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○Regarding“Radiation Disaster Recovery Studies” 
The Fukushima Daiichi nuclear disaster, triggered by the massive earthquake and tsunami that struck Japan on 

March 11, 2011, stands as one of the most significant nuclear accidents in recent history[1]. The earthquake caused 

an immediate shutdown of the reactors, but the tsunami disabled the power supply and cooling systems required to 

maintain the reactors in a safe state[2]. The lack of cooling led to overheating, fuel melting, and the release of 

radioactive substances into the environment[3]. The Fukushima disaster prompted the evacuation of tens of 

thousands of residents, leaving a profound impact on the affected communities.  

During 5 years of Phoenix Leader Education Programs (PLEP), various rich activities including education, training 

and site visiting to meet the industry, the society and government had given us valuable lesson regarding the effort 

to overcome the effect of radiation disaster. Four important elements worked together, including Government, 

private company, society, and academia, to establish a better society of Fukushima post-Earthquake and radiation 

disaster. Comprehensive effort to protect the public from harmful effect of radiation has been conducted including 

decontamination in residential area and farmland. The most important effort had come from the resident of 

Fukushima where they educate themselves to revive their livelihood. Residents in Fukushima played a pivotal role 

in the recovery process by actively participating in educational initiatives aimed at equipping themselves with the 

necessary knowledge to rebuild their lives[4]. This involved learning about the latest advancements in agriculture, 

technology, and health practices to minimize the impact of radiation on their livelihoods. Moreover, the community 

engaged in collaborative efforts to decontaminate residential areas and farmlands, implementing stringent measures 

to ensure the safety of the environment[2]. 

The release of radioactive substances into the environment poses a persistent and long-term risk to human health 

stemming from the accident[5]. The long-term consequences of the radioactive release underscore the importance 

of comprehensive measures to address and minimize the impact on human well-being. This underscores the 

urgency for ongoing monitoring, research, and strategic interventions to safeguard communities from the protracted 

health risks associated with the incident. In decontamination effort, the most common method used was soil 

removal and replacement, where contaminated soil is excavated and replaced with clean soil[6]. Another approach 

includes soil washing, which utilizes chemical solutions to extract and remove radioactive particles from the soil[7]. 

Additionally, phytoremediation employs specific plant species that can absorb and accumulate radioactive elements, 

facilitating the extraction of contaminants from the soil[6]. Despite these methods, radioactive decontamination 

encounters limitations that pose challenges to their implementation. The extent of decontamination may be 

constrained by the depth and spread of radioactive substances in the affected area, making complete removal 

difficult. Another limitation is that most of those methods would result in large amount of radioactive waste that 

need to be stored, both liquid and solid waste[8]. 



IAEA has reported lab. scale project for mixed method treatment of liquid nuclear waste in TECDOC-1336[8], 

including use of photocatalysis to decompose organic pollutant resulted from secondary waste. This method shows 

promising result in processing secondary waste problem. Advanced oxidation process (AOP) is one of promising 

methods because it decomposes harmful organic contaminants into harmless substances[9]. It generates hydroxyl 

radicals (•OH) as a powerful reactant that can quickly destroy organic structures [10].  The advantages are no 

sludge generation and easy operation control [9, 11–13]. The main disadvantage of AOP is high operation cost, and 

in some methods, it has a slow reaction rate, making it not feasible for full-scale application [11]. One of the 

promising AOPs is photocatalysis, where TiO2 was first used [14]. Visible-light photocatalysis is desirable since it 

is readily available by the sun, covering 46% of the sunlight [15, 16]. Later, various metal oxides were explored 

and developed as catalysts [17]. Hematite (α-Fe2O3) has been used as a photocatalyst with the main advantages 

such as low cost, non-toxic, high stability, visible light absorbance, and narrow band gap [18–21]. Furthermore, the 

presence of H2O2 in hematite photocatalysis would increase the reaction drastically due to the Photo-Fenton 

reaction of hematite where Fe(II) resulting from photo reduction of Fe(III) then reacts with H2O2 to produce •OH 

[22, 23].  

Magnetic separation of radioactive materials is a potential method for liquid waste treatment by modifying surface 

of magnetic nanoparticle[24]. By introducing specialized surface modifications to magnetic nanoparticles, the 

magnetic separation of radioactive materials emerges as a promising technique for liquid waste treatment and 

radioactive detection[24, 25]. The most important challenge regarding these applications is stability of magnetic 

material, where for most of liquid waste pH must be adjusted. In this regard, enhancement in stability of magnetic 

material is important in order to increase the effectiveness of magnetic method. 
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○Title of Doctoral Thesis 
57Fe Mӧssbauer Studies of Ta/Nb-doped Fe2O3 and Application to Photocatalyst 

 
○Summary of Doctoral Thesis 

Liquid nuclear waste remains as major problem in the 

industry. Recycling process frequently resulted in a large 

volume of secondary waste. γ-Fe2O3 and α-Fe2O3 have drawn 

attention for their wide range of application including magnetic 

separation and photo catalysis for liquid nuclear waste. The 

nature of γ-Fe2O3 is the easy transformation to α-Fe2O3, while 

α-Fe2O3 has low conductivity and slow catalytic activity. 

Several methods were used to overcome these drawbacks, one 

of the modifications is by doping with the other metal. Nb and 

Ta are group 5 elements with valence state of 5+, which have 

interesting characteristic such as high stability and corrosion 
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Figure 1. PXRD patterns of 9.1Nb sample. 



resistance. In the present PhD Thesis, the research focused on characterization of Nb and Ta-doped Fe2O3 

nanoparticle and its application to the photocatalyst. General introduction is shown in Chapter 1. 

In Chapter 2, niobium-doped Fe2O3 samples were prepared by epoxide sol-gel method at room temperature. 

Nb amount was changed (0, 1.9, 3.8, 5.7, 7.4 and 9.1 a.t. %). The samples were calcined at various temperatures. 

Sample characterization was carried out using PXRD, TEM EDS, and Mössbauer spectroscopy. Figure 1 shows 

PXRD patterns of 9.1Nb sample. Pure γ-Fe2O3 formed at 300 ºC transforms completely to α-Fe2O3 at 500 ºC, 

whereas 9.1Nb sample transformed to α-Fe2O3 at 600 ºC. PXRD patterns show there is no other phase other than 

Fe2O3 up to 600 ºC, and at 700 ºC new diffraction (FeNbO4) was observed. It was shown that the Nb doping to 

Fe2O3 suppressed the transformation of γ-Fe2O3 to α-Fe2O3. Scherrer’s equation revealed 13.0 nm of particle size 

for the sample calcined at 500 ºC, 31.6 nm for 600 ºC, and 35.0 

nm for 700 ºC. TEM EDS measurement showed particle size of 

14 nm for 9.1Nb500 sample with spherical shape as shown in 

Figure 2. EDS confirmed that Nb is present in the Fe2O3 lattice. 

The particle became bigger by calcination at 700 ºC, and new 

small particle appeared. EDS, PXRD, and Mӧssbauer revealed 

that the small particle is FeNbO4.  

In Chapter 3, Mӧssbauer spectroscopic study on Nb-doped 

α-Fe2O3 was conducted. For the previous report on Nb-doped 

α-Fe2O3[1], Fe3+ changed to Fe2+ to compensate the charge 

giving Nb5+-2Fe2+. Mӧssbauer spectra for all Nb-doped samples 

in the present study did not show Fe2+ state. Instead, it 

was suggested that small amount of Fe3+ was expelled 

from the system to compensate Nb5+ charge. Pure 

α-Fe2O3 shows Morin transition (TM) by the change 

of weak-ferromagnetism (WF) to anti-ferromagnetism 

(AF) at around 260 K which shows negative ∆Eq 

value for WF, while positive ∆Eq for AF in the 

Mӧssbauer spectrum. The 9.1Nb-doped α-Fe2O3 

calcined at 600 ºC did not show TM and it attracted to 

magnet. This is maybe due to ferrimagnetic-like 

interaction due to the existence of Nb5+ in the iron 

position. The Mӧssbauer parameters for the samples 

calcined at 700 ºC showed that the 

weak-ferromagnetism partially exists even at lower temperature (78 K) by introducing Nb atom. One is AF iron, the 

other is WF iron (Fig. 3). It is thought that the Nb doping stabilizes the weak ferromagnetism even at low 

temperature. Figure 4 shows the area ratio of AF and WF depending on the amount of Nb. The higher the Nb 

doping the lower TM. 7.4Nb700 sample shows TM at 78K and does not attach to magnet as is typical hematite. 
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Figure 2. TEM-EDS of 9.1Nb samples calcined 

at 500 ºC (left) and 700 ºC (right). 

Figure 3. 57Fe Mössbauer spectra at 298 and 78 K of 

9.1Nb-Fe2O3 calcined at 700 ºC 



In Chapter 4, catalytic activity of the Nb-doped Fe2O3 was investigated. UV-Vis absorption spectra of 

α-Fe2O3 sample were measured. They show strong absorption at visible light region for both pure and Nb-doped 

α-Fe2O3. By using Tauc plot, band gap energy was calculated, ant it varied from 2.13 eV for 5.7Nb700 to 2.97 eV 

for 5.7Nb600. Catalytic properties were measured for degradation of Methylene Blue (MB) in the presence of H2O2 

under visible light. Figure 5 shows that the rate of degradation of MB increases with an increase of doped Nb. This 

shows promising catalytic activity for environmental application. 

 

Chapter 5 is the study for Ta-doped Fe2O3. Ta doping showed that the stability of 𝛾𝛾–Fe2O3 increased and the 

magnetic properties of hematite changed. For the 7.4Ta700 sample, the particle shows large size of 300nm but there 

is no TM at 78K. Ionic radii of Ta5+ and Nb5+ are the same with 0.64Å, but the lattice constant of Ta is reported to be 

longer than Nb, which makes Ta have more influence to the lattice arrangement of hematite. 

Chapter 6 shows general conclusions. Introduction of Nb and Ta to Fe2O3 suppresses the phase 

transformation from maghemite to hematite. Nb and Ta are incorporated to 𝛾𝛾–Fe2O3 lattice by filling vacancy and 

replacing Fe position, stabilizing 𝛾𝛾–Fe2O3. Nb/Ta atoms were expelled from lattice during transformation to 

α-Fe2O3. Nb/Ta also greatly affect the magnetic properties by lowering the Morin Transition temperature (TM). The 

catalytic activity of sample is increased by the increase of Nb doping.  
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Figure 4. Area ratio of AF and WF for Nb-doped 

 

Figure 5. Photo-Fenton degradation of MB under visible 
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