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1.1 Plasma 

We can often hear the term ‘plasma’ in our everyday life as display device, 

illumination, or air cleaner etc. In addition to our everyday life, plasma is widely applied 

in many industrial fields. However a scientific meaning of plasma is not commonly 

known. Plasma, considered as a fourth state of matter, is a partially ionized gas that 

contains excited species as radicals. The sun and an aurora are notable examples of natural 

plasma generation. It could naturally be generated but also can be artificially produced. 

Fluorescent lamps are the most generally used and artificially produced plasma 

application in our life.  

Artificially induced plasma can be divided into two classes: thermal plasma and 

non-thermal plasma. Thermal plasma could be generated by raising ambient temperature 

at high pressure (≧105 Pa) [1]. The system of thermal plasma is an equilibrium state in 

thermodynamics i.e. electrons and heavy species (ions and neutrals) have almost the same 

temperature. On the other hand, non-thermal plasma is not in thermodynamically 

equilibrium, that is, electron temperature is much higher than that of ions and neutrals. 

This is why it is also called non-equilibrium plasma. Non-thermal plasma could conduct 

chemical reactions at a lower temperature range as compared with typical heat treatment 

using such as electric furnace. Non-thermal plasma could be used for materials which are 

vulnerable to high temperature circumstances. Moreover, plasma applied chemical 

reaction could show high reactivity due to active radicals in the plasma. For those reasons, 

non-thermal plasma has been widely used in practice since the 1990s in various industry 

field [2].  
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1.1.1 Plasma generation techniques by electric discharge 

There are various ways to generate the plasma by supplying the necessary energy 

to targeted gases. The most widely used method for artificially generated plasma is to 

apply an electric field to gases [3]. There are various methods for utilizing electric field 

to generate discharge. The ways to apply the electric field can be mainly classified as 

direct current (DC) discharge, radio-frequency (RF) discharge and microwave discharge.  

 

DC discharge  

DC discharge can be categorized into townsend discharge, glow discharge and 

arc discharge depending on voltage upon current as shown in Fig. 1-1. The townsend 

discharge is formed at a low discharge current. As current increases, discharge transitions 

from the townsend discharge to glow discharge, and the discharge transfers into the arc 

discharge at further higher current (townsend→glow→arc).  

 
Fig. 1-1 The dependence of voltage upon current for dc discharges [3, 4]. 
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RF discharge  

There are two different methods for plasma generation by radio-frequency (RF) 

discharge: inductive discharge and capacitive discharge. Electromagnetic induction can 

be derived by a coil surrounding the reactor for inductive discharge, while, in capacitive 

discharge, electrodes arranged on the external surface of the reactor are used for the 

generation of the electromagnetic field [5]. Applications utilizing of RF discharge have 

been extensively reported in sterilizing, cleaning, sputtering as well as producing 

temperature-sensitive materials such as medical devices or polymers [6-8].  

 

Microwave induced plasma  

Microwave induced plasma has been widely applied in many industrial fields [9-

12]. The most commonly used frequency is 2.45 GHz (wavelength of 12.2 cm) and many 

of them were operated under vacuum condition.  

The discharge types of microwave can be classified into three types: discharges 

generated in closed structures, in open structures and on a plasma resonance [10-12]. In 

closed structures, the plasma chamber is surrounded by metallic walls to confine 

electromagnetic fields in microwave region. A typical example of open structures is 

microwave torch as shown in Fig. 1-2. Recently, many research of microwave induced 

plasma have been applied under atmospheric-pressure using various reactive gas in this 

structures [14, 15]. Detailed descriptions regarding to microwave induced plasma under 

atmospheric pressure are described in 1.2. 
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Fig. 1-2 Schematic of the moderate-power microwave torch plasma generator and 

plasma reactor for processing gas mixtures [10].  

 

Electron cyclotron resonance (ECR) is a typical case of the plasma resonance 

discharge. It can be generated by introducing microwave into electrons when the electron 

cyclotron frequency (𝑤𝑤𝑐𝑐𝑐𝑐) equals to frequency of incident radiation as shown in Fig. 1-3. 

The energy is strongly absorbed at the electron cyclotron resonance. 

 

 𝑤𝑤𝑐𝑐𝑐𝑐 = 𝑐𝑐𝑒𝑒
𝑚𝑚𝑒𝑒

  (1) 

(Where 𝑒𝑒 is charge on an electron, 𝐵𝐵 is strength of a static magnetic field, and 𝑚𝑚𝑐𝑐 is 

mass of an electron)  
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Fig. 1-3 Electron motion in a static magnetic field (a) when the electric field is zero and 

(b) ECR occur [11]. 

 

1.1.2 Application of non-thermal plasma for catalyst preparation  

Non-thermal plasma has been applied for surface modification [16, 17], device 

manufacturing process of semiconductor [18, 19], and particles treatment for CNTs [20, 

21] or catalyst, [22-30] etc. Especially for the catalyst preparation using the plasma, it has 

been widely reported for excellent performance of the catalyst.  

The studies of the plasma for the catalyst preparation are described in detail 

below. Most of the researches were operated under vacuum condition. First of all, RF 

plasma was applied for the preparation of a NiMoN/C catalyst [22]. The catalyst was 

successfully prepared in a short preparation time at lower temperature and showed good 

performance in hydrogen evolution reaction. Dielectric barrier discharge (DBD) plasma 

of Ar/H2 was applied to reduce the precursors of the Ni/γ-Al2O3 and CeO2-Ni/γ-Al2O3 

catalysts, which showed high reactivity in dry reforming and high durability in coke 
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resistance [23]. Plasma treatment resulted in the production of catalysts that possessed 

different crystal structures, which could derive the improvement in carbon resistance [24]. 

Generally, diverse crystal structures in metal show different behaviors in catalytic 

performance for specific catalytic reactions [25-29]. Microwave plasma was applied for 

the Ag/Al2O3 catalyst preparation under vacuum conditions. The plasma treatment for 

catalysts could enhance metal and support interactions [23, 24]. Microwave-induced 

plasma could create an environment of high temperature as compared with other non-

thermal plasma, and it could provide active species such as radicals to substances with 

relatively high temperature. With this intervention, higher NOx reduction efficiency in 

the selective catalytic reduction with ethanol was observed when compared to that of 

calcined catalysts [30].  

 

1.1.3 Microwave induced plasma under atmospheric pressure 

In the plasma industry, most of them are produced under reduced pressure due 

to stability of the plasma. Under reduced or vacuum condition, the plasma can be 

generated easily because the electrons can have sufficient energy to accelerate without 

energy loss from collision. Thus, the reaction rate is limited due to low density of the 

plasma resulting in collision frequency between particles. Meanwhile in atmospheric 

pressure plasma system, the density of active particle species in the plasma is high. Also 

a vacuum pump and exhaust equipment are unnecessary, causing experimental apparatus 

simplified and reaction rate enhanced due to high collision frequency of active particle 

species.  

There are two types of methods for obtaining the plasma at atmospheric pressure: 

electrode discharge and electrodeless discharge. In the case of electrode discharge, the 
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electrodes are installed into the plasma. As a typical electrode discharge, as mentioned 

above, DC plasma such as glow discharge and arc discharge, and electrodeless plasma 

are well-known [31-33]. Since the electrodes directly contact the discharge, leading to the 

contamination of electrode. Meanwhile, microwave induced plasma is a typical example 

of electrodeless discharge. Using microwave discharge for the plasma generation has an 

advantage of no contamination of electrodes because there are no reactions between the 

electrode and gas, which make it possible to use reactive gases such as oxygen and carbon 

dioxide. Under atmospheric pressure, the microwave induced plasma could have higher 

temperature than that generated in vacuum condition. Thus, the plasma generated by 

microwave discharge under atmospheric pressure seems to have a potential for the heat 

source as well as to provide active species such as radicals. However, preserving stability 

of microwave induced plasma under atmospheric pressure is an exacting piece of work. 

Especially for particle treatment by the microwave induced plasma in solid interaction 

system, when a disturbance happens such as particles inclusion to the plasma, the plasma 

would be extinguished easily. Thus, it is required to control the conditions such as the 

output power of the microwave generator, tuning, particle movement and flow rates of 

gases. 

 

1.2 Spouted bed 

A spouted bed is a bed reactor where the particles are spouted by upward 

movement of fluid. The spouted bed has been widely used for the treatment of solid 

particles such as drying, heating and pyrolysis with a wide size distribution by making 

use of its advantages such as uniform particles mixing or good heat transfer between gas 

and particles [34-36]. A large amount of particle treatment can be operated in the spouted 
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bed. There are various state of particles spouting as shown in Fig. 1-4. The fixed bed is 

changed into stable spouting with increasing the air velocity. Further increase of the air 

velocity derives unstable spouting and brings out bubbling state followed by slugging 

flow.  

 

Fig. 1-4 Ranges of the bed structures [37-38].  

 

 The principle of pressure drop is an important concept for the spouted bed. The 

pressure drop is related with various parameters such as gas flow rates, shape of the 

reactor, and mass of the particles in the spouted bed. The dependence between the bed 

pressure drop and air velocity is presented in Fig. 1-5.  
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Fig. 1-5 Pressure drop as affected by gas velocity during spouted bed process 

[37-38]. 

 

The increasing gas flow and the decreasing gas flow show different behavior of 

pressure drop. Firstly for the increasing gas flow, from initial point of A, the pressure 

drop rises directly to point B with increasing air velocities. From the flow rate between 

the point at A and at B, the particles still do not move. When the particles start to move, 

the pressure drop starts decreasing which corresponds to the point B. Further increase in 

air velocity, inclination of pressure drop changes from the point C. From the point D, the 

whole particle in the bed start to move. Further increase of flow rate induces slugging 

flow of the particle bed. On the other hand, for the decreasing gas flow from the point D, 

the energy for breaking between particle to particle contacts is unnecessary. The least 

point of the air velocity indicates the minimum spouting flow rate (Ums). From this point, 

further decrease in air velocity derives a sharp rise in the pressure drop and the state of 
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the bed changes into a fixed bed [37]. Considering the complicated conditions of the 

spouted bed mentioned above, it has been considered to be difficult to combine the 

spouted bed with the microwave induced plasma under atmospheric pressure.  

 

1.3 Objective  

In the case of the heat treatment or the pyrolysis of substances using the spouted 

bed, the installation of a heat source is required. Plasma generated by various electric 

discharge seems to have a potential for the heat source as well as to provide active species 

such as radicals to the bed. By combining the microwave induced plasma with the spouted 

bed, it has a great potential for the processing of the particles. Moreover, the particle 

treatment using microwave induced plasma can be operated very fast compared with the 

conventional heating process using an electric furnace because the microwave induced 

plasma has high temperature. Most of the previous works using microwave as the plasma 

source of the spouted bed were under reduced pressure condition which was more costly 

and complicates the apparatus for the treatments. Few experimental studies on the plasma 

spouted bed under atmospheric pressure condition have been carried out. Here, we 

attempted to combine the microwave induced plasma with the spouted bed.  

The objective of this research is to investigate effects of the microwave induced 

plasma combined with the spouted bed on the particle treatment. In this thesis, it is 

proposed to applying the microwave induced plasma to catalyst preparation using two 

types of reactors including a fixed bed and a spouted bed. The plasma jet generated by 

microwave discharge was directly irradiated to the particle bed in the former reactor, 

while the latter used the plasma jet for spouting particles. Three kinds of catalysts and 

catalyst support were chosen as model preparations: alumina (Chapter 2), Ni/alumina 
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(Chapter 3), and Pd/alumina (Chapter 4). For comparison, typical heat treatment using an 

electric furnace was also applied. A novel process as an advantageous substitute for the 

typical thermal treatment for particles can be developed and optimized, leading to provide 

the insight into the plasma applied industry.  

 

1.4 Structure of the thesis 

 This research work aimed to investigate the effect of the microwave induced 

plasmas irradiation on the catalysts. To achieve this goal, the following tasks need to be 

completed:  

✓ Confirm the effectiveness of the plasma spouted bed on the targeted materials. 

✓ Compare with the other treatment Methods (without the spouted bed and the 

typical treatment) 

✓ Investigate the properties of the targeted materials 

✓ Explain the mechanism of the effects 

 

According to these tasks, the thesis is structured in the five chapters as follows:  

Chapter 1: Introduction, describes a background of the thesis, the principles of 

the plasma, plasma generation techniques by the electric discharge, application of the 

non-thermal plasma for catalyst preparation, the microwave induced plasma under 

atmospheric pressure, the spouted bed, the objectives, and the structure of the thesis is 

introduced. The microwave induced plasma was presented as an advantageous substitute 

for typical thermal heating. A review of the plasma spouted bed for the enhancement of 

the process was conducted and objectives for research were set.  
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Chapter 2: Treatment of aluminum hydroxide with microwave induced 

plasma jet, describes the experimental study of the plasma spouted bed for the particles 

treatment. Aluminum hydroxide was chosen as a model particle. Alumina is the most 

popular catalyst support due to its high specific surface area especially for γ-alumina. 

Aluminum hydroxide has various decomposition pathway depending on several factors 

such as types of particle, heating rate and pressure etc. The performance of the microwave 

induced plasma combined with the spouted bed was investigated for treatment of 

aluminum hydroxide. For comparison, the fixed bed with the plasma irradiation and the 

conventional thermal treatment using the electric furnace was applied for the treatment 

of aluminum hydroxide.  

 

Chapter 3: Preparation of Ni/Al2O3 catalyst with microwave induced 

plasma jet, describes the experimental study of the microwave induced plasma 

irradiation applied for the catalyst preparation. As the most widely used catalyst, Ni-based 

catalyst was prepared by the microwave induced plasma treatment. For comparison, the 

fixed bed with the plasma irradiation and the conventional thermal treatment using the 

electric furnace was also applied. Catalyst characterizations were carried out by SEM, 

XRD, TEM, and H2 chemisorption. Ethylene hydrogenation was chosen as a model 

catalyst reaction for the catalyst evaluation. The catalyst reaction and mechanism was 

discussed. 
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Chapter 4: Preparation of Pd/Al2O3 with microwave induced plasma jet, 

describes the experimental study for the microwave induced plasma irradiation on applied 

for the Pd/Al2O3 catalyst preparation. Pd metal has an excellent ability to take in hydrogen 

and it can store much more hydrogen than its own volume. Thus, it is widely used for 

hydrogenation reaction as a catalyst. In this chapter, Pd metal was impregnated on the 

alumina support and treated by the plasma spouted bed. The effects of the microwave 

plasma and the spouted bed on the catalyst preparation was experimentally investigated. 

The fixed bed with the plasma irradiation and the conventional thermal treatment using 

the electric furnace were also operated for a comparative analysis. SEM, XRD, TEM, and 

H2 chemisorption analyses were carried out for catalyst characterizations. For the 

evaluation of the Pd/Al2O3 catalyst, hydrogenation of acetylene to ethylene was chosen 

for their catalytic activity. 

 

Chapter 5: Conclusion, summarizes the findings of this study.  

 

A schematic diagram in Fig. 1-6 demonstrates the structure of the thesis. 



22 
 

 
Fig. 1-6 Schematic of the thesis structure. 

Chapter 1 

Introduction 
A background of the thesis, the objectives, and the structure of the thesis were 

introduced. 

Chapter 2 

Treatment of aluminum hydroxide with microwave induced plasma jet 

The plasma spouted bed was applied for the treatment of aluminum hydroxide.  

 

Chapter 3 

Preparation of Ni/Al2O3 with 
microwave induced plasma jet 
The Ni/Al2O3 catalyst was prepared by 

the plasma spouted bed. The 
hydrogenation of ethylene was chosen 
for the catalyst evaluation.  

Chapter 4 

Preparation of Pd/Al2O3 with  
microwave induced plasma jet 
The Pd/Al2O3 catalyst was prepared 

by the plasma spouted bed. The 
hydrogenation of acetylene was chosen 
for the catalyst evaluation.  

Chapter 5 

Conclusion 

Summary of findings obtained from this thesis and future studies. 
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CHAPTER 2 

Treatment of aluminum hydroxide 
with microwave induced plasma jet  
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2.1 Introduction 

2.1.1 Decomposition pathway of aluminum hydroxide 

 

When the aluminum hydroxide is heated, the water is removed and the aluminum 

hydroxide is transformed to alumina with the following chemical reaction: 

2Al(OH)3→Al2O3+3H2O  (2) 

Alumina has numerous phase such as γ, θ, or α-alumina. Above all, α-alumina is 

considered as the most stable phase. Phase transition has no more occurred on α- alumina. 

There are various decomposition pathways of aluminum hydroxide when it transfers into 

α-alumina as shown in Fig. 2-1. These depend on several parameters, e.g. temperature, 

heating rate, and particle size.  

 

 

Fig. 2-1 Thermal decomposition pathways of Al(OH)3 adapted from the literature [39-

44].  
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Among those various decomposition pathways, the following pathway is the 

most common for aluminum hydroxide decomposition: 

Gibbsite(Al(OH)3)→boehmite(AlOOH)→γ-Al2O3→δ-Al2O3→θ-Al2O3→α-Al2O3 

Boehmite is formed from gibbsite at the temperature of between 100°C and 

300°C. The decomposition of boehmite is followed at a higher temperature by a series of 

transformation from the γ phase to α phase. For all the decomposition pathways, α-

alumina forms as it is the most thermodynamically stable phase at a temperature above 

1050°C. The phase transformation sequence was investigated at various temperatures in 

other research [44]. The XRD pattern corresponding to the samples heated at various 

temperature is shown in Fig. 2-2.  

 

 

Fig. 2-2 XRD patterns of aluminum hydroxide heated at various temperatures for 30 min: 

(a) 400°C, (b) 800°C, (c) 1000°C, and (d) 1150°C, adapted from Contreras et al [44].  
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In Fig. 2-2, aluminum hydroxide was heated at (a) 400°C, (b) 800°C, (c) 1000°C 

and (d) 1150°C, for 30 min. The sample (b) heated at 800°C shows only γ-alumina. The 

crystalline phase of γ-alumina is detected mainly at three values, specifically 37.6°, 47.4° 

and 67.2° (JCPDS card, file No. 10-0425). The intermediate state of θ-alumina phase was 

detected at (c)1000°C which coexisted with α-alumina. The diffraction peaks at 31.2°, 

32.8°, 34.9°, 36.7°, 40.0°, 44.8°, 47.6°, 59.9°, 36.9°, and 67.4° correspond to the θ-

alumina (JCPDS file no.00-23-1009), and the diffraction peaks (2θ) at 25.6°, 35.1°, 37.8°, 

43.4°, and 52.6° correspond to the α-alumina peak (JCPDS card, file No. 46-1212). At 

higher heating temperature at (d)1150°C, the peaks of θ-alumina disappeared, and only α 

phase peaks remained. For the typical phase transition of gibbsite, in the presence of θ-

alumina is the essential intermediate phase, when γ-alumina converts into α-alumina.  

 

2.2 Experimental set-up 

The spouted bed combined with the microwave induced plasma irradiation was 

applied for the treatment of aluminum hydroxide in this study. For comparison, the 

plasma irradiation with the fixed bed and the typical thermal treatment using an electric 

furnace were also applied for the treatment of aluminum hydroxide. For brevity, the 

appellation of samples treated by the plasma spouted bed, the fixed bed with the plasma 

irradiation, and the conventional thermal treatment using the electric furnace are 

abbreviated to PS, PF, and CM below.  

 

 

https://endic.naver.com/enkrEntry.nhn?entryId=2adb644baffd4f8b828932b1df89accd&query=%EB%AA%85%EC%B9%AD
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2.2.1 Design of the spouted bed 

In the spouted bed, there are lower and upper limits of the gas flow rate that can 

sustain a stable jet state. In the study on the spouted bed, the minimum velocity at which 

particles spout was defined as the minimum jet velocity, and the behavior of the particles 

was analyzed and summarized in Equation (3) [45]. Using the equation, it is possible to 

predict the minimum jet velocity using the particle physical properties (particle size, 

density), the nozzle size at the inlet of the reactor, the inner diameter of the reactor, etc. 

as variables, and the size of the spouted bed is determined.  

 

Ums = 0.25 �
𝐷𝐷𝑝𝑝
𝐷𝐷𝑐𝑐
�
0.65

�
𝐷𝐷𝑛𝑛
𝐷𝐷𝑐𝑐
�
0.312

�
𝐻𝐻
𝐷𝐷𝑐𝑐
�
0.254

��
2𝑔𝑔𝐻𝐻�𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑓𝑓�

𝜌𝜌𝑓𝑓
�   (3) 

𝐷𝐷𝑝𝑝= Particle diameter [m]  

𝐷𝐷𝑐𝑐= Column diameter [m]   

𝐷𝐷𝑛𝑛= Inlet nozzle diameter [m]  

𝐻𝐻= Bed height [m]     

𝜌𝜌𝑝𝑝= Density of fluid [kg/m3] 

𝜌𝜌𝑓𝑓= Density of particle [kg/m3] 

g=Gravity acceleration [m/s] 

Ums= Minimum spouting velocity [m/s] 
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In this study, the spouted bed reactor was prepared considering the maximum jet 

height and the minimum spouting velocity to operate the particle treatment. From the 

physical properties of the reactor and particles summarized in Table 2-1 and Equation (3), 

the minimum jet velocity was 0.064 m/s or 2.2 L/min. It was experimentally confirmed 

that the particles were spouted at a flow rate of 2.5 L/min or more. Even under conditions 

where the gas flowed stably before plasma generation, the flow state in the spouted bed 

became intense, exceeding the jet height and being unable to process when the plasma 

was generated. Furthermore, it was observed that particles were spouted even when the 

flow rate was lower than the minimum spouting velocity when the plasma was generated. 

This is supposed to be due to the increase in the velocity as the gas temperature rise by 

the plasma generation. From this, the experiment was conducted by the procedure of 

starting the jet at a flow rate higher than the minimum jet velocity and adjusting the gas 

flow rate after plasma generation. 

 

Table 2-1 Properties of microwave spouted bed reactor and particle. 

Property Value 

Dp (m) 0.00011 

Dc (m) 0.027 

𝐷𝐷𝑛𝑛 (m) 0.009 

g (m/s2) 9.8 

H (m) 0.01 

𝜌𝜌𝑝𝑝 (kg/m3) 2420 

𝜌𝜌𝑓𝑓 (kg/m3) 1.7 
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2.2.2 The microwave induced plasma spouted bed 

The schematic diagram of the spouted bed reactor with microwave plasma is 

shown in Fig. 2-3. Microwave generated by a 2.45 GHz microwave generator (IDX Corp. 

ING-25) was supplied to a quartz glass tube through a resonance cavity. Plasma was 

generated under atmospheric pressure. The properties of the reactor were summarized in 

Table 2-1. The plasma spouted bed consisted of quartz glass having an internal diameter 

of 27 mm, a nozzle diameter of 9mm, and a length of 370mm. The inlet was inclined 

upwardly at an angle of 60°. A mixture of Ar and H2 was used as a plasma gas for 

aluminum hydroxide treatment and was injected from the bottom of the spouted bed to 

spout the particles. Enlarged view of the spouted bed from Fig. 2-3 is shown in Fig. 2-4 

(a) and a photograph are shown in Fig. 2-4 (b).  

 

 

Fig. 2-3 Schematic diagram of the plasma spouted bed. 
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 (a) (b) 

Fig. 2-4 (a) Enlarged view of the spouted bed and (b) a photograph of plasma in the 

spouted bed. 

 

Depending on the types of carrier gas used, the plasma emitted different colors 

of light. The violet-colored plasma could be generated with Ar/H2 carrier gas. The 

particles circulated by the carrier gas and the particles below the spouted bed were treated 

with plasma. 

Fig. 2-5 shows a nozzle structure from a front side and an upper side of the 

plasma spouted bed. Each gas nozzle was connected tangentially to the quartz tube. Since 

the tangential gas flow induced an annular swirl gas flow, the minimum pressure could 

be localized to the center of the tube due to centrifugal forces, resulting in stable plasma 

generation. The quartz tube was fixed with silicone rubber for preventing gas leak.  
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Fig. 2-5 The nozzle structure from a front side and an upper side of the plasma spouted 

bed. 

 

The procedure of plasma generation combined with the spouted bed is as follows: 

<Step 1>  The target particles were introduced from the upper side of the spouted 

bed. (Since the treatment was operated under atmospheric pressure, the 

upper side was opened) 

<Step 2>  Ar gas was injected tangentially to the quartz tube and the target particles 

were spouted. 

<Step 3>  The microwave generator was turned on and the power was supplied. 

<Step 4>  A high frequency generator (BD-10A, Electro-technic products, Inc.) was 

operated for causing static electricity and Ar plasma was generated. 

<Step 5>  H2 gas was injected slowly to the quartz tube and the treatment was 

started.  

  

Nozzle 

Gas flow 

Gas flow 

Front side Upper side 

Nozzle 

Quartz 
tube 

Silicone rubber 
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 Details of the treatment conditions for the plasma spouted bed are shown in Table 

2-2. The treatment time and the output of the microwave generator were changed for the 

plasma spouted bed.  

 

Table 2-2 Treatment conditions of the plasma spouted bed for aluminum hydroxide 

treatment. 

Sample 
Power 

(W) 

Distance1 

(cm) 

Ar Flow Rate 

(L/min) 

H2 Flow Rate 

(mL/min) 

Treatment 

Time 

(min) 

Mass 

(g) 

PS-5 270 1.0 2.5 60 5 1.0 

PS-10 270 1.0 2.5 60 10 1.0 

PS-15 270 1.0 2.5 60 15 1.0 

PS-25 270 1.0 2.5 60 25 1.0 

PS-15W 385 1.0 2.5 60 15 1.0 
1 The distance from the waveguide and the particle bed shown in Fig. 2-4. 

 

2.2.3 The fixed bed with the plasma irradiation 

The schematic diagram of the fixed bed reactor with the plasma irradiation is 

shown in Fig. 2-6. The same apparatus (2.45 GHz microwave generator) was used for the 

plasma spouted bed. The quartz tube with an internal diameter of 9mm and a length of 

20cm was used. Since the particle bed is fixed at the bottom with a quartz glass wool, the 

direction of gas insertion is reversed to bring plasma into direct contact with the particles 

which differ from the plasma spouted bed. 
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Fig. 2-6 Schematic diagram of the fixed bed with the plasma irradiation. 

 

Details of the treatment conditions for the fixed bed with the plasma irradiation 

are shown in Table 2-3. The distance between the microwave waveguide and the particle 

bed was changed for the fixed bed with the plasma irradiation.  

 

Table 2-3 Treatment conditions of the fixed bed with the plasma irradiation for 

aluminum hydroxide treatment. 

Sample 
Power 

(W) 

Distance1 

(cm) 

Ar Flow 

Rate 

(L/min) 

H2 Flow 

Rate 

(mL/min) 

Treatment 

Time 

(min) 

Mass 

(g) 

PF-3 270 3.0 2.5 60 7 1.0 

PF-5 270 5.0 2.5 60 15 1.0 
1 The distance from the waveguide and the particle bed shown in Fig. 2-6. 
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2.2.4 The electric furnace  

As the typical thermal heat process, an electric furnace (ARFLC-30KC, Asahi 

Rika Seisakusho, Chiba, Japan) was used for treating aluminum hydroxide. The treatment 

temperature was changed for the treatment with the furnace. Details of the treatment 

conditions for the electric furnace treatment are shown in Table 2-4. For CM-number 

samples, the number indicates a heated temperature for aluminum hydroxide. For CM-

1100´, treatment time increases to 60min. The particles were suddenly injected to the 

furnace set to the 1100°C for CM-1100´´. Moreover, the sample treated by the plasma 

spouted bed for 15min (PS-15) was followed by heating in the furnace at 1100°C for 

60min, which correspond to PS-15-CM-1100´. 

 

Table 2-4 Treatment conditions for the electric furnace. 

Sample Sample state 
Temperature 

(°C) 

Treatment 

Time 

(min) 

Heat up 

rate 

(K/min) 

Mass 

(g) 

CM-500 Al(OH)3 500 15 20 1.0 

CM-700 Al(OH)3 700 15 20 1.0 

CM-900 Al(OH)3 900 15 20 1.0 

CM-1100 Al(OH)3 1100 15 20 1.0 

CM-1100´ Al(OH)3 1100 60 20 1.0 

CM-1100´´ Al(OH)3 1100 60 ∞ 1.0 

PS-15-CM-1100´ PS-15(γ-Al2O3) 1100 60 20 1.0 
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2.2.5 Particle characterization 

The surface morphology of the catalyst was analyzed using scanning electron 

microscopy (SEM, Keyence VE-9800, Osaka, Japan). To investigate the crystallite phase 

of the catalyst, X-ray power diffraction (XRD) was performed using Cu Ka radiation (40 

kV, 15 mA, Rigaku Mini Flex 600, Tokyo, Japan). The diffraction patterns were recorded 

for 2θ values between 20° and 80° in 0.010° steps. 

 

2.3 Result and discussion 

2.3.1 Temperature measurement of the microwave induced plasma 

An infrared thermometer (Chino IR-AH) has been used for the measurement of 

plasma temperature [46]. Due to its characteristics, it is difficult to accurately measure 

plasma temperature with a thermometer, however it can be used as an indicator for 

determining the effect of the plasma. The temperature of the plasma at two position 

(Upper region and Lower region) was measured as shown in Fig. 2-7. The upper region 

is the inlet of the spouted bed, while the lower region is the point where plasma is 

generated (the lower part of the plasma column). The actual temperature was expected to 

be higher than as measured because infrared radiation was transmitted through quartz 

glass. Photographs of the plasma and the values of the infrared thermometer at the lower 

and upper regions are shown in Fig. 2-8 and 2-9, respectively. Details of the treatment 

conditions and measured temperature are shown in Table 2-5 and 2-6, for the lower and 

upper regions, respectively. In the lower region, the temperature of the Ar/H2 plasma was 

lower than that in the argon plasma, but the opposite result was obtained in the upper 

region. In the lower region, the energy supplied from the microwave generator was used 
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for the H2 dissociation in plasma, which made the temperature lower than Ar plasma. On 

the other hand, in the upper region, the temperature change would be caused by an 

exothermic reaction due to the recombination of excited hydrogen atoms which plays an 

important role in the extinction process of plasma.  

 

 
Fig. 2-7 Temperature measurement location of the plasma spouted bed for Ar and Ar/H2 

plasma by the infrared thermometer.  
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 (a) (b) 

Fig. 2-8 Temperature measurement at the location of the lower region for (a) Ar plasma 

and (b) Ar/H2 plasma by the infrared thermometer.  

 

Table 2-5 Conditions for temperature measurement at the lower region for Ar plasma 

and Ar/H2 plasma. 

Gas 
Power 

(W) 

Distance1 

(cm) 

Ar Flow Rate 

(L/min) 

H2 Flow Rate 

(mL/min) 

Temperature 

(°C) 

Ar 270 1.0 2.5 0 720±10 

Ar&H2 270 1.0 2.5 60 600±10 

1 The distance from the waveguide and the particle bed in Fig. 2-4. 
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Fig. 2-9 Temperature measurement at the location of the upper region for (a) Ar plasma 

and (b) Ar/H2 plasma by the infrared thermometer.  

 

Table 2-6 Conditions for temperature measurement at the upper region for Ar plasma 

and Ar/H2 plasma. 

Gas 
Power 

(W) 

Distance1 

(cm) 

Ar Flow Rate 

(L/min) 

H2 Flow Rate 

(mL/min) 

Temperature 

(°C) 

Ar 270 1.0 2.5 0 950±20 

Ar&H2 270 1.0 2.5 60 1070±10 

1 The distance from the waveguide and the particle bed in Fig. 2-4. 
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2.3.2 Surface morphology by SEM 

Fig. 2-10 (a) and (b) shows the surface morphology of original aluminum 

hydroxide. From the image, the surface is smooth and no crack was observed. From the 

grain boundary, crystallite with the size range from several tens of micros to several 

microns can be observed. Aluminum hydroxide derived fragments can be observed in 

some places.  

 

 

Fig. 2-10 SEM images of original aluminum hydroxide. 

 

Fig. 2-11 shows SEM images of PS-5, PS-10, PS-15, and PS-25. The samples 

treated by the plasma spouted bed had numerous cracks on the surface. The damages on 

the surface increased with the treatment time i.g.5min<10min<15min<25min. These 

cracks might be derived from a large amount of water escaped from the materials during 

dehydration to form alumina as mentioned above. Exposure to high temperature 

circumstance lead to crystal structure change and also dehydration of free or chemically 

bonded water. When the external temperature increases, those free or chemically bonded 

water molecules included inside of alumina rapidly migrate towards the surface of 

alumina and escape. This phenomenon would cause cracking of the structure. It could 
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derive internal damage in the overall structure of alumina. 

 

 

Fig. 2-11 SEM images of PS-5, PS-10, PS-15, and PS-25. 

 

Fig. 2-12 shows SEM images of PS-15W. The surface morphology for PS-15W 

was entirely scratched even more than those of PS-25 (Fig. 2-12 PS-25). This indicates 

that the cracks on the surface could be affected more by the output of the microwave 

generator than treatment time in the plasma spouted bed.  
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Fig. 2-12 SEM image of PS-15W. 

 

Fig. 2-13 shows SEM images of PF-3 and PF-5. Cracks were also found on the 

surface of the sample treated in the fixed bed with the plasma irradiation. Although it was 

a short time, the effect of cracking was greater at shorter distances than that of at longer 

distances.  

 

 

Fig. 2-13 SEM images of PF-3 and PF-5.  

 

Fig. 2-14 shows SEM images of CM-500, CM-700, CM-900, and CM-1100. 

After temperature treatment at 500°C, slight amount of cracks and several microns of the 

fragments on the surface have been observed (Fig. 2-14 CM-500). The grain boundary of 
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alumina crystallite can be clearly distinguished. Temperature increase at 700°C, the 

number of cracks on the surface increased shown in Fig. 2-14 CM-700. The horizontal 

width has an expansion of cracks, and their number also increased with further increased 

temperature at 900°C and 1100°C, Fig. 2-14 CM-900 and CM-1100 respectively. From 

the investigation of the surface morphology heated by the electric furnace, it was observed 

that the higher the temperature, the more cracked on the surface.  

 

 

Fig. 2-14 SEM images of CM-500, CM-700, CM-900, and CM-1100. 

 

To investigate the effect of heating time on cracking of the surface, treatment 

time increase to 60min at 1100°C, which shown in Fig. 2-15. The surface morphology for 

CM-1100´ had a similar surface morphology as CM-1100. From this results, it can be 

concluded that the increase in heating time did not make much difference in surface 
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morphology.  

 

  

Fig. 2-15 SEM image of CM-1100´ 

 

 Compared to plasma treated surface morphology (PS, PF), a little damaged 

surface and the narrow space width of cracks were observed with those of the furnace 

heated samples (CM). This indicates that water escape was more intense in PS and PF 

than in CM due to high temperature condition of the plasma.  

 

2.3.3 Crystal structure analysis by XRD 

Fig. 2-16 shows XRD pattern of PS-5, PS-10, PS-15, and PS-25. For PS-5, 

boehmite and γ-alumina were detected for a 5min treated sample. Boehmite (AlOOH) 

peaks can be detected at 28.0°, 38.6°, 48.7°, and 49.3° from JCPDS card, file No. 21-

1307. The diffraction peaks for PS-10 and PS-15 showed no boehmite peaks and only the 

peaks corresponding to γ-alumina were detected. For PS-25, in addition to the peaks of 

γ-alumina, the peaks corresponding to α-alumina were also detected. It could be found 

that alumina decomposition proceeds with treatment time, and from 25min, the most 

stable phase of α-alumina was formed. Significantly, θ-alumina is an essential 
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intermediate in the transition pathway from γ-alumina to α-alumina, as described in Fig. 

2-1 and Fig. 2-2. However, for PS-25, the diffraction peaks of γ-alumina and α-alumina 

co-existed without the detection of the peaks corresponding to θ-alumina.  

 

 
Fig. 2-16 XRD pattern of PS-5, PS-10, PS-15, and PS-25.  

 

Fig. 2-17 shows XRD pattern of PS-15W. The peaks with sharp intensity of α-

alumina were observed, and the peaks derived from γ-alumina were vaguely detected. 

Enhanced power could synthesize α-alumina in 15 min, even in a short period of treatment 

time and the peaks of θ-alumina were still not detected. The crystal structure of alumina 

treated by the plasma spouted bed would highly depend on the power of the microwave 

generator.  
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Fig. 2-17 XRD pattern of PS-15W. 

 

Fig. 2-18 shows XRD pattern of PF-3 and PF-5. For PF-3, the similar diffraction 

patterns were obtained as those of PS-15W. The peaks of γ-alumina co-existed with those 

of α-alumina in the PF-1 sample. However, the peaks corresponding to θ-alumina were 

not detected. For PF-5, all aluminum hydroxide was transformed into γ-phase. The similar 

results were observed for PS-10 and PS-15. Thus, it was suggested that the spouted bed 

condition had not affected the transition behavior of aluminum hydroxide.  
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Fig. 2-18 XRD pattern of PF-3 and PF-5.  

 

Fig. 2-19 shows XRD pattern of CM-500, CM-700, CM-900, CM-1100, and 

CM-1100´. For CM-500, aluminum hydroxide was not completely transformed into γ-

alumina, and boehmite corresponding peaks were also observed. According to the 

reference shown in Fig. 2-1, boehmite (AlOOH) is produced between 200°C and 300°C, 

and γ-alumina is produced at approximately 300° C and above. This indicates that heating 

in an electric furnace for 15 minutes, was not enough for the transformation of all 

aluminum hydroxide to γ-alumina. For CM-700, all boehmite were decomposed into γ-

alumina, and no other phase was observed. The same as CM-700, for CM-900, only the 

peaks corresponding to γ-alumina were observed. In contrast, for CM-1100, the peaks of 

θ-alumina were observed without α-alumina. This would be also because of the 

insufficient heating time. The peaks corresponding to α-alumina were detected by 
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increasing the heating time to 60min in CM-1100´. For CM-1100´, intermediate state of 

θ-alumina was also detected as the same results as in Fig. 2-1. The typical thermal 

treatment could not derive the direct phase transformation from γ-alumina to α-alumina 

without θ-alumina. In conclusion, the decomposition pathway heated by the electric 

furnace gave the results in contrast to that of the plasma treatment (PS-25, PS-15W, and 

PF-1) despite the same aluminum hydroxide as the starting material.  

 

 

Fig. 2-19 XRD pattern of CM-500, CM-700, CM-900, CM-1100, and CM-1100´.  

 

The main difference between the plasma treatment and the typical thermal 

treatment using the electric furnace is the presence of radicals and temperature condition. 

The high temperature condition of plasma as compared with that of the furnace could 

derive an exceedingly high heating rate. Thus, a rapid heat change of aluminum hydroxide 
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from the plasma treatment can be considered as one possibility for its transition behavior. 

For elucidating this effect, a similar temperature heating rate condition as that of PF and 

PS was made by introducing the particles into 1100°C of the furnace for 60 min which 

shown in Fig. 2-20. From the result, there was no difference from sample with the low 

heat up rate. The different pyrolysis processes between microwave induced plasma and 

typical thermal treatment using the electric furnace was suggested.  

  

 

Fig. 2-20 XRD pattern of CM-1100´ and CM-1100´´. 

 

Ball milling 

Meanwhile, these decomposition behaviors (γ→α) could be obtained by the use 

of a planetary ball mill [47-50]. Fig. 2-21 shows the schematic diagram of a ball and 

powder motion in the single ball mill (a) and a pot motion in the planetary ball mill (b).  
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 (a) (b) 

Fig. 2-21 Schematic diagram of (a) ball and powder motion in the single ball mill [51] 

and (b) pot motion in the planetary ball mill [47]. 

 

As a model powder, γ-alumina was used for the ball milling. They were 

attempting to derive direct transformation from γ-alumina to α-alumina only use for 

mechanochemical processes without thermal treatment. Fig. 2-22 shows the XRD pattern 

of sing ball mill (SBM) and planetary ball mill (PBM). 
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Fig. 2-22 as-received γ-Al2O3 and γ-Al2O3 after milling in SBM(1200min) and 

PBM(300min).  

  

 SBM for 1200 min didn’t affect the crystal structure of γ-alumina. In contrast, 

pattern of PBM co-existed with γ-alumina and α-alumina phase. This indicates that the 

powder treated by PBM resulted in a change in the crystal structure inducing a phase 

transformation from the γ-alumina to the α-alumina. Typically, thermal heat treatment 

above 1100°C could change to α-alumina which is considered as the most 

thermodynamically stable state. Fig. 2-23 shows the crystal morphology of γ-alumina and 

α-alumina. An adequate amount of stress on the particles derives the crystal structure 

change from the cubic close packed structure to a hexagonally close packed structure [52]. 

Mechanochemical processes during milling also resulted in a transformation from γ-

alumina to α-alumina without any observation of the essential intermediate state of θ-

alumina as the same results when using the microwave induced plasma for the aluminum 

hydroxide treatment.  
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Fig. 2-23 Crystal morphologies for γ-Al2O3 and α-Al2O3 [52]. 

 

It has been reported that α-alumina is produced by adding α-alumina seeds under 

conditions that cannot be produced by using a ball milling [53]. In their research, α-

alumina seeds act as a nucleation for the occurrence of phase change of γ-alumina to α-

alumina. Considering the possibility of nucleation when the plasma treatment occurred, 

the sample treated by plasma followed by typical heating with the electric furnace was 

investigated. Using the sample treated for 15 minutes in the plasma spouted bed, it was 

heated in the electric furnace at 1100°C for 60min and shown in Fig. 2-24. When 

compared with the typical treatment at 1100°C, the peaks corresponding to 29.2°, 31.8°, 

35.2°, 42.7°, 48.6°, 56.2°, and 65.0° disappear in the sample of the plasma treatment 

followed by the furnace heating. From the results obtained here, although it could not be 

completely induced α-alumina, it was suggested that the plasma treatment could bring out 

the structural changes in some degree for γ-phase.  
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Fig. 2-24 XRD pattern of PF-15-CM-1100´ (peaks with red color). 

 

Unusual crystal structure transformation of alumina still might not be explained 

well for plasma treated samples. Although, the rationale for the transition behavior of 

alumina remains to be proven, the microwave induced plasma treatment showed the 

potential for the transition of a specific phase. In order to see how the plasma reactor 

affects the material, the catalytic reaction test was confirmed by impregnating nickel 

metal and palladium metal on aluminum hydroxide in chapter 3 and chapter 4, 

respectively. 
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2.4 Conclusion 

 In this chapter, the spouted bed combined with the microwave induced plasma 

irradiation was applied for the treatment of aluminum hydroxide in this work. For 

comparison, the plasma irradiation with the fixed bed and the typical thermal treatment 

using an electric furnace were also applied for the treatment of aluminum hydroxide.  

From the surface morphology of SEM, the plasma spouted bed and the fixed bed with the 

plasma irradiation differed in the degree of surface cracking. However there was no 

significant difference in the crystal structure change from XRD between the samples 

treated by the plasma spouted bed and the fixed bed with the plasma irradiation. In the 

electric furnace (CM) and the plasma irradiation (PS, PF), different decomposition 

pathway was observed in the transition of aluminum hydroxide. For the typical phase 

transition of aluminum hydroxide, θ-alumina is the essential intermediate phase, when 

converting γ-alumina into α-alumina. However, as shown in Fig. 2-25, the plasma 

treatment could derive the direct phase transformation from γ-alumina to α-alumina 

without θ-alumina, while typical thermal heat could not. A different kind of phase 

transition behavior has been suggested in the plasma irradiation and the typical thermal 

heating with the electric furnace during aluminum hydroxide treatment. The nature of the 

phase transitions information on alumina obtained from the experiments described here 

provides insights into the effects of the plasma spouted bed.  
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Fig. 2-25 Decomposition pathway of aluminum hydroxide treated by the plasma.  
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CHAPTER 3 

Preparation of Ni/Al2O3 with 
microwave induced plasma jet 
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3.1 Introduction 

A Ni-based catalyst has been widely used in industrial processes due to excellent 

catalytic performance, especially for hydrogenation reaction and low cost [54-57]. Ni 

metal has been generally supported onto alumina because of its ability to withstand 

reaction conditions and high specific surface [55]. Incipient wetness impregnation is the 

most widely used method for the preparation of the heterogeneous catalyst. The 

impregnation method involves three steps as follows: (1) impregnating metal solution on 

the support (2) drying the materials to remove the imbibed liquid and (3) activating the 

catalyst by calcination, reduction or other appropriate treatments [58].  

In the calcination process by heating in an electric furnace, nickel nitrate 

undergoes moisture desorption and nitric acid decomposition by heating to form nickel 

oxide (Ⅲ). By further raising the temperature, nickel oxide (Ⅲ) becomes nickel oxide 

(Ⅱ). Equations (4) and (5) show the respective reactions. 

 

2Ni(NO3)26H2O → Ni2O3+2HNO3+2NO2+11H2O  (4) 

2Ni2O3 → 4NiO+O2   (5) 

 

When the calcination is completed, the reaction of Equation (6) proceeds and 

nickel oxide is converted to metallic nickel by hydrogen reduction at a high temperature. 

 

6NiO+3H2 → 6Ni+6H2O    (6) 

 

In the case of the plasma treatment, calcination and reduction were performed at 

the same time. It can be expected that the removal of nitric acid and impurities attached 
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to nickel and the reduction of nickel oxide would occur in one process. Fig. 3-1 shows 

the reaction mechanism when preparing nickel-supported alumina with plasma.  

 

 
Fig. 3-1 Reduction mechanism of Ni/Al2O3 with hydrogen radical induced by 

microwave plasma. 

 

The electrons accelerated by the microwave collide with hydrogen to generate 

hydrogen radicals. Heat and radicals contained in plasma can decompose nickel nitrate 

and remove impurities on the surface. Moreover, since it has excellent reducibility than 

hydrogen gas, the reduction of oxidized nickel can be promoted. In the electric furnace 

heating treatment, the decomposition and reduction of nickel nitrate can be promoted only 

by the heat; however, in the case of the plasma, in addition to the heat, the effect of highly 

reducible hydrogen radicals can be expected. Generally, the typical preparation of the 

catalyst takes several hours to several tens of hours. In contrast, when plasma is used, the 

treatment time could be shortened and improvement of catalytic performance also could 

be expected. 
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3.2 Experimental set-up 

3.2.1 Catalyst preparation & treatment conditions 

Three preparation methods were applied for the Ni/Al2O3 catalyst: a fixed 

particle bed with plasma irradiation (PF), a plasma spouted bed reactor (PS), and the 

conventional method (CM). The precursor of the Ni/Al2O3 catalyst containing 15 wt% of 

Ni was prepared according to the following procedure: 

 

<Step 1>  Al(OH)3 powder was added into nickel nitrate aqueous.  

<Step 2>  The solution was dried at 80°C until slurry-like  

<Step 3>  The slurry was dried at 110°C for 12 hours and was crushed with the 

size of 250-595 ㎛ 

 

 The crushed particles were then treated by three preparation methods, 

specifically PF, the PS, and the CM as follows: 

<Step 4 (PF)>  The crushed particles were treated in the plasma using the fixed 

bed under the following plasma conditions: power = 270 W, Ar 

flow rate = 2.5 L/min, H2 flow rate = 60 mL/min, and treatment 

time = 15 min.  

<Step 4 (PS)>  The crushed particles were treated using the plasma spouted bed 

reactor with the same plasma conditions as those used in PF.  

<Step 4 (CM)>  In the same way as in PF, the crushed particles were heated to 

500°C, 700°C or 900°C using the electric furnace with a 16.7% 

H2/Ar mixture for 2 h. 
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 Details of the treatment conditions for the PF, the PS, and the CM are shown in 

Table 3-1. Table 3-1 illustrates that the distance between the microwave waveguide and 

the particle bed was changed for PF, while the treatment temperature was changed for the 

CM. Table 3-2 shows feedstock, aluminum hydroxide, and Ni-based alumina catalyst. 

 

Table 3-1 Treatment conditions of the fixed bed with plasma irradiation (PF) and the 

plasma spouted bed (PS) for catalyst preparation. 

Catalyst 
Power 

(W) 

Distance1 

(cm) 

Ar Flow 

Rate 

(L/min) 

H2 Flow Rate 

(mL/min) 

Treatment 

Time 

(min) 

Mass 

(g) 

PF-1 270 3.0 2.5 60 7 1.0 

PF-2 270 5.0 2.5 60 15 1.0 

PS 270 1.0 2.5 60 15 1.0 
1 The distance from the waveguide and the particle bed shown in chapter 2. 
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Table 3-2 Feedstock, aluminum hydroxide, and Ni-based alumina catalyst. 

Aluminum hydroxide 

 

Nippon Light Metal 

Company, Ltd. SB93-809 

Powder (<100 µm) 

Aluminum hydroxide 

added nickel nitrate 

aqueous solution 

 

Solution 

Crushed particles used 

for PS, PF, and CM 

 

Before reduction 

Prepared catalyst 

 

Ni/Al2O3 

In-lab prepared 
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3.2.2 Catalyst evaluation (Ethylene hydrogenation) 

 A stainless reactor of 6 mm id (internal diameter) with a temperature-

programmed electric furnace was used for the acetylene hydrogenation reaction. The 

Schematic diagram of the reactor for catalytic activity is shown in Fig. 3-2.  

 

 

Fig. 3-2 Schematic diagram of the catalytic activity system. 

 

For each test, the reaction temperature was set to 250°C, and 20 mg of the 

Ni/Al2O3 catalyst was added to the middle of the reactor. The gas was then fed into the 
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reactor at flow rates of 20 mL/min (C2H4), 80 mL/min (H2), and 200 mL/min (Ar). The 

gas space velocity was 320,000 h−1. The produced gas was extracted from the sampling 

port and quantitatively analyzed using a gas chromatograph (Shimadzu GC-8APF, Kyoto, 

Japan). Hydrogenation of ethylene is a simple reaction to produce ethane. However, on 

heating, dehydrogenation and hydrogen desorption usually occur, accompanied by the 

formation of several products such as ethylidyne, methylidyne groups, and vinyl species. 

[59, 60] Eventually, those products desorbed as CH4. Those C-C cleavage reaction can 

happen over 540K and methane can be formed. [61, 62]. C-C bond breaking is kinetically 

hindered at low surface temperatures. At 250oC is chosen for methane formation.  

The experimental results indicated that the produced gas consisted of ethylene, 

ethane, methane, and hydrogen. Thus, to evaluate catalyst activity, ethylene conversion 

and methane selectivity were calculated as follows: 

C2H4 conversion (%) = �
C2H4(Feed)-C2H4

C2H4(Feed) � × 100  (7) 

CH4 selectivity (%) = �
CH4

C2H4(Feed)-C2H4
� × 100  (8) 
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3.2.3 Catalyst characterization 

 The catalyst prepared using three different methods indicated above was 

examined using the following analyses. The surface morphology of the catalyst was 

analyzed using scanning electron microscopy (SEM, Keyence VE-9800, Osaka, Japan). 

Energy-dispersive X-ray spectroscopy (EDS, Genesis XM2, EDAX, NJ, USA) combined 

with SEM was performed to determine the distribution of Ni metal on the alumina support. 

To investigate the crystallite phase of the catalyst, X-ray power diffraction (XRD) was 

performed using Cu Ka radiation (40 kV, 15 mA, Rigaku Mini Flex 600, Tokyo, Japan). 

The diffraction patterns were recorded for 2θ values between 20° and 80° in 0.010° steps. 

Field-emission transmission electron microscope (FE-TEM) measurements were carried 

out using JEOL JEM-2010F (Tokyo, Japan) The crystal planes of Ni on the catalyst were 

confirmed using FE-TEM. Ni metal dispersion and crystallite size were analyzed using 

H2 chemisorption (Quantachrome ChemBET Pulsar, Boynton beach, FL, USA). H2 can 

undergo dissociative absorption on a Ni surface at room temperature. The dispersion of 

Ni on the surface of the catalyst was estimated from the amount of H2 adsorbed, assuming 

a Ni/H2 stoichiometry of 2. H2 chemisorption was conducted under the following 

conditions. The Ni/Al2O3 catalyst was reduced at a temperature of 573 K for 1 h, and 

hydrogen was flushed out under a N2 atmosphere for 30 min at the same temperature as 

a pretreatment [63]. The measurements were then performed at 300 K under a N2 

atmosphere with a pure H2 pulse flow. 
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3.3 Result and discussion 

3.3.1 Surface morphology by SEM 

 Compared to the surface of the alumina support only in chapter 2, nickel-based 

substances would be expected to be confirmed on the alumina surface for all of the 

Ni/Al2O3 catalyst samples. Fig. 3-3 and 3-4 show SEM images of the Ni/Al2O3 catalysts 

prepared by the microwave induced plasma (PF, PS), and heated by the typical thermal 

treatment using the electric furnace (CM), respectively.  

 From the surface morphology of the Ni/Al2O3 catalyst samples, the large number 

of agglomerated particles and structural inhomogeneities on the alumina support can be 

observed. Those are Ni derived particles with the size range from several hundreds of 

nanometer to several microns. Ni agglomerations covered a large part of the surface of 

the alumina support because of a high impregnation percent of 15% (Ni/Al2O3). The 

particles and the surface didn’t show any effect from the charge up of the apparatus. 

Sphere shape grain with the size less than micron can be seen on the surface of the PF-1 

(Fig. 3-3 PF-1 a-b). High temperature condition derived from a closer distance between 

the particle and the cavity with the fixed bed causes the Ni agglomerate structure change. 

For PF-1, the surface was cracked at several places in accordance with the results of the 

plasma treatment of aluminum hydroxide.  

 PF-2, further distance between the particle and the cavity showed relatively 

similar surface morphology as that of CM-700 and CM-900. The structure of Ni 

agglomerate in PF-1 showed different compared with those of other catalysts, which 

indicates the distance between the particle and the cavity is an important factor to decide 

the structure of Ni agglomerate. The effect on agglomerate was maximized on PF-1. For 

PS sample, the cracking of the surface can be observed for several places. It had more 
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cracking than any other sample. The closest distance could induce more cracking deriving 

the rapid heat transfer in the plasma spouted bed. However, the structure of Ni 

agglomerate was similar to CM-700, CM-900, and PF-2 samples. This indicates that even 

the closest distance between the particle and the cavity with 1cm, the circulation process 

in the spouted bed could prevent the agglomeration of Ni on the particles.  

 For CM-500 (Fig. 3-4 CM-500 a-b), the surface of the alumina support also had 

several cracks but relatively smoother than any other samples, which has a similar 

tendency of thermal treatment of aluminum hydroxide itself. Fragments like structure of 

Ni agglomerations in CM-500 was changed to a strongly crystallized structure at higher 

temperature condition on CM-700 (Fig. 3-4 CM-700 a-b). Further temperature rise made 

the shape of Ni agglomeration to a round shape structure (Fig. 3-4 CM-900 a-b). This is 

because migration at high temperature could occur. Particles’ migration made it start the 

sintering, allowing larger crystallographic agglomerate.  

 Fig. 3-5 shows SEM image and SEM-EDS mapping of PF-1 and CM-500 at the 

same position. On SEM-EDS mapping, red light scattering indicates Ni derived particles. 

Due to high impregnation rate of Ni with 15%, the whole surface of the alumina was 

covered by nickel. This results show that not only nickel agglomeration but also nickel 

particles were homogeneously dispersed on the surface of whole alumina support.  
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Fig. 3-3 SEM images of the Ni/Al2O3 catalysts prepared by the fixed bed with plasma 

irradiation and the plasma spouted bed. 
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Fig. 3-4 SEM images of the Ni/Al2O3 catalysts prepared by the typical thermal 

treatment using the electric furnace. 
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Fig. 3-5 SEM and EDS images of PF-1 and CM-500. 
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3.3.2 Crystal structure analysis by XRD 

 The peaks (2θ) of Ni are corresponding to 44.5°, 51.8°, and 76.4°, that can be 

assigned to the (111), (200), and (200), respectively(JCPDS card no. 04-0850), while the 

peaks (2θ) of NiO arrays are observed at 37.3°, 43.3°, and 62.9°, which can be assigned 

to the (110), (200), and (220) planes of cubic NiO, respectively (JCPDS card no. 47-1049). 

Fig. 3-6 shows Ni impregnated aluminum hydroxide before the reduction step. The peaks 

derived from Ni-based precursor are shown as compared with aluminum hydroxide, 

which assigned to the range of 20° to 35°, and no NiO or Ni peaks were detected.  

 

Fig. 3-6 XRD pattern of impregnated Ni/Al(OH)3 before reduction and original 

aluminum hydroxide. 
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Fig. 3-7 shows the Ni/Al2O3 catalysts treated by the plasma with the fixed 

particle bed and the spouted bed (PF-1, PF-2, and PS) for the reduction. For all of the 

plasma treated samples, sharp intensities corresponding to Ni (111), Ni (200), and Ni 

(220) were observed at 44.5°, 51.8°, and 76.4°, respectively.  

Fig. 3-8 shows the Ni/Al2O3 catalysts reduced by the typical heat treatment using 

electric furnace (CM-500, CM-700, and CM-900). The same as those of plasma treatment, 

peaks indicating Ni (111), Ni (200), and Ni (220) were detected, which correspond to 

44.5°, 51.8°, and 76.4°, respectively. Fig. 3-9 shows the enlarged peaks range from of 

60.0° to 70.0° of CM-500 and CM-700 for detecting γ-alumina and those peaks 

corresponding to γ-alumina were detected.  

For all of the catalysts, the crystalline phase of γ-alumina was detected at one 

value, 67.2° (JCPDS card, file No. 10-0425). The diffraction peaks (2θ) at 25.6°, 35.1°, 

37.8°, 43.4°, and 52.6° corresponded to the α-alumina peak (JCPDS card, file No. 46-

1212). Only the PF-1 sample demonstrated an α-alumina phase. It is generally accepted 

that aluminum hydroxide cycles through various intermediate phases of alumina before 

it reaches its final state (α-alumina) with increasing temperature. As mentioned in chapter 

2, aluminum hydroxide has numerous decomposition pathways after it has transitioned 

into α-alumina. These depend on several parameters including temperature, heating rate, 

and particle size. The following pathway is the most common for aluminum hydroxide 

decomposition and was also observed in our work when using the electric furnace:  

Gibbsite(Al(OH)3)→boehmite(AlOOH)→γ-Al2O3→δ-Al2O3→θ-Al2O3→α-Al2O3. 

The peaks of γ-alumina coexisted with those of α-alumina in the PF-1 sample. 

However, the peaks corresponding to θ-alumina were not detected. Significantly, θ-

alumina is an essential intermediate in the transition pathway from γ-alumina to α-
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alumina. A typical thermal treatment could not derive the direct phase transformation 

from γ-alumina to α-alumina without θ-alumina. The other samples did not reach the 

temperature at which θ-alumina formed. It is expected that those results could derive 

different catalytic performance between each sample. 

 

Fig. 3-7 XRD pattern of PF-1, PF-2, and PS.  
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Fig. 3-8 XRD pattern of CM-500, CM-700, and CM-900. 

Fig. 3-9 XRD pattern for CM-500 and CM-700 peak range from of 60.0° to 70.0°. 
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3.3.3 TEM analysis 

 Fig. 3-10 and 3-11 show TEM images of the Ni/Al2O3 catalysts prepared by the 

microwave induced plasma (PF, PS), and heated by the typical thermal treatment using 

the electric furnace (CM), respectively. The each sample was crushed and analyzed for 

the TEM measurements. It is generally accepted that a diffraction pattern could be used 

to determine lattice plane spacing. For lattice fringe spacing measurements, the simplest 

way is to measure the spacing between lattice fringes in the TEM images. In this work, 

measurements were averaged over more than 10 fringes to further reduce errors for each 

sample. In the case of Ni, it can be calculated from lattice constants of 0.3499nm for Ni 

at 300 K, which assigned to Ni (111) for 0.202nm and Ni(200) for 0.175nm. The TEM 

images showed the results in accordance with the results from XRD. Lattice planes 

belonging to (111) and (200) were detected for all the samples except PF-2. It is generally 

accepted that peaks corresponding to the (100) plane could be offset by that of the (200) 

plane due to destructive interference with the FCC structure. A square symmetry for the 

spots represents Ni(100) plane. For PF-2, Ni(200) was not observed here. Since XRD 

showed Ni(200) corresponded peaks in the PF-2 sample, it could be assumed that Ni(200) 

was not detected probabilistically in the measurement of TEM for PF-2.  

As described above, the difference in the crystallinity was observed. However 

since the analysis of the TEM was performed by crushing the sample, it could not 

represent the surface information, thus, TEM results do not seem to be suitable for using 

the discussion of catalytic activity observed in the experiments. 
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Fig. 3-10 TEM images of PF-1, PF-2, and PS.  
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Fig. 3-11 TEM images of CM-500, CM-700, and CM-900. 

  



79 
 

3.3.4 Catalytic activity: Ethylene conversion 

 The conversion of ethylene is shown in Fig. 3-12. The highest ethylene 

conversion was obtained for PF-1 and PF-2 showed the lowest conversion. When 

comparing the catalyst prepared by the conventional method, CM-500, CM-700, and CM-

900, C2H4 conversion slightly declined as reduction temperature increased. A decrease in 

ethylene conversion with temperature rise might be derived from sintering at high 

temperature conditions, which led to low dispersion. It is generally accepted that the 

sintering of metal can be promoted with temperature rise.  

 

 

Fig. 3-12 Ethylene conversion for Ni/Al2O3 catalyst under all conditions. 
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formation with low dispersion leading to low activity of the catalyst for ethylene 

conversion. However, despite the high gas temperature condition for the plasma treatment, 

it showed higher ethylene conversion than those of others prepared by the conventional 

method. A shorter distance for PF-1 could provide more marked effects of the plasma and 

the gas temperature on the preparation. Although, the effects of the plasma on the catalyst 

have not yet been discussed in detail, the plasma treatment could enhance the metal 

dispersion on the support has also been reported in other researches [64-66]. From the 

facts of the plasma temperature in Chapter 2, recombination of plasma was suggested. 

This indicates that the further away from the plasma, the less the effect of the radicals 

could be expected. Thus, for PF-2, which far away from the plasma irradiation, the plasma 

was mostly used as heat source and a marginal effect of radicals on the catalyst could be 

expected. Considering these facts, it is reasonable to assume that the plasma treatment 

enhanced the distribution of Ni metal on the support by preventing the particles from 

migrating, leading to high catalytic activity. Different catalyst preparation mechanism 

was suggested for the plasma treatment compared with the electric furnace.  

To investigate the dispersion of Ni metal on the support, H2 chemisorption was 

conducted, and the crystallite size of Ni metal from the full width at half-height of the 

(111) reflections was also calculated from XRD pattern. The Ni (111) was calculated by 

using Scherrer’s equation from the values based on XRD pattern: 

        τ=Kλ/βcos  (9) 

where τ is the mean size of the ordered (crystalline) domains, K is a dimensionless shape 

factor, taken as 0.9, λ is the X-ray wavelength Cu kα=1.54×1010m, β is the full width of 

the diffraction line at half of the maximum intensity (Full width at Half Maximum 

FWHM), and θ is the Bragg angle (in degrees). 
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Table 3-3 shows the results of H2 chemisorption and Crystallite size of Ni (111) 

calculated from XRD pattern for all Ni/Al2O3 catalyst. First of all, it has been reported 

that Scherrer’s equation is not applicable to grains size larger than tens and hundreds of 

nanometers [89]. As confirmed in SEM images (Fig. 3-3 and Fig. 3-4), micro-sized Ni 

agglomerates were observed. This fact indicates that Scherrer’s equation could be less 

accurate.  

For H2 chemisorption, the other study investigated on the dispersion of the Ni 

metal showed relatively low metal dispersion around or below 1% due to the high 

impregnation rate of the Ni metal on the support [67]. Thus, the chemisorption results 

obtained here, roughly 0.3% could be a reasonable value. It is not clear to decide the 

catalyst characteristic from dispersion; however, when focused on specific volume 

adsorbed for each sample, it can determine the amount of hydrogen adsorbed over Ni 

metal. The value of specific volume adsorbed was in accordance with the result of 

ethylene conversion. These results indicate that Ni dispersion on the support is directly 

related to their catalytic activity for ethylene conversion. These results indicate that Ni 

dispersion obtained from H2 chemisorption is directly related to their catalytic activity for 

ethylene conversion. It was suggested that the plasma treatment could improve catalytic 

performance, such as the conversion of hydrocarbon. 
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Table 3-3 H2 chemisorption results and crystallite size of Ni (111) from XRD 

pattern. 

Catalyst 
Dispersion1 

(%) 

Specific 

volume 

adsorbed (μL) 

Surface 

area/gr 

of metal 

Crystallite 

size2 (nm)  

Crystallite size 

Ni(111)3 (nm)  

PF-1 0.34 98.13 2.28 984 13.41 

PF-2 0.28 80.28 1.87 1203 22.58 

PS 0.33 93.70 2.18 1031 14.30 

CM-500 0.30 93.19 2.17 1036 20.43 

CM-700 0.32 90.88 2.11 1063 17.88 

CM-900 0.33 87.32 2.03 1106 15.32 

1 The fraction of Ni atoms exposed to the surface of the catalyst. 

2 Crystallite size of Ni metal analyzed by H2 chemisorption. 

3 Crystallite size of Ni (111) calculated from XRD pattern. 
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3.3.5 Catalytic activity: Methane and ethane selectivity 

 Fig. 3-13 shows methane and ethane selectivity for all Ni/Al2O3. From the result, 

the main product from the hydrogenation of ethylene was ethane, which contains small 

amounts of methane. PS showed the highest amount of methane and other samples 

produced the similar amount of methane. Catalytic activity for PF-1 and PS showed a 

different tendency for the hydrogenation of ethylene. It has been reported that the methane 

production rate increased in proportion to the ethylene conversion [60]. Despite the 

highest ethylene conversion for PF-1 (Fig. 3-12), PS showed the highest methane 

selectivity.  

 

Fig. 3-13 Methane and ethane selectivity for Ni/Al2O3 catalyst under all conditions. 

0

10

20

30

40

50

60

70

80

90

100

PF-1 PF-2 PS CM-500 CM-700 CM-900

CH
4

&
 C

2H
6

Se
le

ct
iv

ity
 [%

]

C2H6 Selectivity

CH4 Selectivity



84 
 

 For the ethylene hydrogenation reaction, cleavage of a C-C bond occurs at a 

temperature higher than 500K and produces methane [68]. The reaction mechanism is as 

follows [68, 69]:  

1. Hydrogen and ethane are adsorbed dissociatively over the metal.  

2. Cleavage of a C–H bond occurs. 

3. Further dehydrogenation of the adsorbed ethyl species (C2H5-) occurs, accompanied 

by the creation of additional bonds between the C2Hx(ads) species and the metal surface. 

4. The C–C bond breaks into CHy(ads) species. 

5. Hydrogenation of the CHy(ads) species takes place, followed by the desorption of 

methane. 

Moreover, ethylene chemisorption on Ni metal occurs via a di-σ-bond (Fig. 3-

14) or a π-bond (Fig. 3-15). Di-σ-bonding between ethylene and Ni occurs with strong 

rehybridization (near sp3) [70]. As shown in Fig. 3-14, when ethylene is chemisorbed via 

di-σ-bond, cleavage of a C–H bond occurs and methane is formed. Meanwhile in Fig. 3-

15, π-bonding between ethylene and Ni is observed with no significant rehybridization. 

Weakly π-adsorbed ethylene reacts with hydrogen atoms strongly held in the interstices 

of the Ni metal and the formation of adatoms is rate limiting [61, 71, 72]. Thus, when 

ethylene is chemisorbed via π-bond, ethylene is easily desorbed as ethane suppressing 

methane production.  
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Fig. 3-14 Reaction mechanism of ethylene hydrogenation on Ni via di-σ-bond. 

 

 

Fig. 3-15 Reaction mechanism of ethylene hydrogenation on Ni via π-bond. 
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As mentioned above, from the results of the catalytic activity, different catalyst 

properties for PF-1 and PS were suggested. For the causes of these differences, although 

the specific mechanism was not clarified in this study, the following possibilities could 

be considered:  

1) Ni metal would have different properties for PF-1 and PS. In the plasma 

spouted bed, the particles could experience a temperature repetition, while the particles 

were maintained at the same temperature condition in the fixed bed. Different treatment 

conditions for PS and PF could affect the properties of Ni metal such as interaction 

between the metal and the support. Although the effect of the metal on the support may 

not be significant due to the large size of the metal particles, it could be considered as one 

of the possibilities for the reaction mechanism. 

2) The presence of NiO would affect the catalytic reaction for producing methane. 

Although the peaks corresponding to NiO were not detected from XRD due to low 

amount or poor crystallinity of NiO, NiO species on the surface would affect the reaction. 

The effect of NiO on the catalytic reaction of the hydrogenolysis of glycerol has been 

reported [90]. For hydrogenolysis of glycerol, 1,2-propanediol and ethylene glycol are 

produced as the main products. The modelling of the formation of 1,2-propanediol with 

NiO is shown in Fig. 3-16. The adjacent two hydroxyls of glycerol adsorbed on the NiO 

surface react with atomic hydrogen on the Ni surface, and the C-O bond cleavage and 

hydrogen atom addition occur. Meanwhile, for the formation of ethylene glycol, NiO on 

the Ni-base catalysts reduces the active sites for dehydrogenation which is the first step 

in producing ethylene glycol. Thus, the presence of NiO on the Ni-base catalysts could 

increase the selectivity of 1,2-propnaediol and decrease the selectivity of ethylene glycol. 

Considering these facts, as another possibility for different tendency for methane 
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formation of PF-1 and PS, different treatment conditions could affect the presence of the 

NiO on the surface.  

 

 

Fig. 3-16 Modelling of the hydrogenolysis of glycerol to 1,2-propanediol over Ni-P/γ-

Al2O3 [90]. 

 

Even the reaction mechanism of the methane formation was not clearly revealed 

here, considering the catalytic behavior for PF-1 and PS, it can be concluded that the 

plasma spouted bed and the plasma irradiation with the fixed bed could derive different 

catalytic hydrogenolysis behavior of ethane. In this regard, the spouting condition could 

be an important parameter for the catalyst preparation. As mentioned above, the particles 

repeatedly experience the high temperature region near the plasma and the low 

temperature region away from the plasma. This circulation process might affect the 

property of the catalyst. It is still uncertain; however, it was suggested that the repetition 

of heating and cooling process for the particles could induce different properties of the 

catalyst.  
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3.4 Conclusion 

The plasma spouted bed was applied for the Ni/Al2O3 catalyst preparation in this 

chapter. For comparison, the plasma irradiation with the fixed bed and the typical thermal 

treatment using an electric furnace were also applied for the Ni/Al2O3 catalyst preparation. 

Despite short treatment time, the Ni/Al2O3 catalyst was successfully produced using the 

plasma spouted bed. The surface morphology of the Ni/Al2O3 catalyst under all 

conditions was investigated by SEM. A large number of agglomerated particles derived 

from Ni metal loading on the alumina support was observed. From the results of XRD 

pattern, the same results as in chapter 2 for aluminum hydroxide treatment and the peaks 

corresponding to Ni(111) and Ni(200) were detected under all conditions. According to 

the results of the catalytic activity for ethylene hydrogenation, the plasma treated 

Ni/Al2O3 catalyst (PF-1 and PS) showed great performance in the conversion of ethylene 

hydrogenation than those prepared by the electric furnace. From H2 chemisorption, the 

dispersion was in accordance with the conversion of ethylene for all the Ni/Al2O3 

catalysts. It was suggested that the plasma treatment enhanced the distribution of Ni metal 

on the support by preventing the particles from migrating, leading to high catalytic 

activity. Concerning methane selectivity, despite the highest ethylene conversion for PF-

1, PS showed the highest methane selectivity.  

In this chapter, it was suggested that the plasma spouted bed treatment had a 

potential for the Ni/Al2O3 catalyst preparation, especially for the improvement of 

dispersion of impregnated metal on the catalyst support. Moreover, the different catalytic 

behavior in the catalytic activity of methane selectivity was suggested for the plasma 

spouted bed and the fixed bed with the plasma irradiation. 
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CHAPTER 4 

Preparation of Pd/Al2O3 with 
microwave induced plasma jet 
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4.1 Preparation of Pd/Al2O3 with the microwave induced plasma jet 

combined with the spouted bed 

4.1.1 Introduction 

  Ethylene hydrogenation used in Chapter 3 is often used as a model reaction in 

catalyst evaluation because the reaction itself is simple. However, from the industrial 

point of view, since ethylene is more valuable than ethane, the dehydrogenation of ethane 

or the selective reaction of acetylene has been widely investigated in practice [73, 74]. In 

the selective hydrogenation of acetylene, a high ethylene yield is important, and ethane is 

generated by a strong adsorption reaction in nickel metal [75]. In this chapter, palladium 

metal was used as a model catalyst for the selective hydrogenation of acetylene to 

investigate how its properties are affected by the plasma spouted bed.  

 

4.1.2 Experimental set-up 

 The same experiment equipment of the plasma spouted bed was used as shown 

in Chapter 2. A mixture of Ar and H2 was used as a plasma gas for the reduction of Pd 

catalyst precursor and was injected from the bottom of the spouted bed to spout the 

particles. 
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4.1.2.1 Catalyst preparation & treatment conditions 

 Pd/Al2O3 catalyst containing 1wt% of Pd was prepared by the plasma spouted 

bed as follows: 

<Step 1> Al(OH)3 powder was added into 5wt% of Pd(NO3)2 solution. 

<Step 2> The solution was dried at 80°C until slurry-like. 

<Step 3> The slurry was dried at 110°C for 12 hours and crushed. 

<Step 4> The crushed particles in the size range 250-595 μm were treated in the 

plasma spouted bed with the following conditions: power of 150-270 W, 

Ar flow rate of 2.5-4 L/min, H2 flow rate of 60 ml/min and treatment time 

of 20 min.  

 

 Detailed treatment conditions of the plasma spouted bed for PS-1, PS-2, PS-3 

and PS-4 are shown in Table 4-1. From the initial condition of PS-1, only the microwave 

power was increased for PS-2, resulting in the particles spout at a higher point. For PS-3, 

the spouting height was set equal to that of PS-1 by reducing argon flow rate. Based on 

PS-3, the distance between the cavity and the spouted bed was reduced, which is PS-4. 

For comparison, Pd/Al2O3 catalyst was also prepared by the conventional method with an 

electric furnace at 300°C (CM-300) or 500°C (CM-500) because Pd catalyst was reduced 

and calcined at the temperature range of 300-500°C in the previous studies [77-79]. 

Preparation procedure is as follows: 

 

<Step 4c> The crushed particles were heated at 300°C or 500°C with 16.7% of H2 

gas (60 ml/min) for reduction for 2 hours.  
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Table 4-1 Treatment conditions of the plasma spouted bed for catalyst preparation 

 Catalyst 
Power 

(W) 
Distance1 

(cm) 

Ar flow  
rate 

(L/min) 

H2 flow  
rate 

(mL/min) 

Treatment  
time 
(min) 

Mass 
(g) 

Height2 
(cm) 

PS-1 150  3.0 4.0 60  20  1.0 5 
PS-2 270  3.0 4.0 60  20  1.0 9 
PS-3 270  3.0 2.5 60 20  1.0 5 
PS-4 270  1.0 2.5 60 20  1.0 5 

1 Distance from the cavity and the spouted bed. 
2 Maximum height of the particles spouting in the plasma spouted bed. 

 

4.1.2.2 Catalyst evaluation (Acetylene hydrogenation) 

As shown in Chapter 3 (Fig.3-2), a stainless reactor (i.d., 6mm) with a 

temperature programmed electric furnace was used for the acetylene hydrogenation 

reaction. For each test, reaction temperature was set at 160°C and 20 mg of Pd/Al2O3 

catalyst was filled in the middle of the reactor followed by gas feed into the reactor at 

flow rates of C2H2:20 ml/min, H2:80 ml/min and Ar:200 ml/min, and a gas space velocity 

was 320,000 h-1. The gas extracted from the sampling port was analyzed with a gas 

chromatograph (Shimadzu GC-8APF). The hydrogenation of C2H2 is a sequential 

reaction to be converted into C2H4 and C2H6. For the evaluation of the catalyst activity, 

their concentration was quantified, and C2H2 conversion and C2H4 selectivity were 

calculated as follows: 

C2H2 conversion (%) = �
C2H2(Feed)-C2H2

C2H2(Feed) � × 100  (10) 

C2H4 selectivity (%) = �1 −
C2H6

C2H2(Feed)-C2H2
� × 100  (11) 

 



94 
 

4.1.2.3 Catalyst characterization 

 The surface morphology of the catalyst was analyzed with scanning electron 

microscopy (SEM, Keyence VE-7800). Energy-dispersive X-ray spectroscopy (EDS, 

Genesis XM2) combined with SEM was performed to determine Pd metal on the alumina 

support. For the investigation of the crystallite phase of the catalyst, XRD analysis was 

performed using Cu Ka radiation (40kV-15mA, Rigaku Mini Flex 600). The diffraction 

patterns were recorded for 2θ values between 20° and 80° in 0.010° steps. Transmission 

electron microscope (TEM) measurements were carried out using JEOL JEM-1010BS. 

The average diameters of Pd nanoparticles were estimated from the TEM images by 

examining 50-100 of particles. Pd metal dispersion and its crystallite size were analyzed 

by H2 chemisorption (Quantachrome ChemBET Pulsar). Pd/Al2O3 catalyst was reduced 

at the temperature of 573K for 1 hour, and flushed out hydrogen under N2 atmosphere for 

30 min at the same temperature [63]. The measurements were performed at 300K under 

N2 atmosphere with pure H2 pulse flow. The dispersion of Pd on the surface of the catalyst 

was estimated assuming a stoichiometry of Pd/H2=2.  
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4.1.3 Result and discussion 

4.1.3.1 Characterization of the Pd/Al2O3 catalysts 

 Fig. 4-1 shows SEM image for all Pd/Al2O3 catalysts under all conditions. For 

the plasma treated samples of PS-1, PS-2, and PS-4, the surface cracked at several places 

especially on PS-4. Whereas, on the surface of PS-2, rarely no crack was shown which is 

similar to that of CM-300 and CM-500. There were few effects on the surface change for 

PS-2. The cracks on the surface might derived from the rapid heat change in the plasma 

spouted bed. Fig. 4-2 shows XRD pattern for all Pd/Al2O3 catalysts under all conditions. 

For all catalyst, the crystalline phase of γ-alumina was detected at 2θ value at 47.4° and 

67.2° (JCPDS card, file No. 10-0425). For CM-300 and CM-500, in addition to γ-alumina, 

boehmite peaks were detected. It was reported that boehmite are coexist with γ-alumina 

at the temperature range of 300°C to 500°C and further temperature increase above 500°C 

made boehmite phase entirely change into γ-alumina phase [39-44]. For PS-1 and PS-2, 

boehmite phase coexist with γ-alumina as like CM-300 and CM-500. However, for PS-3 

and PS-4, the peaks of boehmite disappear and only γ phase alumina exist, indicating that 

the particles of PS-3 and PS-4 were treated in higher temperature condition than those of 

other samples. The diffraction peak (2θ) at 40.1° corresponds to Pd0 (111) peak (JCPDS 

card, file No. 46-1043). Weak diffraction peak of Pd was observed for all samples and no 

PdO peaks were detected. This indicates that PdO successfully reduced into Pd metal 

despite their short treatment time in the plasma spouted bed. The diffraction peak of CM-

500 for Pd0 showed sharp intensity than those of PS-3 and PS-4. It is generally accepted 

that the Bragg width in XRD pattern is inversely proportional to the crystallite size [82]. 

Thus, the diffraction patterns of sharp intensity peaks have a bigger crystallite size than 

those of broad peaks. These facts indicated that PS-3 and PS-4 has smaller crystallite size 
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than those of CM-500. Fig. 4-3 shows TEM images and the size distribution of Pd 

nanoparticles distinguished from Al2O3 support for PS-4, CM-300, and CM-500. The 

average Pd nanoparticle sizes of PS-4, CM-300, and CM-500 are 4.29, 2.26, and 5.79 nm, 

respectively. The large average Pd particles size of CM-500 compared with that of CM-

300 might be derived from its high gas temperature with a long period of treatment time 

because high temperature condition could make Pd metal grow to larger crystallite size 

by sintering [83]. From the TEM images, the average diameter of Pd nanoparticles of PS-

4 was smaller than that of CM-500 despite high temperature condition in the plasma 

spouted bed in accordance with the results of XRD. From the results described above, it 

is suggested that the plasma spouted bed treatment could made Pd particles size small by 

preventing Pd metal from sintering.  
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Fig. 4-1 SEM image of Pd/Al2O3 catalysts under all conditions. 
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Fig. 4-2 XRD patterns of all Pd/Al2O3 catalysts under all conditions  
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Fig. 4-3 TEM images and size distribution of PS-4, CM-300, and CM-500. 
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4.1.3.2 Catalytic activity: Acetylene conversion 

 Fig. 4-4 shows the C2H2 conversion for the plasma and conventional heat treated 

catalysts. When comparing CM-300 and CM-500, C2H2 conversion declined as reduction 

temperature increased. PS-1, PS-2, and PS-3 showed almost the same values for C2H2 

conversion, while PS-4 showed higher C2H2 conversion than those of PS-1, PS-2 and PS-

3. The temperature inside the plasma spouted bed could not be measured, however the 

temperature of the outer surface of the reactor for PS-2 was 380°C. Considering the 

microwave power, the gas flow rate and the distance from the cavity to the spouted bed, 

the gas temperatures could be assumed to be in the order PS-1<PS-2<PS-3<PS-4. Pd 

metal dispersion and its crystallite size of PS-4, CM-300 and CM-500 are shown in Table 

4-2. From the results, CM-300 has the highest value of Pd dispersion and CM-500 lowest. 

From Fig. 4-4, in accordance with the results of crystallite size, C2H2 conversion was in 

proportional to Pd metal dispersion. As mentioned earlier, rather low C2H2 conversion for 

CM-500 compared with CM-300 might be derived from sintering at high temperature 

condition which led to low dispersion. Meanwhile, for the plasma spouted bed treatment, 

it had contrary effect of the conventional method. In the plasma spouted bed, shorter 

distance from the cavity and spouted bed could induce the high gas temperature which 

expected larger particle formation with low dispersion leading to low activity of the 

catalyst for C2H2 conversion. However, even though high gas temperature condition for 

PS-4, it showed higher C2H2 conversion than those of others prepared by the plasma 

spouted bed. Considering these facts, it is suggested that the plasma spouted bed treatment 

prevented Pd metal from sintering and different catalyst preparation mechanisms were 

occurred for the plasma spouted bed compared with the electric furnace.  
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Table 4-2 H2 chemisorption results. 

Catalyst 
Avg. crystallite  
size of Pd (Å) 

Metal Surface area 
(m²/g) 

Dispersion1 
(%) 

PS-1 12.0 1.39 31.1 
PS-2 10.9 1.52 34.2 
PS-3 16.5 1.01 22.6 
PS-4 16.3 1.02 22.9 
CM-300 8.5 1.96 44.0 
CM-500 19.0 0.88 19.7 

1 The fraction of Pd atoms exposed to the surface of the catalyst. 

 

 

 

Fig. 4-4 Acetylene conversion for Pd/Al2O3 catalysts under all conditions.   
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4.1.3.3 Catalytic activity: Ethylene selectivity 

 Fig. 4-5 shows C2H4 selectivity for the catalyst prepared by the plasma spouted 

bed and the electric furnace. From Fig. 4-5, in the plasma treated samples, PS-1 and PS-

3 had similar value of C2H4 selectivity and PS-2 showed the lowest C2H4 selectivity. All 

conditions were the same for PS-1 and PS-2 except for the microwave power as indicated 

in Table 4-1. The observation indicated that the particle spouting height from the bottom 

of the reactor to its maximum point was 5 cm and 9 cm for PS-1 and PS-2, respectively. 

Additional microwave power made the gas temperature high, thus the gas flow rate 

increased which leads to the particles spout at the higher point. Different particles 

spouting height would make spouting condition different such as a particle circulating 

rate. Hence, it is suggested that the spouting condition might affect the properties of the 

catalyst leading to different value of C2H4 selectivity. To clarify the effect of the spouting 

condition, the spouting height was set equal to that of the PS-1 (The particles spouting 

height:5 cm) by reducing argon flow rate shown as PS-3. By comparing with PS-1 and 

PS-3, C2H4 selectivity as well as C2H2 conversion was the same values even under the 

different microwave power conditions. This result suggests that the spouting condition is 

also an important factor for the properties of the catalyst in the plasma spouted bed. It has 

been reported that a high reduction temperature made low C2H2 conversion, but high C2H4 

selectivity [80, 81]. In our work, similar behavior was observed for CM-300 and CM-500. 

In terms of C2H4 selectivity, the plasma treatment showed the same tendency as the 

conventional method. For PS-4, it showed the highest C2H4 selectivity above all else. 

Even though it contains many more active sites for PS-4, it could prevent further 

hydrogenation of C2H4. These facts indicate that the treatment in the plasma spouted bed 

could enhance the properties of the catalyst for the specific catalytic activity.  
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Fig. 4-5 Ethylene selectivity for Pd/Al2O3 catalysts under all conditions. 
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4.1.3.4 The effects of the plasma spouted bed 

 It is reported that performance of the plasma can enhance the catalyst activity 

such as conversion or selectivity by modifying the catalyst [84]. In addition to the effect 

of the plasma, considering the results described above, the spouting condition was also 

an important parameter for the catalyst preparation. For the plasma spouted bed, there are 

high temperature region in the vicinity of the plasma and low temperature region on the 

upper side of the spouted bed as shown in Fig. 4-6. Therefore, as one possibility of these 

facts, a rapid temperature change between high temperature near the plasma and relatively 

low temperature away from the plasma might affect the catalyst activity when the 

particles circulate. Repetition of heating and cooling of the particles would prohibit the 

particles from sintering which made higher C2H2 conversion despite high gas temperature 

condition. With regard to C2H4 selectivity, one possible reason for the different results of 

C2H4 selectivity for the catalyst prepared in our work might be derived from Pd-alumina 

interaction. A strong interaction between Pd and alumina support can easily desorb C2H4 

than a weaker interaction [74]. The weaker interaction between Pd and support could 

induce di-σ-bonded C2H4 on Pd proceeding to further hydrogenation. As mentioned 

above, the high reduction temperature condition can increase C2H4 selectivity by inducing 

the strong interaction between Pd and alumina support which would produce π-bonded 

C2H4 on Pd. Thus, high C2H4 selectivity shown in PS-4 might be derived from their strong 

interaction between Pd metal and alumina support. However, from the Fig. 4-5, PS-2 

showed the lowest C2H4 selectivity even though the temperature would be higher than 

that of PS-1. These result might be related to a contact frequency between the plasma and 

the particles which derived from the spouting condition. The particles of PS-2 spouting 

at higher place would have low contact frequency between plasma and the particles than 
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those of other samples leading to low effect on Pd-alumina interaction. Considering these 

facts, it is suggested that a specific treatment condition in the plasma spouted bed could 

make the strong interaction between Pd metal and alumina support, leading to high C2H4 

selectivity. A possible structural changes which graphically explains the behavior of the 

present system is shown in Fig. 4-7. When the reduction process occurred, the sintering 

of the Pd metal was accompanied with a crystallite migration of Pd metal. In the high 

temperature condition, Pd metals are easy to migrate to form a large crystallite of Pd metal. 

However, considering the results obtained above, the plasma spouted bed could prevent 

Pd metal from the sintering leading to relatively high dispersion. Moreover, high C2H4 

selectivity of PS-4 suggested that it would have the strong interaction between Pd and 

support.  

In this work, the plasma spouted bed had beneficial effects on the size of the Pd 

nanoparticles and the interaction between Pd metal and alumina support. It was suggested 

that the rapid temperature change could affect the properties of the catalyst. However, the 

effects of the plasma spouted bed are still unclear at this stage. To further understand how 

the effect of the temperature history (a repetition of rapid temperature change) on the Pd-

support interaction, binding energy between Pd-support and C2H4 bonding energy with 

Pd will be analyzed.  
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Fig. 4-6 Temperature difference with respect to the region in the plasma spouted bed. 
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Fig. 4-7 Modeling of the structure change in Pd/Al2O3 catalyst prepared by the 

plasma spouted bed and the conventional method. 
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4.2 Preparation of Pd/Al2O3 by the fixed bed with the microwave 

induced plasma irradiation 

4.2.1 Introduction 

The microwave-induced plasma jet combined with the spouted bed demonstrated 

excellent performance of Pd/Al2O3 in the selective hydrogenation of acetylene to ethylene 

as shown in previous section. A synergetic effect of the plasma and the spouted bed was 

suggested. However, it is still unclear exactly how the plasma spouted bed could affect 

the properties of catalysts due to its multiple effects on catalyst preparation. Therefore, 

we focused on the effects of microwave-induced plasma irradiation alone on the catalyst. 

The Pd/Al2O3 catalyst was prepared using the fixed-bed with microwave-induced plasma 

jet irradiation, and the activity of the catalyst was compared with that of catalysts made 

using the plasma spouted bed and the conventional furnace. 

 

4.2.2 Experimental set-up 

 The experimental equipment of the fixed bed with the plasma irradiation is the 

same as that in Chapter 2. 

 

4.2.2.1 Catalyst preparation & treatment conditions 

 As mentioned above, three preparation methods were conducted for the 

Pd/Al2O3 catalyst: fixed particle bed with plasma irradiation (PF), plasma spouted bed 

reactor (PS-4 in the previous), and the conventional method (CM). PS-4, showed the best 

performance in 4.1, chosen for the comparative analysis. Here, it is simply named PS. 

Details of treatment conditions for the PF and the PS are shown in Table 4-3. Table 4-3 
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illustrates that the distance between the microwave waveguide and the particle bed was 

changed for PF. For the conventional method (CM), the particles were heated to 900°C 

as well as 500°C using the electric furnace with 16.7% H2 gas (60 ml/min) and reduced 

for 2 h. Since the plasma contains radicals with high gas temperature, the temperature of 

900°C was chosen to investigate the effect of high temperature condition on the catalyst 

properties. 

 

Table 4-3. Treatment conditions of the fixed bed with plasma irradiation and the plasma 

spouted bed for catalyst preparation. 

 Catalyst 
Power 

(W) 
Distance1 

(cm) 
Ar flow rate 

(L/min) 
H2 flow rate 
(mL/min) 

Treatment time 
(min) 

Mass 
(g) 

PF-1 270 3.0 2.5 60  7 1.0 
PF-2 270  5.0 2.5 60  15  1.0 
PF-3 270  7.0 2.5 60 15  1.0 
PS 270  1.0 2.5 60 15  1.0 

1 The distance from the waveguide and the particle bed. 

 
4.2.2.2 Catalyst evaluation (Acetylene hydrogenation) 
 For the catalyst evaluation of PF, the same procedure as in 4.1.2.2 was conducted 

and methane selectivity was also considered as follow: 

 C2H6 selectivity (%)= �
C2H6

C2H2(Feed)-C2H2
�×100  (12) 

 

4.2.2.3 Catalyst characterization 

  The catalysts prepared by three different methods (PF, PS, and CM) were 

examined as the same analysis in 4.1.2.3. Here, the crystal planes of Pd on the catalyst 

were confirmed using FE-TEM.  
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4.2.3 Result and discussion 

4.2.3.1 Surface morphology by SEM 

 Fig. 4-8 shows the SEM image of the catalysts prepared under all conditions. 

The surfaces were cracked at several places in all of the samples. However, PF-3 was 

relatively smooth, and few cracks existed. No significant differences were observed on 

the surface for CM-500 and CM-900, suggesting that higher temperatures had little effect 

on the surface morphology of the catalyst. Meanwhile, an obvious difference was 

observed in PF-1 when compared with other samples. Sphere-shaped objects on the 

surface that corresponded to Pd nanoparticles were formed. This phenomenon might be 

resulted from extreme high temperatures by the plasma due to the short distance between 

the waveguide and the particle bed.  
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Fig. 4-8 SEM images for Pd/Al2O3 catalysts under all conditions.  
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4.2.3.2 Crystal structure analysis by XRD 

 Fig. 4-9 shows the XRD pattern of the catalysts. The diffraction peaks (2θ) of 

XRD at 33.9°, 42.0°, 54.8°, and 60.8° corresponding to PdO (JCPDS card, file No. 47-

1107) were not detected for all the plasma-treated samples, indicating that the plasma 

treatment successfully reduced PdO to Pd in a short period of time. The diffraction peaks 

at 40.1° and 46.7° corresponded to the Pd(111) and Pd(200) planes of the face-centered 

cubic (FCC) metal crystal of Pd (JCPDS card, file No. 46-1043), respectively. 

PF-1 indicated a diffraction peak at 46.7°, while the other samples did not. For 

all of the catalysts, the crystalline phase of γ-alumina was detected at two values, 

specifically 47.4° and 67.2° (JCPDS card, file No. 10-0425). The diffraction peaks (2θ) 

at 25.6°, 35.1°, 37.8°, 43.4°, and 52.6° corresponded to the α-alumina peak (JCPDS card, 

file No. 46-1212). Only the PF-1 sample demonstrated an α-alumina phase. As mentioned 

in chapter 2, the following pathway is most common for aluminum hydroxide 

decomposition and was also observed in our work when using the electric furnace:  

Gibbsite(Al(OH)3)→boehmite(AlOOH)→γ-Al2O3→δ-Al2O3→θ-Al2O3→α-Al2O3 

The peaks of γ-alumina coexisted with those of α-alumina in the PF-1 sample. 

However, the peaks corresponding to θ-alumina were not detected. Significantly, θ-

alumina is an essential intermediate in the transition pathway from γ-alumina to α-

alumina. Typical thermal treatment could not derive the direct phase transformation from 

γ-alumina to α-alumina without θ-alumina. These results are in accordance with the 

results obtained in Chapter 2 and 3. It was surmised that the plasma treatment and the 

conventional heating process using the electric furnace would have different pathways of 

pyrolysis for aluminum hydroxide.  
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Fig. 4-9 XRD patterns for Pd/Al2O3 catalysts under all conditions. 
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4.2.3.3 TEM analysis 

 High-resolution TEM images of the catalysts are shown in Fig. 4-10. From the 

images, the lattice plane spacing of 0.20 nm and 0.22–0.23 nm corresponded to the (200) 

plane and the (111) plane of Pd, respectively. All samples except PF-1 showed only the 

Pd(111) plane. Considered together with the XRD results above, the Pd(200) crystal 

structure and the Pd(111) plane were obtained for PF-1. It is generally accepted that the 

peaks corresponding to the (100) plane could be offset by that of the (200) plane due to 

destructive interference for the FCC structure. A square symmetry for the spots represents 

Pd(100) facets [29]. In this respect, the Pd(200) plane was regarded as the Pd(100) plane 

observed in PF-1. That is, PF-1 had both Pd(100) and Pd(111) simultaneously. It is 

reported that precursors such as Na2PdCl4 are typically required to obtain selective 

formations of Pd(111) or Pd(100) [28, 87]. Thus, the plasma treatment was suggested that 

it could form Pd plane independently of its precursors.  
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Fig. 4-10 TEM images for Pd/Al2O3 catalysts under all conditions. 
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4.2.3.4 Catalytic activity: Acetylene conversion 

 C2H2 conversion of the catalysts prepared at all conditions is shown in Fig. 4-

11. Table 4-4 indicates the Pd metal dispersion, the crystallite size of Pd, and metal 

surface area. From the H2 chemisorption results, PF-1 showed the greatest Pd dispersion, 

and PF-3 showed the lowest. Generally, high metal dispersion on the catalyst equates to 

high-performance reactions. The results of the C2H2 conversion are consistent with the 

results of H2 chemisorption. The crystallite size corresponding to Pd(111) for each sample 

was also calculated by Scherrer’s equation (Equation 9) from XRD, and shown in Table 

4-4. Compared with the results from H2 chemisorption, the Pd crystallite size from XRD 

is one digit different. In H2 chemisorption, the stoichiometry of Pd/H2 was assumed as 2. 

Since Pd metal has the ability to adsorb more hydrogen than its own volume, the 

crystallite size would be smaller than the value from XRD. Similar to the H2 

chemisorption results, the results of crystallite size from XRD tended to be inversely 

proportional to the C2H2 conversion except for PF-1. In the case of PF-1, not only the 

Pd(111) plane but also Pd(100) plane was detected from the XRD analysis, thus, the 

highest C2H2 conversion might be affected by both Pd(111) and Pd(100) plane.  

For the thermal treatment, high temperature caused metal sintering, leading to 

low dispersion as mentioned above. Therefore, the lower C2H2 conversion of CM-900 

compared with that of CM-500 might be derived from the sintering under high-

temperature conditions. Considering the results obtained here, the catalyst prepared using 

the plasma fixed bed opposed typical results. The conversion of C2H2 increased as the 

distance of the waveguide and particle bed decreased (i.e., the order of C2H2 conversion 

was PF-1>PF-2>PF-3). As shown in the XRD data, the detection of α-alumina within the 

PF-1 sample indicated that the treated temperature was greater than 1050 °C. A shorter 
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distance could provide more marked effects of the plasma and the gas temperature on the 

preparation. In general, C2H2 conversion decreases as temperature increases as a result of 

sintering. However, even at extremely high plasma temperatures, the plasma treatment 

had a positive effect on Pd dispersion. In accordance with the result of Chapter 3, the 

distance from the plasma irradiation (PF-3) had a lower effect on the catalyst. Therefore, 

it is reasonable to indicate that the plasma treatment enhanced the distribution of Pd 

nanoparticles on the support by preventing the particles from migrating, leading to 

sintering.  
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Fig. 4-11 Acetylene conversion for Pd/Al2O3 catalysts. 

 

Table 4-4 H2 chemisorption results and the crystallite size of Pd (111) from XRD. 

Catalyst 
Avg. crystallite  

size of Pd (Å) 

Metal Surface area 

(m²/g) 

Dispersion1 

(%) 

Crystallite size 

Pd(111)2 (nm) 

PF-1 14.8 1.13 25.3 22.9 

PF-2 16.2 1.02 22.9 12.3 

PF-3 25.5 0.65 14.8 29.2 

PS 16.2 1.03 23.2 11.4 

CM-500 19.2 0.86 19.6 16.0 

CM-900 22.1 0.75 17.0 23.5 

1 The fraction of Pd atoms exposed to the surface of the catalyst.  

2 Crystallite size of Pd (111) calculated from XRD pattern. 
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4.2.3.5 Catalytic activity: Ethylene and ethane selectivity 

 C2H4 and C2H6 selectivity for all samples are shown in Fig. 4-12. For C2H4 

selectivity, the catalysts prepared using the fixed bed with plasma irradiation (PF-2, PF-

3, PS) showed greater catalytic performance in the C2H4 selectivity than those prepared 

using conventional thermal treatment. The plasma spouted bed-treated catalyst showed 

the highest ethylene selectivity. For C2H6 selectivity, the difference in C2H6 selectivity 

between PF-1 and all other samples was significant. The longer the distance between the 

waveguide and the particles, the lower the C2H6 selectivity (PF-3<PF-2<PF-1). For PF-1, 

a remarkably high hydrogenation of C2H4 was observed when compared with other 

samples. This catalytic performance might be derived from the formation of the Pd(100) 

plane. This has been widely studied for various catalytic reactions (e.g., alkene 

hydrogenation, formic acid oxidation, and oxygen reduction reactions) for Pd(111) and 

Pd(100) [27-29]. In particular, Pd(100) has an effect on the consecutive hydrogenation of 

acetylene to ethane as compared with that of the Pd(111) plane [25-26]. Since the surface 

energy of Pd(100) is greater than that of Pd(111) [87, 88], ethylene could be strongly 

attached to the Pd metal, promoting further hydrogenation of ethylene to ethane. From 

the XRD pattern and the TEM images, the Pd(100) plane was clearly verified for PF-1. A 

greater selectivity of C2H6 could be elucidated by the formation of the Pd(100) plane. As 

a consequence, the plasma treatment had the potential to induce specific modification of 

the catalyst for certain catalytic reactions as compared with conventional preparation 

methods.  
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Fig. 4-12 Ethylene selectivity and ethane selectivity for Pd/Al2O3 catalysts. 

 

4.2.3.6 Comparison of the fixed bed with the plasma irradiation and 

the plasma spouted bed 

 As mentioned above, the catalyst prepared by the fixed bed with plasma 

irradiation showed lower catalytic performance in the C2H4 selectivity than that prepared 

by the plasma spouted bed. This is illustrated by the significant difference in the formation 

of Pd(100) that was observed in PF-1. The plane of Pd(100) was not detected for PS, even 

when in close proximity to the waveguide. Moreover, for the samples without the Pd(100) 

plane (PF-2 and PF-3), C2H4 selectivity was also inferior to those of the plasma spouted 

bed. In 4.1.3.4, high C2H4 selectivity for PS was explained by a strong interaction between 

the Pd metal and the alumina support. Regarding the surface energy, the strong interaction 

could encourage the Pd metal to easily desorb ethylene [84]. When considering the 
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treatment conditions of PS and PF, the most remarkable difference was in the temperature 

fluctuation of the particles. The fixed bed with plasma irradiation could make the particle 

temperature constant, that is, the temperature was held constant from the beginning to the 

end during treatment. On the other hand, the particle temperature was fluctuated due to 

the circulation in the bed. It is still unclear how the particles are affected by these 

processes. However, we may conclude that these effects are involved in the modification 

of phase components and induce the strong metal-support interaction (SMSI). In 

conclusion, an intensive effect of the plasma in the proximity of the irradiation could 

develop the formation of different crystal phases, and the spouted bed could control those 

effects by modulating temperature fluctuations.  
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4.3 Conclusion 

In this chapter, the microwave plasma jet combined with the spouted bed was 

applied for Pd/Al2O3 catalyst preparation. Pd/Al2O3 catalyst prepared by the plasma 

spouted bed showed different catalytic reaction behavior in acetylene hydrogenation 

compared with those prepared by the conventional method. It was suggested that the 

plasma spouted bed treatment could prevent Pd metal from sintering even at high 

temperature condition in the plasma spouted bed and could induce strong interaction 

between Pd metal and alumina support. Further investigation of the plasma spouted bed, 

the Pd/Al2O3 catalyst was also prepared by the fixed-bed with microwave-induced plasma 

irradiation. A high dispersion of Pd metal on the support was also fabricated in PF. From 

the XRD pattern and the TEM images, the Pd(100) plane coexisted with the Pd(111) plane, 

and a direct decomposition pathway of alumina (γ→α) without the essential intermediate, 

θ-alumina, was observed in PF-1. Concerning the catalytic performance of the acetylene 

hydrogenation, the plasma-treated catalysts (PF-1, PF-2, and PS) with a shorter distance 

between the waveguide and the particles exhibited greater activity when compared with 

the furnace-treated catalysts. This was due to the smaller size of the Pd metal because the 

plasma treatment had a positive effect on preventing Pd nanoparticles from sintering. 

However, the highest selectivity of ethane for PF-1 could be explained by the creation of 

a higher surface energy in the Pd(100) plane obtained only for this condition. In 

conclusion, the effectiveness of plasma irradiation on the phase transition of Pd and 

alumina, as well as preparing the catalyst, was put into perspective by comparing it to 

conventional thermal treatment.  
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CHAPTER 5 

Conclusion 
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5.1 Concluding remarks  

The microwave induced plasma was applied to the catalyst preparation using two 

types of reactors including a fixed bed and a spouted bed. The plasma jet was directly 

irradiated to the particle bed in the former reactor, while the latter used the plasma jet for 

spouting particles. For comparison, typical heat treatment using an electric furnace was 

also applied. In this research work, the effects of the microwave induced plasma were 

investigated with three kinds of catalysts and catalyst support, which summarized in 

chapter 2 (alumina), chapter 3 (Ni/alumina), and chapter 4 (Pd/alumina).  

First, in Chapter 2, the treatment of aluminum hydroxide with microwave 

induced plasma jet was carried out. The crystal structure analysis by XRD proved new 

discovery of the decomposition pathway of aluminum hydroxide. Typically, θ-alumina is 

an essential intermediate in the transition pathway from γ-alumina to α-alumina, however, 

a direct decomposition pathway of alumina (γ→α) without θ-alumina was observed in the 

plasma treated samples (PS, PF). Analysis of the surface morphology by SEM indicated 

that rapid dehydration would occurred for the plasma treated samples (PS, PF), compared 

with the typical thermal heating (CM). Considering these facts, the prospect was 

suggested that the plasma treatment for impregnated metal on alumina could affect the 

catalyst properties.  

 Next in chapter 3, to investigate the effects as above mentioned, Ni metal was 

impregnated onto alumina support and treated by the microwave induced plasma. The 

Ni/Al2O3 catalyst was prepared by three different preparation method (PS, PF, and CM). 

The plasma treated Ni/Al2O3 catalysts (PF-1 and PS) showed better performance in the 

conversion of ethylene hydrogenation than those prepared by the electric furnace. It was 

suggested that the plasma treatment enhanced the distribution of Ni metal on the support 
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by preventing the particles from migrating, leading to high catalytic activity. The methane 

selectivity was in proportion to the ethylene conversion for the catalyst prepared by the 

conventional method. However, methane selectivity for PF-1 and PS resulted in different 

tendencies. From these results, it was suggested that the plasma spouted bed and the fixed 

bed had different reduction mechanism on the Ni/Al2O3 catalyst even with the same 

plasma jet irradiation. 

Lastly in chapter 4, instead of Ni metal, Pd metal was impregnated onto alumina, 

which has better industrial value. Three different preparation method (PS, PF, and CM) 

were also applied for Pd/Al2O3 catalyst preparation. Their catalytic performance were 

evaluated for the acetylene hydrogenation. The spouting condition and the distance 

between the waveguide and the particle was changed for PS, and PF, respectively. From 

the results, the spouting condition might affect the properties of the catalyst leading to 

different value of ethylene selectivity. It was proposed that a repetition of rapid 

temperature change in spouted bed could affect the interaction between Pd metal and 

alumina support. Meanwhile, a remarkably high hydrogenation of ethylene was observed 

in PF-1. From the XRD pattern and the TEM images, the Pd(100) plane was clearly 

verified only for PF-1. Thus, this catalytic performance might be derived from the 

formation of the Pd(100) plane. The effectiveness of plasma irradiation on the phase 

transition of Pd and alumina, as well as preparing the catalyst, was put into perspective 

by comparing it to the conventional thermal treatment.  

In this thesis, a novel methodology for catalyst preparation using the microwave 

induced plasma was introduced. It was clearly confirmed that the treatment of the 

microwave induced plasma had an effect on the decomposition pathway of catalyst 

support and enhancements of catalyst properties as compared with those of the typical 
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thermal treatment. It can be an alternative to conventional processes as it resolves issues 

with the enhancement of the catalyst properties.  
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5.2 Prospects and future studies 

 The present work is an early step of revealing the effect of the microwave 

induced plasma when combined with the spouted bed and with the fixed bed. A new 

discovery of the decomposition pathway and the catalytic enhancements were 

confirmed by the experimental investigation. However, it is still unknown how it affects 

the transformation and the properties of the catalysts. As mentioned in the content, 

many other researchers are dedicated to figuring out the exact effects of the plasma. The 

following is recommended for future works.  

- The difference in the reduction mechanism between the plasma spouted bed and the 

fixed bed with the plasma irradiation should be clarified. As a first step, details of the 

spouted bed such as accurate temperature in the high temperature region and the low 

temperature region and particle residence time of the particles have to be investigated, 

followed by simulating the temperature change of the catalyst.  

- The same thermal environment as the plasma needs to be developed to further 

understanding of the effects of the radicals on the preparation of the catalyst. To 

achieve this, the measurement of accurate temperature of the plasma has to be done. 

Next, prepared a gas at the temperature as same as the plasma followed by spouting 

the particles with high temperature gas for reduction process. This also could be an 

attempt to promote a better understanding of the plasma spouted bed.  

- Compare other types of plasma such as DC plasma or RF plasma with the microwave 

induced plasma. Since the microwave induced plasma has a higher temperature than 

that of others, and it contains different density of radicals, it could show different 

behavior in catalytic activity. This can provide information for possible future 

applications.  
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