of strontium ferrite particles. In spite of low homogeneity 

of the original morphology, embedded powder could be placed between strontium 

ferrite particles as well as on the particles. The embedding morphology of all other 

samples was similar to that of Ni-Co-Mg-Al-O sample. 

 

Figure. 4.6 High magnification SEM image of outer surface of hollow capsule without embedding 

(a) and voids embedded hollow capsule (Ni-Co-Mg-Al-O sample, b) 

 

 Figure 4.7 and 4.8 shows that the each elemental composition of embedded 

powder existed inside the shell as indicated with red square parts on the spectra. Figure 

4.7 also shows that the embedded powder covered the shell of hollow capsule with the 

thickness of a few micro meters. This covered morphology was especially observed in 

outside shell. It is proved that the embedding powder tended to place on the outside 

shell due to poor immersion of raw materials solution into the core. Besides, Figure 4.8 
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also shows low oxygen intensities over the entire shell compared with those before gas 

exposure test. Further discussion for this result in terms of crystal form change due to 

gas exposure is described in 4.3.3. 

 

 

Figure. 4.7 EDS line analysis spectra at cross-sectional area of voids embedded hollow capsule 

(Ni-Co-Mg-Al-O sample) 
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Figure. 4.8 EDS line analysis spectra at cross-sectional area of voids embedded hollow capsule 

(Ni-Co-Mg-Al-O sample) after gas exposure test 

 

 The specific surface area and total pore volume of each sample were mostly 

less than those of original hollow capsule as described in Table 4.5. The results indicate 

that the amount of nitrogen gas adsorbed on the surface decreased because of the 

closing of voids and pores on the hollow capsules by embedding powder. The effect of 

embedding of powder on the promotion of closing of voids and pores would be 

dominated rather than the heating process during the SCS process. The difference of 

specific surface areas among samples was larger than that of total pore volumes. It 

means that voids between strontium ferrite particles were intensively closed compared 

with pores on the particles. 
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Table. 4.5 Specific surface area and total pore volume of voids embedded hollow capsules for each 

sample and hollow capsule sintered at 1,373 K without surface modification. 

Sample No. Specific surface area [m2/g] Total pore volume [cm3/g] 

1 5.6 0.016 

2 10.8 0.017 

3 7.5 0.018 

4 19.4 0.018 

5 10.7 0.013 

6 13.3 0.020 

Hollow capsule 22.8 0.020 

 

4.3.2 Gas decreasing rates 

Methane and carbon dioxide decreasing rates highly depended on the samples 

as shown in Figure 4.9 and 4.10. Besides, Figure 4.11 shows that the ratio of methane 

decreasing rate and carbon dioxide decreasing rate for all samples. Ni-Co-O based 

samples with additives exhibited high decreasing rates more than 80 % and showed the 

ratio of approximately 1. It can be said that those samples had high activities to convert 

the gases to hydrogen and carbon monoxide. The carbon dioxide decreasing rates of 

them and methane decreasing rate of Ni-Co-Ce-O sample moderately increased as 

increasing the temperature. On the other hand, Ni-Co-O sample, Mg-Al-Fe-O sample 

and Mg-Al-Fe-Co-O sample exhibited low decreasing rates compared with those of 

Ni-Co-O based samples with additives. The ratio of gases decreasing rate for these 
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samples increased with increasing the temperature. At lower temperature, the ratios for 

them were below 1 which means that other reactions such as methanation (CO + 3H2 

CH4 + H2O, CO2 + 4H2 CH4 + 2H2O) or reverse gas shift reaction (CO2 + H2  CO 

+ H2O) would additionally occurred. At higher temperature, the ratios for Ni-Co-O 

sample and Mg-Al-Fe-O sample were above 1 which also means other reactions such as 

steam reforming reaction (CH4 + H2O 3H2 + CO), methane combustion (CH4 + 

2O2 CO2 + 2H2O) or gas shift reaction (CO + H2O  CO2 + H2) would additionally 

occurred. Although Ni-Co-O sample had similar crystal forms to Ni-Co-O based 

samples with additives except cerium, magnesium and aluminium, it exhibited the 

decreasing rates less than 40 %. It can be said that those additional compositions would 

promote the conversion performance. The methane decreasing rates of Ni-Co-O sample 

and Mg-Al-Fe-O sample increased and the carbon dioxide decreasing rates of the 

samples decreased as the temperature increases. It can be explained that carbon dioxide 

is too stable to occur the desired reaction compared with methane, or generated by 

associated reactions mentioned above such as methane combustion and water gas shift. 

 

 

Figure. 4.9 Methane decreasing rates of voids embedded hollow capsules for each sample 
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Figure. 4.10 Carbon dioxide decreasing rates of voids embedded hollow capsules for each sample 

 

 

Figure. 4.11 Ratio of decreasing rate of methane and carbon dioxide of voids embedded hollow 

capsules for each sample 

 

4.3.3 Crystal form of voids embedded hollow capsule before and after gas exposure test 

 Figure 4.12 to Figure 4.17 show XRD spectra and lists of crystal forms which 

can be considered to exist for all samples of original after gas exposure test. The word 
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of “original” indicates the crystal structure composition of voids embedded hollow 

capsule which was not processed the gas exposure test. In this section, reaction 

processes during SCS and gas exposure test for each sample which can be considered to 

occur were discussed. 

 The crystal forms of Ni-Co-O sample appeared through following processes 

except strontium ferrite: 

Ni(NO3)2 6H2O + (NH2)2CO + 3O2  NiO + CO2 + 4NO2 + 8H2O  (10) 

6Co(NO3)2 + 2(NH2)2CO + 3O2  2Co3O4 + 2CO2 + 16NO2  (11) 

NiO + Co3O4  Co2NiO4 + CoO     (12) 

These materials synthesized by SCS process while crystal structure of hollow capsule 

retained. It means that strontium ferrite was stable in this process. Some spectra in 

Figure 4.12 were overlapped by multiple crystal phases. On the other hand, the crystal 

forms of Ni-Co-O sample after gas exposure test were different from those of original 

compositions. Following processes are considered reactions during the gas exposure test 

which caused the variation of crystal forms: 

CH4 + CO2  2H2 + 2CO      (13) 

NiO + H2  Ni + H2O      (14) 

NiO + CO  Ni + CO2      (15) 

Co3O4 + 4H2  3Co + 4 H2O      (16) 

Co3O4 + 4CO  3Co + 4CO2      (17) 

CoO + H2  Co + H2O      (18) 

CoO + CO  Co + CO2      (19) 

Co2NiO4 + 4H2  2Co + Ni + 4H2O     (20) 

Co2NiO4 + CO  2Co + Ni + 4CO2     (21) 

SrFe12O19 + 18H2  12Fe + SrO + 18H2O    (22) 

SrFe12O19 + 18CO  12Fe + SrO + 18CO2    (23) 

It is considered that the various metals appeared by a hydrogen or carbon monoxide 

reduction. The hydrogen and carbon monoxide are considered as a reducing agent in 
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this system. Ni-Co-O sample exhibited low catalytic activity compared with other 

samples, however, the hydrogen and carbon dioxide were converted from the methane 

and carbon dioxide. Besides, its activity retained although the crystal form was changed. 

It can be said those metals was key materials as the catalysts. According to these 

processes, a lot of water and carbon dioxide were produced as the bi-products. However, 

no water was collected in the cooling trap during the gas exposure test. It can be due to 

that small amount of sample were used. The produced carbon dioxide would be detected 

with the carbon dioxide in inflow gases. In fact, the decreasing rate of carbon dioxide of 

Ni-Co-O sample decreased as the temperature increases, on the other hand that of the 

methane increased with increasing the temperature (Figure 4.9 and 4.10). Unfortunately, 

the process step as a function of time could not precisely discussed with the results, 

however, the reduction processes during the gas exposure condition were intensively 

occurred by carbon monoxide. Interestingly, the strontium ferrite was also changed to 

iron and strontium oxide. The spectra of strontium oxide were not observed due to small 

weight ratio in the strontium ferrite. As a result of preliminary experiment, the crystal 

structure of hollow capsule without any shell modification which was exposure to gas 

flowing under same condition described in 4.2.2 was also reduced to strontium oxide 

and iron oxides. It can be proved the existence of strontium oxide, simultaneously, the 

hollow capsule itself can convert the gases. Although crystal form of sample intensively 

changed, the hollow spherical shape of sample retained. 
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Figure. 4.12 XRD spectra and crystal forms of voids embedded hollow capsules for Ni-Co-O 

sample of original and after gas exposure test (“○” indicates that the diffraction intensity of crystal 

form was observed, “x” indicates that the any diffraction intensities of crystal form were not 

observed.) 

 

Some of crystal forms of Ni-Co-Ce-O sample were similar to those of 

Ni-Co-O sample except cerium oxide as shown in Figure 4.13. It was appeared through 

following process: 

Ce(NO3)2 6H2O + (NH2)2CO + O2  CeO2 + CO2 + 5NO2 + 8H2O  (24) 

Other compositions were produced via same processes as described for Ni-Co-O sample. 

After the gas exposure test, most of crystal forms were reduced to metals by similar 

process conditions as described for Ni-Co-O sample. However, both of hydrogen and 

carbon monoxide can be considered to play a role as the reduction center. Because the 

methane and carbon dioxide decreasing rates for Ni-Co-Ce-O sample were equivalently 

high. Higher decreasing rates were achieved by the existence of cerium oxide. The 

cerium oxide can promote the active site of metals by oxygen storage and transport 

function [9]. In the oxidation and reduction environments, cerium inside its oxide 

promotes an electric transfer and produces the redox power. As a result, the crystal form 

after gas exposure test included cerium (III) oxide instead of cerium (IV) oxide. 
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Figure. 4.13 XRD spectra and crystal forms of voids embedded hollow capsules for Ni-Co-Ce-O 

sample of original and after gas exposure test 

 

As for the Ni-Co-Mg-O sample (Figure 4.14), the crystal forms based on the 

magnesium were produced with other similar compositions described above. They were 

appeared through following processes: 

Mg(NO3)2 6H2O + (NH2)2CO + 3O2  MgO + CO2 + 4NO2 + 8H2O  (25) 

NiO + MgO  MgNiO2      (26) 

Most of results and discussion were same as those for Ni-Co-Ce-O sample except that 

related to cerium oxide. The structure consisted of nickel and magnesium is produced. 

Subsequently, this structure changed to magnesium oxide and nickel via reduction 

processes by the hydrogen and carbon monoxide. 

MgNiO2 + H2  MgO + Ni + H2O     (27) 

MgNiO2 + CO  MgO + Ni + CO2     (28) 

However, the magnesium oxide retained its composition even after the gas exposure test 

as shown in Figure 4.14 It can be considered that the magnesium oxide has high 

material stability under the experimental condition. Besides, the magnesium oxide 

would play significant role as a support material to promote the active site of metals. 
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Figure. 4.14 XRD spectra and crystal forms of voids embedded hollow capsules for Ni-Co-Mg-O 

sample of original and after gas exposure test 

 

The crystal forms based on the aluminium were produced with other similar 

compositions described above for Ni-Co-Mg-Al-O sample (Figure 4.15). They were 

appeared through following processes: 

2Al(NO3)3 9H2O + (NH2)2CO + 2O2  Al2O3 + CO2 + 8NO2 + 20H2O (29) 

CoO + Al2O3  CoAl2O4      (30) 

MgO + Al2O3  MgAl2O4      (31) 

Co3O4 + MgO  MgCo2O4 + CoO     (32) 

It is considered that the Ni-Co-Mg-Al-O sample had a lot of spinel structures compared 

with those of other samples. However, only the magnesium aluminate (MgAl2O4) could 

retain its composition after the gas exposure test. This spinel is well-known as a 

refractory material. It can be said that material stability is high even under the reduction 

environment. The alumina (-Al2O3) was produced by reduction of other spinel 

structures and also retained its composition. 

CoAl2O4 + H2  Co + Al2O3 + H2O     (33) 

CoAl2O4 + CO  Co + Al2O3 + CO2     (34) 

MgCo2O4 + 3H2  2Co + MgO + 3H2O    (35) 

MgCo2O4 + 3CO  2Co + MgO + 3CO2    (36) 
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The discussion about high catalytic activity was similar to that of Ni-Co-Mg-O sample. 

Those high stability materials kept the good activity of metals during the gas exposure. 

 

 

Figure. 4.15 XRD spectra and crystal forms of voids embedded hollow capsules for 

Ni-Co-Mg-Al-O sample of original and after gas exposure test 

 

The crystal forms of Mg-Al-Fe-O sample included the iron based oxides with 

other similar compositions described above as shown in Figure 4.16. The production 

processes are given here: 

2Fe(NO3)3 9H2O + (NH2)2CO + 2O2  Fe2O3 + CO2 + 8NO2 + 20H2O (37) 

MgO + Fe2O3  MgFe2O4      (38) 

The spinel structure consisted of magnesium oxide and iron oxide can be considered to 

exist. Subsequently, those compositions with other oxides were reduced to different 

crystal form oxides during the gas exposure test. The crystal phase of the strontium 

ferrite seemed to remain as detected for the sample after gas exposure test. It can be 

explained that small amount of hydrogen and carbon monoxide were produced due to 

lower catalytic activity compared. As a result, the reduction processes were moderate. 

Although the Mg-Al-Fe-O sample exhibited similar low activity to that of Ni-Co-O 

sample, no metals were detected after the gas exposure test. The moderate reduction 

process can be considered to be caused by the existence of the iron based oxides in the 
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sample. Because, iron is more stable at reducing environment due to its high ionization 

energy compared with those of nickel and cobalt: Fe (7.87 eV) > Co (7.86 eV) > Ni 

(7.64 eV) [10]. The crystal form changes of Mg-Al-Fe-O sample are described as 

follows: 

3MgFe2O4 + H2  3MgO + 2Fe3O4 + H2O    (39) 

3MgFe2O4 + CO  3MgO + 2Fe3O4 + CO2    (40) 

Fe2O3 + xH2  (1-x)Fe3O4 + (3x-1)FeO + xH2O  (1/3 < x < 1)  (41) 

Fe2O3 + xCO  (1-x)Fe3O4 + (3x-1)FeO + xCO  (1/3 < x < 1)  (42) 

SrFe12O19 + (6-x)H2  SrO + (12-3x)FeO + xFe3O4 + (6-x)H2O  (0 < x < 4) (43) 

SrFe12O19 + (6-x)CO  SrO + (12-3x)FeO + xFe3O4 + (6-x)CO2   (0 < x < 4) (44) 

 

 

Figure. 4.16 XRD spectra and crystal forms of voids embedded hollow capsules for Mg-Al-Fe-O 

sample of original and after gas exposure test 

 

The variation of crystal forms of Mg-Al-Fe-Co-O sample (Figure 4.17) was 

similar to that of Mg-Al-Fe-O sample except containing cobalt based oxide. The cobalt 

oxide was also reduced to other crystal form of cobalt oxide as follows: 

Co3O4 +H2  3CoO + H2O      (45) 

Co3O4 + CO  3CoO + CO2      (46) 
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Although cobalt is effective to play role as the active site, the catalytic performance is 

quite low and similar to that of Mg-Al-Fe-O sample. It can be considered that the 

amount of cobalt was small which is not enough to promote the catalytic performance. 

 

 

Figure. 4.17 XRD spectra and crystal forms of voids embedded hollow capsules for 

Mg-Al-Fe-Co-O sample of original and after gas exposure test 

 

To sum up the result about high catalytic activity sample such as Ni-Co-O 

based samples with additives, the gas conversion and reduction process can be visually 

presented in Figure 4.18. The high catalytic activity was achieved with the combination 

of metals as main active site and high stability oxides as activity promoter. One of 

mechanism related to such combination work in the catalysis field is called a spill over 

[11]. Other samples which showed low catalytic performance can be considered the 

cause of the lack of active site or activity promoter. 

 

Figure. 4.18 Possible reaction processes for high catalytic performance samples during the gas 

exposure test 
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4.4 Conclusions 

 Voids embedded hollow capsules with multiple oxides including the spinel 

were successfully produced by SCS technique. The embedded powders were placed at 

the voids between the particles consisting of hollow capsule shell and broadly existed 

inside the shell. As a result, the specific surface area and total pore volume for each 

sample were smaller than those of hollow capsule without the embedding. The methane 

and carbon dioxide decreasing rates depended on the composition of embedded powders. 

High decreasing rates more than 80 % were realized with the combination of nickel and 

cobalt oxides with high stability oxides involving cerium, magnesium and aluminium. 

The sample containing nickel and cobalt oxide without such high stability oxides had 

low decreasing rates less than 40 %, although similar intensive composition reduction 

with those of high decreasing rates samples was observed. The iron based oxide 

samples had also low decreasing rates with moderate crystal composition reduction due 

to the high ionization energy of iron. Most of decreasing rates for each sample increased 

with increasing the temperature during the gas exposure test. The carbon dioxide 

decreasing rates for some samples decreased with increasing the temperature since other 

additional reactions would be simultaneously occurred. 
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Chapter 5 General conclusions 

The objectives in the dissertation could be realized and discussed in each 

chapter as follows. 

In chapter 2, the encapsulation of liquid was achieved by using the dry water 

method where the hydrophobic silica powders coats on the liquid droplet under 

vigorous blending condition within the short time. The heat transfer through the 

encapsulated liquids was dominated by thermal conduction while the heat convection in 

liquid was suppressed due to the isolation of liquid into small area around a few 

hundred micrometers. The result was confirmed by the comparison of encapsulated 

thermochromic solution and original solution under heating from bottom of each sample. 

The encapsulated thermochromic solution changed its color from the bottom as a 

function of time, on the other hand, the color of original solution without encapsulation 

changed entirely. Besides, the rate constant in encapsulated solution became larger 

when larger ratio of hydrophobic silica powders was contained. Smaller capsule size 

and smaller solution ratio caused decreasing the energy which needs to increase the 

temperature within the capsule. The thermal transfer in liquid could be controlled by 

encapsulation of liquid and the results showed the effectiveness to supply the energy to 

liquid by heating. 

In chapter 3, the hollow capsules were successfully produced by the sacrificial 

template method where the expanded polystyrene beads covered by strontium ferrite 

powders with polyvinyl alcohol as binder are heated under the melting point of powder. 

By increasing the sintering temperature within a range from 1,373 K to 1,523 K, capsule 

size, shell thickness voids area ratio on the shell, specific surface area and total pore 

volume were simultaneously decreased. The intensive shrinking of capsule and closing 

of voids or pores on the shell were caused by higher temperature sintering. However, 

the spherical hollow shape retained independently of the sintering temperature. This 

elucidation would be effective for the hollow capsule utilization with specific shell 

porous state. 
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In chapter 4, the voids in hollow capsule shell sintered at 1,373K were 

embedded with fine powders produced by solution combustion synthesis. The high 

temperature within short time during the synthesis could prevent from the void closing 

due to the sintering of powder particles. The embedded powders partially covered the 

particles of shell and also placed at between the particles. As a result, the void size in 

some parts was varied from a few micrometers to hundreds nanometers and specific 

surface area and total pore volume decreased compared with those of hollow capsule 

without the embedding. As for the material compatibility under exposure to the methane 

and carbon dioxide and heating the range from 1,073 K to 1,273 K condition, both of 

crystal forms of embedded powder and hollow capsule changed by the reduction 

processes owing to hydrogen and carbon monoxide as the strong reducing agent 

converted from exposure gases. Although the crystal forms changed, voids embedded 

hollow capsule involving the nickel, cobalt, cerium, magnesium and aluminium 

exhibited high gas decreasing rates more than 80 %. The high conversion performance 

was observed in the combination of nickel and cobalt metals as the active site and 

cerium, magnesium or aluminium oxides as the promoter for keeping the catalytic 

activity. Therefore, the catalytic performance was successfully introduced into the 

hollow capsules. In additions, even though the gas bi-products were observed during the 

embedding process, and the samples were exposure to methane and carbon dioxide flow 

under high temperature condition, the hollow spherical shape safely retained. Further 

experimental conditions such as gas exposure time, gas flow rate or amount of 

embedded powder should be considered to elucidate, however, the results in this 

dissertation would be meaningful to give an idea for new utilization of hollow capsule 

under gas flowing condition as catalyst, catalysts support or adsorbent material. This is 

the first approach with the hollow capsules produced by the sacrificial template method. 
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