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I 

ABSTRACT 

Initiated primarily by the tsunami of the Tohoku earthquake in March 2011, a 

mega-energy accident known as the Fukushima Dai-ichi nuclear disaster occurred at 

Fukushima nuclear plant. The accident resulted in the release of a large quantity of 

radioactive nuclides into the atmosphere and natural environments, and has elevated 

public concern on the presence of the radioactive nuclides, particularly on the presence 

of 137cesium that has a half-life of about 30 years and is considered to be highly risky 

to humans and ecosystems. For comprehensive assessment and modeling of cesium in 

water environments, it is essential to accumulate data that contribute to better 

understanding of the transfer of cesium between water and sediment phases, and 

determine the sorption kinetics and sorption equilibrium of cesium during its interaction 

with sediment, particularly with sediment in reservoirs where longer retention time 

generally leads to the formation of sediment layers with a thickness from several meters 

to tens meters.  

In this study, the behavior of cesium in a fresh water reservoir, namely the Ushikubiri 

Reservoir of the Miharu Dam in Fukushima Prefecture, was studied through column 

experiments under both aerobic and anaerobic water phase conditions. Four sediment 

columns (two aerobic ones and two anaerobic ones) were employed, which were 

structured by packing 30 cm of undisturbed sediment collected from two sites within the 

reservoir and 70 cm of overlying water. Through model analysis with both the first 

order and the pseudo-second order reaction models, the parameters reflecting the 

kinetics of the transfer of cesium from the overlying water phase to the packed sediment 

phase within all four columns were determined. The results also showed that both the 

first order and the pseudo-second order kinetic models could fairly well describe the 

behavior of cesium sorption in sediment columns operated under aerobic and anaerobic 

conditions, respectively.  

The sorption equilibrium of cesium onto the same sediment was studied by batch 

sorption experiments under 27 combinations of water temperature (5, 20 and 35 ºC), pH 

(5, 7 and 9) and EC (130, 160 and 190 μS/cm). In addition, the distribution of adsorbed 

Cs on sediment particles was examined using scanning electron microscopy (SEM), 



 

II 

energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). The results 

showed that the equilibrium sorption data of cesium onto reservoir sediment could be 

fairly-well described by both Langmuir and Freundlich isotherm models. The estimated 

isotherm parameters indicated that the impacts of water temperature, pH and EC on the 

sorption capacity of cesium were less obvious within the investigated ranges of these 

three variables. EDS mapping and elemental analysis of sediment after cesium sorption, 

together with the analysis by XRD, revealed that sorption of cesium on the reservoir 

sediment occurs mainly on its surface and the distribution of the adsorbed Cs on 

sediment was not uniform. 

In addition, the accumulation potential of cesium by heterotrophic bacteria populated 

in sediment of both freshwater and seawater environment was studied. Cesium was 

spiked into solutions containing bacterial colonies cultured, isolated and reproduced 

from sediment sampled from the freshwater reservoir and a coastal area (Ise Bay), and 

incubation experiments were conducted under different water temperatures (5 ºC, 25 ºC 

and 35 ºC) and potassium concentrations (0 mg/L, 5 mg/L and 10 mg/L for freshwater 

bacteria only). Heterotrophic bacteria were examined through analysis of the extracted 

bacterial 16S rDNA with qualitative polymerase chain reaction (PCR), denaturing 

gradient gel electrophoresis (DGGE) and sequencing. The amount of accumulated 

cesium differed with the isolated bacteria and slight differences were also observed 

between bacteria from the freshwater and the seawater environment. PCR-DGGE 

images, together with the analysis by DNA sequencing, revealed that the species of 

heterotrophic bacteria in freshwater and seawater were different, but most of the species 

were found belonging to the phyla of Firmicutes and Proteobacteria. 
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Chapter 1  

INTRODUCTION 

 

1.1 BACKGROUND 

1.1.1 Cesium 

Cesium (chemical symbol Cs) is an alkali metallic element in the 1st group of the 

periodic table with atomic number of 55, atomic weight of 132.9 amu, melting point at 

28.5 °C (301.65 K), boiling point at 678.4 °C (951.55 K), and the density of 1.873 

grams per cubic centimeter at 293 K. It is one of the only three metals that forms a 

liquid at near room temperature and has both statuses of being nonradioactive and 

radioactive. There are 11 major isotopes of cesium and only three of them have 

half-lives long enough to be highly concerned: 
134

cesium, 
135

cesium and 
137

cesium, as 

shown in Table 1.1. The other isotopes of cesium have half-lives less than 2 weeks. 

134
cesium, 

135
cesium and 

137
cesium are the products of nuclear fission reaction 

(Gutierrez et al., 1996; Cortes-Martinez et al., 2010). The most common cesium isotope 

is radioactive 
137

cesium and its half-life is about 30.17 years (Vejsada et al., 2005a,b; 

Bouzidi et al., 2010). The other two cesium isotopes, 
134

cesium and 
135

cesium, are also 

fairly common and their half-lives are 2.1 years and 2.310
6
 years, respectively. 

137
Cesium is much more significant as an environment contaminant than 

134
cesium and 

135
cesium. 

134
Cesium and 

135
cesium are typically of less concern because of their 

radiological decay characteristics (Bouzidi et al., 2010; Cortes-Martinez et al., 2010). 

The very long half-life of 
135

cesium means it has a very low specific activity and a slow 

decay rate. Its low decay energy contributes to its low hazard to ecosystem environment 

and humans.  
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Cesium is one of the less mobile radioactive metals in environment. It preferentially 

adheres well to sediment and soil materials, and is strongly and rapidly adsorbed onto 

the solid phase (Gutierrez and Fuentez, 1996; Tamura, 1964; Bouzidi et al., 2010; 

Kuwahara et al., 2011). Such a behavior of cesium causes great concern on its effect to 

the environment (Nilchi et al., 2011). 

1.1.2 Levels of cesium in environments 

The natural cesium isotope, 
133

cesium, which is a stable isotope of cesium, can be 

found in minerals, ores and soil with low concentrations. Its concentration in the earth’s 

crust is 1.9 mg/kg, and that in seawater is about 0.5 µg/kg. The radioactive cesium, 

137
Cesium, is a major waste resulting from the processing of spent nuclear fuel and 

radioactive wastes associated with the operation of nuclear reactors and fuel 

reprocessing plants. This element is presented in soil around the world largely as a result 

of fallout from past nuclear weapon tests (Chiang et al., 2011). Beginning in the 40th 

century, because of the development of nuclear weapons in military, cesium was used 

widely, leading to the release of various cesium isotopes into the atmosphere. The 

weapons tested in the 50th and 60th centuries resulted in cesium fallout in the 

environment. Later, more cesium species were released to the environment due to social 

development, industrial revolution, weapon invention, and poor managed electrical 

device wastes. The accidents, such as the Chernobyl accident in Ukraine and the 

Fukushima accident in Japan, released larger amounts of cesium into the natural 

environment and led to serious environment pollutions (Topcuoglu, 2001; Zachara et al., 

Isotope Half life 
126

Cesium 1.6 minute 
129

 Cesium 1.3 day 
131

 Cesium 9.7 day 
132

 Cesium 6.4 day 
133

 Cesium Stable 
134

 Cesium 2.1 yr 
135

 Cesium 2.3×10
6
 yr 

136 
Cesium 13.2 day 

137
 Cesium 30.17 yr 

138
 Cesium 32.2 minute 

139
 Cesium 9.3 minute 

Table 1.1 Isotopes of cesium and their half-lives. 



Chapter 1                                                   Introduction 

3 

2002; Wang et al., 2010; Qin et al., 2012). According to Flury et al. (2004), whose study 

showed that about 1 million curries of radioactive elements may have been released into 

the subsurface, nuclear power plant wastes stored in underground tanks could also 

release cesium into the natural environment. The concentration of 
137

cesium in the 

surface soil from fallout ranges from about 0.1 to 1 picocurie (pCi)/g, with an average 

of less than 0.4 pCi/g (Gephart and Lundgren, 1998;  DOE, 1998a and 1998b; 

McKinley et al., 2001; Flury et. al., 2004; Chiang et al., 2011). Figure1.1 shows the 

concentration of 
137

cesium in the coastal area of Japan after the accident of the 

Fukushima nuclear power plant in 2011. Radioactive cesium fallout was absorbed 

readily into solution and has returned to the surface of the earth (Wang et al., 2010; 

Volchek et al., 2011).  

Once cesium enters the ground water, it is fixed on soil particle surfaces and removed 

Figure 1.1 Concentrations of 
137

cesium in seawater 10 to 30 kilometers off the 

Japanese coast from March 23 to March 30 (Yale University, 2011). 
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from the landscape primarily through particle transportation. Bio-accumulation of 

cesium by aquatic organisms via food chains also occurs due to its properties similar to 

the alkaline element of potassium, which can be easily absorbed by living organisms 

(Vejsada et al., 2005a,b; Cortes-Martinez et al., 2010). Kuwahara et al. (2005) studied 

the accumulation of Cs by bacteria isolated from mushroom-growing soils and found 

higher content of Cs in filamentous soil bacteria. Figure 1.2 shows the portion of the 

total radiation dose (in air) contributed by each isotope versus time after the Chernobyl 

disaster. 137caesium was found to be the largest source of radiation after about 200 days 

of the accident. The contamination by cesium in the natural environment is shown in 

Table1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 The portions of major radioactive elements in environments after the 

Chernobyl disaster occurred in 1986. 

//upload.wikimedia.org/wikipedia/commons/2/20/Airdosechernobyl2.png
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1.2 PREVIOUS STUDIES ON THE BEHAVIOR OF 

CESIUM IN ENVIRONMENTS 

To evaluate the behavior and fate of the cesium is very important because it can 

provide environmental protection, and prevent the bio-magnification in the natural 

living organisms. 

The presence of radiocesium in the environment is of great concern because of its 

high solubility as an alkaline metal ion, its long half-life (30.17 years for 
137

Cesium), 

and its easy assimilation by living organisms (Cremers et al., 1988; Bostick et al., 2002; 

Tsukada et al., 2002). The migration and the retention behavior of radiocesium are 

strongly dependent on the sorption properties of the solid phase, including pH, ionic 

strength, competitive cationic ions and organic matter (Kim et al., 1996; Kim and 

Kirkpatrick, 1997; Dumat and Staunton, 1999; Takahashi et al., 1999; Cha et al., 2006; 

Giannakopoulou et al., 2007; Nakamaru et al., 2007; Bellenger and Staunton, 2008; Fan 

et al., 2012). It is generally considered that clay minerals in soils and sediments are the 

major sorbents for cesium (Anderson and Sposito, 1991; Kim et al., 1996; Kim and 

Kirkpatrick, 1997; Choi et al., 2005). The Fukushima Daiichi Nuclear Power Plant 

(FDNPP) accident caused by the catastrophic earthquake and tsunami occurred on 11 

March 2011 led to large emissions of radioactive 
137

Cs and serious soil contaminations 

around the accident stricken area and its neighboring prefectures (Kinoshita et al., 2011; 

Yasunari et al., 2011; Yoshida and Takahashi, 2012). Investigations of the vertical 

profiles showed that the radioactive cesium was mainly retained at the very surface of 

Source of cesium 

contamination 
Time 

Concentration/ 

contamination 
Unit References 

Earth’s crust - 1.9 mg/kg - 

Sea water - 0.5 µg/kg - 

Release from Fukushima 

nuclear power plant 
2011 3.5 x 10

6
 Bq 

Watanabe et al., 
2012 

Agriculture soil in Miyagi 

Prefecture 
2011 24 - 1152 Bq/kg MAFF, 2011 

Akita Prefecture, Japan 2011 174 MBq/km
2
 MEXT, 2011 

Fukuoka Prefecture, Japan 2011 1 MBq/km
2
 MEXT, 2011 

Hokkaido, Japan 2011 8 MBq/km
2
 MEXT, 2011 

Table 1.2 The contamination concentrations of cesium in natural environment. 
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the soils in Fukushima Prefecture. Clay minerals and micas were speculated to be 

responsible for the high affinity of Cs in soils (Cha et al., 2006; Ohno et al., 2012; 

Tanaka et al., 2012; Watanabe et al., 2012). However, no direct evidence exists on the 

host phase of Cs in such soils to support the hypothesis (Qin et al., 2012). 

A large number of studies of cesium sorption on rocks, soils, sediments and minerals 

have been conducted for several different reasons. 
137

Cesium is an important source of 

radioactivity in the waste from the nuclear power industry (Qin et al., 2012; Watanabe 

et al., 2012). It is potentially a very hazardous nuclide because its high solubility makes 

it very possible to migrate through ground water to the biosphere. This mobility can be 

largely reduced by sorption of cesium onto rocks and minerals surrounding the nuclear 

waste storage facility. Many investigations of cesium sorption onto rocks and minerals 

have been aimed at providing data that can be used for prediction of the migration rates 

in the rocks surrounding the storage sites. Other studies relating to the nuclear waste 

industry were conducted for identifying the capability of various minerals in removing 

low levels of radioactive elements from waste solutions (Music and Ristic, 1988). A 

further area of interest concerns the radioisotopes of cesium that have been introduced 

into the environment by fallout from weapon testing and from nuclear accidents such as 

that at Chernobyl. The retention of cesium from these sources by soils and its ultimate 

transfer to the food chain were investigated (Evans et al., 1983; Cremers at al., 1988). 

Another very recent area of interest in cesium sorption is connected with the industrial 

application of cesium as a catalyst for fixation of carbon monoxide.  

In general, cesium adsorption on minerals involves an ion exchange process. The 

most intensively studied minerals are the illites, followed by montmorillonites and 

vermiculites. Cesium is adsorbed on clay minerals to balance the negative charge on the 

alumino-silicate structure. The charge arises as a result of partial replacement of Si
4+

 or 

Al
3+

 ions by cations of lower charges (Gutierrez and Feuntes, 1996; Karamanis and 

Assimakopoulos, 2007). It is compensated for by such counter-ions as Na
+
, K

+
, Ca

2+
, 

and Mg
2+

 adsorbed on the clay surfaces or present in the interlayers. These counter-ions 

can be exchanged by cesium. Broken bonds at the edges of clay crystals and hydroxy 

groups on the surfaces of oxide minerals and also on clays, such as kaolinite, may also 

serve as the sorption sites for cesium. 

Cesium sorption in water solutions is a combined phenomenon of the concentration 
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of the adsorbate, the nature of the adsorbent and the chemistry of the water solution. 

The chemistry of the water solution may include pH, ionic strength, temperature and the 

presence extent of competing ions. The contact time of cesium with adsorbent can also 

affect its sorption capacity. 

1.3 OBJECTIVES OF THE STUDY 

The main objective of this study was to clarify the behavior of cesium in water 

environment, which involved three important aspects for comprehensive assessment and 

modeling of cesium in basin scale aquatic environments: sorption kinetics and sorption 

equilibrium during interaction with sediment in water environment, and accumulation of 

cesium by bacteria populated in natural water environment.  

For these, Ushikubiri Reservoir, a pre-reservoir of the Miharu Dam located in the 

northeastern Fukushima Prefecture of Japan was chosen as a study site. The sorption 

kinetics of cesium was studied through experiments using columns consisted of a 

sediment phase and an overlying water phase. By analyzing the observed time profiles 

of cesium in the overlying water phase, the sorption rates of cesium from water phase to 

sediment phase was determined.  

Then, using sediment samples from the reservoir, batch sorption experiments were 

conducted and the sorption equilibrium of cesium by sediment under different 

conditions was analyzed. Meanwhile, the distribution of adsorbed Cs was observed 

using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy 

(EDS) and X-ray diffraction (XRD).  

Finally, the accumulation of cesium by heterotrophic bacteria populated in the 

sediment of both freshwater and seawater environment was quantified by conducting 

incubation experiments. The dependency of the accumulation capacity on the species of 

heterotrophic bacteria was examined through analysis of the bacterial 16S rDNA by 

qualitative polymerase chain reaction (PCR), denaturing gradient gel electrophoresis 

(DGGE) and DNA sequencing. 

1.4 CONTENTS OF THE DISSERTATION.  

This dissertation presented the results obtained from experiments and model analysis 
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for the objectives of this study. Chapter 2 provides information on the sources and 

characteristics of water and sediment samples used in the study. The analytical methods 

involved in the experiments are described in Chapter 3. The transportation of cesium 

from water phase to sediment phase in water environment based on sediment column 

experiments and model analyses with both the first order and the pseudo-second order 

reaction models, together with the kinetic parameters estimated accordingly, are 

described in Chapter 4. The results regarding the sorption equilibrium of cesium onto 

reservoir sediment are presented and discussed in Chapter 5. In this chapter, the 

equilibrium parameters determined by model analysis of the sorption data with both 

Langmuir and Freundlich isotherm models are included. EDS mapping and elemental 

analysis of sediment after cesium sorption, together with the analysis by XRD, are also 

discussed in this chapter. In Chapter 6, cesium accumulations by heterotrophic bacteria 

isolated from the sediment of the freshwater reservoir and the sediment from a seawater 

environment are compared based on the results of incubation experiments conducted by 

spiking cesium into solutions containing bacteria isolated from respective sediment. The 

summary of this research, together with some considerations for future studies, are 

presented in Chapter 7. 
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Chapter 2 

SEDIMENT SAMPLES FROM A NATURAL 

RESERVOIR AND ISE BAY 

 

2.1 SEDIMENT FROM NATURAL RESERVOIR 

2.1.1 Sampling sites 

Ushikubiri Reservoir, a natural pre-reservoir of the Miharu Dam located in the 

northeastern prefecture of Fukushima, Japan was chosen as the site for study. As 

depicted in Figure 2.1, the pre-reservoir had a storage capacity of about 214,000 m3, an 

average water depth of 6.5 m and a hydraulic retention time of about 22 days. This 

pre-reservoir was separated from the Miharu Dam through an overflow weir and was 

positioned in order to cut the influent pollutant levels into the main dam reservoir. 

Under normal weather condition, a small river stream, namely the Ushikubiri River, 

which had a yearly mean flow rate of about 0.11m
3
/sec, was the sole surface water 

source to this pre-reservoir.  

 

 

Miharu Dam reservoir 

Form 
Gravity Core 

Dam 
  Flooding Area 2.9 km

3
 

Bank Crest Altitude EL336 m Total Storage Capacity 42,800,000 m
3
 

Bank Height 65 m Effective Storage Capacity 36,000,000 m
3
 

Bank Crest Length 174 m Maximum Water Depth 25.2 m 

Bank Volume 195,000 m
3
 Summer Water Depth 9.2 m 

Table 2.1 Major features of Miharu Dam. 
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Miharu Dam was constructed in 1998 by the Japanese Government and had an 

effective storage capacity of 36 million tons as shown in Table 2.1. Besides functioning 

as a flood prevention countermeasure, it also serves as the major water source for 

irrigation and drinking water supplies within its associated basin area that extends for 

226.4 km
2
. The land cover and usage information showed that about 60% of the total 

basin area is occupied by forest, with the remaining 40% in flatland being occupied by 

such categories as urban (with a total population of 34,000), agriculture (with a total 

area 41.9 km
2
) and stock raisings (with 360 - heads of pigs and 7208 - heads of cows). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.2 Sampling procedures 

The sediment was collected in July 2004 at two sampling sites: St. A (located in the 

downstream) and St. B (located in the midstream). As depicted in Figure 2.2, St. B is 

just 100 m upstream of St. A. Sediments were collected using a gravity core sampler 

with an internal diameter of 4 cm and a length of 50 cm (Figure 2.2). All collected 

cores were transported to laboratory using a core container consistently supplied with 

nitrogen to prevent sediments from being oxidized by air. In the laboratory, the sediment 

portion (with a thickness of about 30 - 35 cm for most cores) was sliced vertically from 

Ushikubiri reservoir 

Figure 2.1 Location map of the Ushikubiri reservoir of Miharu Dam in relation to 

all associate major rivers and streams. 
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its top into 2 cm thickness layers. Totally, fifteen sediment layers were obtained. For the 

purpose of batch sorption studies, freeze-dried sediment samples were used. The dried 

sediment samples were stored at 4 °C, and were sterilized in an oven under 105 °C for 

one hour prior to experiment. Water samples were transported to the laboratory in cool 

and were stored immediately in the dark at 4 °C prior to usage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.3 Physicochemical Characteristics 

The vertical distributions of water content, particulate organic matter (POM) and the 

particle surface area of the sediment are displayed in Figure 2.3. The differences in the 

water content along the vertical direction were small; indicating the effective porosity in 

the sediment phase was similar (Figure 2.3a). Compared to the water content, the POM 

exhibited a general trend of decreases along the vertical direction, indicating that the 

content of organic matter in sediment was getting smaller (Figure 2.3b). 

In addition, the content of POM (10.1-14 % for St. A and 9-12.2 % for St. B) was 

higher than the documented average value (7.4 %) for organic matter in the sediment of 

the River Dee in northeastern Scotland (Dawson and Billett, 1998). This was probably 

Gravity core 
samples

0

-20

20

40

10

30
50

70
90

110

150

190

230m

St. A

St. B

Figure 2.2 Two sampling sites for sediments: St. A located in the downstream and 

St. B in the midstream of the pre-reservoir. 
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due to the relatively rich vegetation within the reservoir basin (since nearly 60 % of the 

whole basin area is covered by forest) and a higher density of microbes populated under 

the favorable tranquil environment ensured by the longer HRT (22 days). 

The size distribution of sediment particles was measured using a Hybrid Particle 

Counter. Using the particle size distribution data in Table 2.2, the surface area of 

particles in each sediment layer was calculated. The vertical distribution of the particle 

surface area of the sediment of St. A and St. B is given in Figure 2.3c. For most layers, 

the particle area in St. A had higher values than St. B, hinting the sorption capacity in 

the sediment of St. A might be higher than that of St. B.  

In addition, total organic carbon (total OC), total nitrogen (total N) and total 

phosphorus (total P) for all sliced sediment layers are also shown in Table 2.2, and the 

vertical distributions of a few general water quality indices at these two sites are shown 

in Figure 2.4. 

 

 

 

 

 

 

 

 

 

 

 

total OC total N total P

0.5-1 1-2 >2

(70.2-76 %) (18.1-23.4 %) (5.9-7.4 %) 1.7-2.7 0.2-0.4 0.1-0.2

(73.4 %) (20.1 %) (6.5 %) (2.2) (0.3) (0.1)

(80.7-85.8 %) (9.9-15.2 %) (4.3-6.3 %) 1.6-2.9 0.2-0.4 0.2-0.2

(82.7 %) (12.1 %) (6.5 %) (2.2) (0.3) (0.1)

The range values  show the differences along the vertical direction of sediment core and the values

in parentheses are the averaged values.

Location
Particle Size (mm)

St. A

St. B

(%, w/w)

Table 2.2 Particle distributions and physicochemical characteristics of sediment. 
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Figure 2.3 Vertical distributions of water content, particulate organic matter and 

particle surface area in the sediment cores collected at two sampling sites of the 

reservoir. 
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Figure 2.4 Vertical distributions of DO, temperature, pH, ORP, POM and total 

N in the overlying water at two sampling sites of the reservoir. 
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2.2 SEDIMENT FROM ISE BAY 

2.2.1 Sampling site 

Ise Bay, as shown in Figure 2.5, is a bay located at the mouth of the Kiso River 

between Mie and Aichi Prefectures in Japan. Ise Bay has an average water depth of 19.5 

metres and a maximum depth of 30 metres towards the center. The mouth of the bay is 9 

kilometres wide and is connected to the smaller Mikawa Bay by two channels: the 

Nakayama Channel and the Morosaki Channel. Mikawa Bay is subsequently joined to 

the Pacific Ocean by the Irako Channel, which ranges from 50 to 100 metres in depth. 

The sampling site for sediment was located in the area of the Suzuka Nagoshin Town 

near Mie Prefecture as shown in Figure 2.6. 

 

Figure 2.5 Ise Bay. 
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2.2.2 Sampling procedures 

The sediment sample was collected from the coast of the Ise Bay in December 2012. 

Sediment was collected into 200 mL plastic bottles. In the laboratory, bacteria populated 

in the sediment were detached by mixing with a stirrer for 10 min at 360 rpm and then 

suspended in solution for culturing. Water was also sampled from the site and was 

transported to laboratory in cool and stored immediately in dark at 4 °C prior to use. 

2.2.3 Physicochemical Characteristics 

The general water quality indices are described in Table 2.3 and the major ion 

concentrations measured using ion-exchange chromatography are displayed in Table 

2.4. 

Figure 2.6 Sampling site for Ise Bay. 
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Parameter Unit Value 

pH  8.07 

EC mS/m 4820 

DO mg/L 9.6 

 SS (sediment slurry) mg/L 5873.3 

VSS (sediment slurry) mg/L 4479.3 

Ion species Cl
-
 SO4

2-
 Br

-
 F

-
 Na

+
 Mg

2+
 Ca

2+
 K

+
 

Conc. (mg/L) 19.18 2.65 63 1.1 10.68 1.26 390.56 380.13 

Table 2.3 pH, EC and DO of water, and SS and VSS of sediment slurry from Ise Bay 

Bay. 

Table 2.4 Major ion concentrations of water from Ise Bay. 



 

 

 

 

. 
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Chapter 3 

ANALYTICAL METHODS 

 

3.1 PREPARATION OF STOCK SOLUTION OF CESIUM 

The non-radioactive cesium 
133

Cs was used in this study since it behaves similar to 

the radioactive 
137

Cs and has been widely used as a surrogate of 
137

Cs for sorption 

studies (Miah et al., 2010). Cesium chloride (CsCl, 99.0%) was purchased from Wako 

Pure Chemical Industries, Co. Ltd. The stock solution of cesium was adjusted by 

dissolving CsCl into pure water, and was stored in refrigerator prior to use. The 

concentrations of cesium stock solutions were 1000 µg/L and 10,000 µg/L. 

3.2 QUANTIFICATION OF CESIUM BY ICP-MS 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical technique 

used for elemental determinations. In this research, cesium was analyzed by using 

ICP-MS Agilent 7500 series system shown in Figure 3.1. 

Figure 3.1 Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS). 
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As many researches have reported that cesium has high sorption on glassware, the 

batch sorption experiments were performed in polyethylene bottle to eliminate 

unexpected sorption on the glassware. 

The concentrations of cesium standard solutions were adjusted to 0, 0.05, 0.1 and 0.5 

mg/L. 4.75 mL filtered samples from the experiment were prepared in the polyethylene 

vials, then 0.25 mL of 0.2M of HNO3 was added into the vial of each sample for 

adjusting the total solution as 5 mL. In addition, 5 mL of each cesium standard solution 

was added to the vial to be measured together with sample solutions by ICP-MS.  

3.3 REPRODUCTION OF HETEROTROPHIC BACTERIA 

FOR ACCUMULATION EXPERIMENTS 

The pour plate technique can be used to determine the number of microbes/mL or 

microbes/gram in a specimen. It has the advantage of not requiring previously prepared 

plates, and is often used to assay viable enumeration of bacteria. This is one of the most 

common methods. Serial dilutions of the suspension of bacteria are plated onto a 

suitable solid medium. Dilution procedure influences overall counting process. The 

suspension is either spread over the surface of growth medium or mixed with the agar 

prior to its solidification and then poured into the plate. The plates are incubated so that 

colonies are formed. Multiplication of a bacterium on solid media results in the 

formation of a macroscopic colony visible to naked eye. It is assumed that each colony 

arises from an individual viable cell. 

Total numbers of colonies are counted and multiplied by dilution factor to find out 

concentration of cells in the original sample. Counting plates should have 30-300 

colonies at least. A major limitation in this method is selectivity. The nature of the 

growth medium and the incubation conditions determine which bacteria can grow and 

thus be counted. Viable counting measures only those cells that are capable of growth 

on the given medium under the conditions used for incubation.   

For sediment samples collected, heterotrophic bacteria were measured based on the 

conventional plate culture method. The plate method involved adding 1mL sample to 9 

mL of prepared culture medium and then mixed in the plates. The plates were then 

incubated for at 20°C for several days (normally one week). The composition of plate 
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culture medium is shown in Table 3.1. 

 

 

 

The principle steps:  

1)  Prepare/dilute the sample (10
1
, 10

2
, …10

8
) 

2)  Place an aliquot of the diluted sample in an empty sterile plate  

3)  Pour 9mL of culture medium which has been kept at 60°C and stirred to mix well  

4)  Place the added medium undisturbed and solidify on a flat table top  

5)  Invert and incubate to develop colonies. (Figure 3.2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagent 
Heterotrophic Bacteria 

freshwater seawater 

Bacto
TM

 peptone 2.0g 2.0g 

Glucose 0.5g 0.5g 

Bacto
TM

 Yeast Extract 1.0g 1.0g 

Agar powder 15g 15g 

Water 1L (Milli-Q) 1L (filtrated seawater) 

Table 3.1 The composition of plate culture medium 

Figure 3.2 Colonies of heterotrophic bacteria. 
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Following the plate culture method for detection of heterotrophic bacteria, bacteria in 

the plate were cultured as mentioned earlier. The whole area of each plate, on which 

colonies were formed, was divided into 16 grids, and from each grid one colony was 

picked using the platinum loop. Totally 16 colonies were isolated, referred hereafter as 

A-P for freshwater colonies and a-p for seawater colonies, respectively. In order to 

isolate single bacterial species from each grid, the picked colony was cultured again on 

a new plate following the same plate culture method.  

 

 

 

Reagent 
Heterotrophic Bacteria 

freshwater Seawater 

Bacto
TM

 peptone 2.0g 2.0g 

Glucose 0.5g 0.5g 

Bacto
TM

 Yeast Extract 1.0g 1.0g 

Water 1L (Milli-Q) 1L (filtrated seawater) 

Table 3.2 The composition of liquid culture medium 

Figure 3.3 The flow chart for heterotrophic bacterial isolation, purification and 

reproduction. 
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After culturing, from each plate, a colony was picked and added to a tube containing 

liquid medium for multiplying the isolated bacterial species in the colony following the 

liquid culturing method for heterotrophic bacteria. The composition of liquid culture 

medium is shown in Table 3.2. The multiplied bacterial species were directly subjected 

to incubation experiments after cleaning for removal of the medium in each tube and 

resuspension of the bacteria in both freshwater and seawater samples filtered in advance 

through 0.2 µm membrane filters. Cleaning was made by repeating the following 

procedures for 5 times: addition of physiological salt solution to the tube, mixing the 

solution with bacteria, centrifugation at 3500 rpm with 10 minutes and then discarding 

the supernatant after centrifugation. The flow chart for heterotrophic bacterial isolation, 

reproduction and cleaning is shown in Figure 3.3. 

3.4 ANALYSIS OF THE STRUCTURE OF 

HETEROTROPHIC BACTERIA 

3.4.1 DNA extraction 

In this research, each cultured heterotrophic bacteria sample was collected and 

centrifuged at 3500rpm with 10 minutes. Later, their DNA was extracted using a Power 

Soil™ DNA Isolation Kit. 

The Power Soil™ DNA Isolation Kit is comprised of a novel and proprietary method 

for isolating genomic DNA from environmental samples. The kit is intended for use 

with environmental samples containing a high humic acid content including difficult 

soil types such as compost, sediment, and manure. Other more common soil types have 

also been used successfully with this kit. The isolated DNA has a high level of purity 

allowing for successful PCR amplification from the sample. 

 

The principle steps are the followings: 

 To the Power Bead Tubes provided, add cultured heterotrophic bacteria sample after 

centrifugation. 

 Gently vortex to mix. 

 Check Solution C1. If Solution C1 is precipitated, heat solution to 60 ºC until 
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dissolved before use. 

 Add 60 µl of Solution C1 and invert several times or vortex briefly. 

 Secure Power Bead Tubes horizontally using the MO BIO Vortex Adapter tube holder 

for the vortex or secure tubes horizontally on a flat-bed vortex pad with tape. Vortex at 

maximum speed for 10 minutes. 

 Make sure the Power Bead Tubes rotate freely in your centrifuge without rubbing.  

 Centrifuge tubes at 10,000g for 30 seconds at room temperature. Be sure not to exceed 

10,000g or tubes may break. 

 Transfer the supernatant to a clean 2 ml Collection Tube (provided). Expect between 

400 to 500 µl of supernatant. Supernatant may still contain some soil particles. 

 Add 250 µl of Solution C2 and vortex for 5 seconds. Incubate at 4 ºC for 5 minutes. 

 Centrifuge the tubes at room temperature for 1 minute at 10,000g. 

 Avoiding the pellet, transfer up to, but no more than, 600 µl of supernatant to a clean 2 

ml Collection Tube (provided). 

 Add 200 µl of Solution C3 and vortex briefly. Incubate at 4 ºC for 5 minutes. 

 Centrifuge the tubes at room temperature for 1 minute at 10,000g. 

 Avoiding the pellet, transfer up to, but no more than, 750 µl of supernatant into a clean 

2 ml Collection Tube (provided). 

 Add 1200 µl of Solution C4 to the supernatant and vortex for 5 seconds. 

 Load approximately 675 µl onto a Spin Filter and centrifuge at 10,000g for 1 minute at 

room temperature. Discard the flow through and add an additional 675 µl of 

supernatant to the Spin Filter and centrifuge at 10,000g for 1 minute at room 

temperature. Load the remaining supernatant onto the Spin Filter and centrifuge at 

10,000 x g for 1 minute at room temperature. A total of three loads for each sample 

processed are required. 

 Add 500 µl of Solution C5 and centrifuge at room temperature for 30 seconds at 

10,000g. 

 Centrifuge again at room temperature for 1 minute at 10,000g. 

 Carefully place Spin Filter in a clean 2 ml Collection Tube (provided). Avoid splashing 

any Solution C5 onto the Spin Filter. 

 Add 100 µl of Solution C6 to the center of the white filter membrane. Alternatively, 
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sterile DNA-Free PCR Grade Water may be used for elution from the silica Spin Filter 

membrane at this step. 

 Centrifuge at room temperature for 30 seconds at 10,000g. 

 Discard the Spin Filter. The DNA in the tube is now ready for any downstream 

application. 

3.4.2 DNA amplification by PCR 

The polymerase chain reaction (PCR) is a scientific technique in molecular biology to 

amplify a single or a few copies of a piece of DNA across several orders of magnitude, 

generating thousands to millions of copies of a particular DNA sequence. The method 

relies on thermal cycling, consisting of cycles of repeated heating and cooling of the 

reaction for DNA melting and enzymatic replication of the DNA.  

There are three major steps in a PCR, which are repeated for 30 or 40 cycles. This is 

done on an automated cycler, which can heat and cool the tubes with the reaction 

mixture in a very short time. 

 

i) Denaturation at 95°C: during the denaturation, the double strand melts open to single 

stranded DNA, all enzymatic reactions stop (for example: the extension from a 

previous cycle). 

ii) Annealing at 57°C: the primers are jiggling around, caused by the Brownian motion. 

Ionic bonds are constantly formed and broken between the single stranded primer and 

the single stranded template. The more stable bonds last a little bit longer (primers 

that fit exactly) and on that little piece of double stranded DNA (template and primer), 

the polymerase can attach and starts copying the template. Once there are a few bases 

built in, the ionic bond is so strong between the template and the primer, that it does 

not break anymore. 

iii) Extension at 72°C: this is the ideal working temperature for the polymerase. The 

primers, where there are a few bases built in, already have a stronger ionic attraction 

to the template than the forces breaking these attractions. Primers that are on 

positions with no exact match get loose again (because of the higher temperature) and 

don't give an extension of the fragment. The bases (complementary to the template) 

are coupled to the primer on the 3' side (the polymerase adds dNTP's from 5' to 3', 
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reading the template from 3' to 5' side, bases are added complementary to the 

template). 

 

Fluorescence detection: 

 

Intercalator method in Figure 3.4 is a detection method utilizing a DNA intercalating 

dye that fluoresces once bound to double stranded DNA. The most commonly used dye 

(Intercalater) is SYBR® Green I. The dye is added in the reaction system and its 

fluorescence is detected in amplification.  

In this research, two primers GC 341F (5’-CGC CCG CCG CGC GCG GCG GGC 

GGG GCG GGG CAC GGG GGG CCT ACG GGA GGC AGC AG-3’) and 907R 

(5’-CCG TCA ATT CCT TTG AGT TT-3’) were used to amplify the 16S rDNA gene of 

bacteria. PCR reactions were performed by adding 1 µl of each DNA template to a total 

volume of 50 µl containing 25 µM each primer (0.5 µl), 10×Ex Taq buffer (5 µl), 2.5 

mM dNTPs (4 µl), 0.1 % bovine serum albumin (BSA) (1 µl), 250 µM Ex Taq enzyme 

(0.25 µl) and sterilized pure water (37.75 µl). A non-template control, containing all 

PCR components except DNA extract, was included in parallel. Amplification 

conditions for all reactions included an initial denaturation at 95 °C for 5 min, followed 

by 35 amplification cycles of 30 sec at 95 °C, 30 sec at 57 °C and 40 sec at 72 °C, and 

finally by an extension step for 10 min at 72 °C.  

Figure 3.4 Intercalator methods. 
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PCR amplification was performed with a real time PCR system (Thermal Cycler Dice, 

TP800, TAKARA, Japan) shown in Figure 3.5. All PCR products were tested by 

electrophoresis in 1.2 % agarose gels stained with 0.5 µg/ml ethidium bromides. 

3.4.3 Structure analysis by DGGE 

Denaturing gradient gel electrophoresis (DGGE) is a molecular fingerprinting method 

that separates polymerase chain reaction (PCR)-generated DNA products.  

In this research, composite PCR products were loaded onto 7% (wt/vol) 

polyacrylamide gels (acrylamide/bisacrylamide = 37.5 : 1) in 1 × TAE with a 20 – 50 % 

gradient of urea and formamide increasing in the direction of parallel electrophoresis. 

The gels were subjected to a constant voltage of 160 V at 60 °C for running time of 8 

hrs using the Dcode
TM

 Universal Mutation Detection System (Bio-Rad, USA) in Figure 

3.6. After electrophoresis, the gel was visualized by silver staining, photographed with 

UV transillumination, and documented with Gel Doc 2000 System (Bio-Rad, USA). 

Figure 3.5 Thermal Cycler Dice Real Time System TP800. 
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3.4.4 Species identification by DNA sequencing 

The representative bands were excised from the DGGE gels. DNA in each excised 

band was extracted by passive diffusion in a microtube containing 80 µL of sterilized 

water overnight at 4 °C, and was amplified with primers 341 F without GC (5’- CCT 

ACG GGA GGC AGC AG-3’) and 907 R (5’-CCG TCA ATT CCT TTG AGT TT-3’). 

The resulting PCR product was purified by the EXOSAP IT kit and bidirectional 

sequencing was performed with the aid of ABI 3100 Genetic Analyzer (Applied 

Biosystems, USA). Finally, sequence comparisons were conducted using the BLAST 

search option in the NCBI nucleotides sequence database 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The taxon of DNA sequences was gained from 

the Classifier and Sequence Match programs of the Ribosomal Database Project (RDP) 

II (http://rdp.cme.msu.edu).  

 

 

Figure 3.6 The apparatus of DGGE 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://rdp.cme.msu.edu/
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Chapter 4 

ESTIMATION OF SORPTION RATE OF CESIUM 

ONTO SEDIMENT BY COLUMN EXPERIMENTS 

 

4.1 INTRODUCTION 

The radioactive component 
137

Cs having a long half-life (t1/2 = 30.17 years) is mainly 

formed as a by-product of processing of uranium fuels and has been considered as a 

major constituent of high level nuclear wastes in many countries around the world. Due 

to the Fukushima nuclear disaster occurred in March 2011, a considerable amount of 

137
Cs was released into the environment, and has since become a great concern for 

public health, safety, and environmental eco-systems. The treatment of the huge volume 

of water used in attempting to cool the reactors is a task needs many years of hard 

works. The pollution of land areas by cesium is also very serious, which requires 

effective cleaning and treatment. For this, a better understanding of the existence and 

interactions of cesium with different types of land coverage in the polluted areas is 

important and technologies for the cleaning and treatment are urgently needed. 

Rivers and lakes used as drinking water sources in the concerned areas are also 

polluted by cesium. Right after the Fukushima nuclear disaster, over 10000 Bq/kg of 

cesium was detected from the sludge of a Fukushima water purification plant, and 

different levels of cesium were also detected in either water treatment sludge or 

wastewater treatment sludge from areas far away from Fukushima. Regarding drinking 

water sources, the major sources of cesium can be considered as those associated with 

the catchments because frequent rainfall and snow melting can bring cesium from the 

catchments into rivers and lakes in both suspended and dissolved forms. Cesium entered 

rivers and lakes may exhibit different behaviors according to the physicochemical 

features of water, such as sorption onto suspended particles and microbial organisms, 

and binding with dissolved organic and inorganic constituents. Particularly for relatively 
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closed water bodies, such as lakes and dam reservoirs, the longer retention time may 

lead to a longer presence of cesium. In addition, the large quantity of sediment gradually 

formed in the relatively closed water bodies may become a considerable sink tank for 

cesium. On the other hand, the cesium in the sediment may release into the overlying 

water phase based on the equilibration between water and sediment. And the extent of 

release may change over time due to changes in the physicochemical and biological 

features of the sediment. For instance, in early spring and winter, sufficient DO can 

reach the sediment phase, and at least makes the top layer of the sediment exist under 

aerobic condition; however in summer and early autumn, bacteria in both water phase 

and sediment phase consume DO readily, therefore even for the top layer of sediment, it 

turns into anaerobic condition. Concerning the behavior and fate of cesium in relatively 

closed water bodies, little is known (Sheha et al., 2007). To generate useful information 

for this, the kinetics and binding capability of cesium onto sediment should be 

systematically studied.   

The main objective in this chapter was to estimate the kinetic parameters of cesium 

from water phase to sediment phase. To achieve the objective, column experiments were 

conducted using four columns packed with sediment from a reservoir in Fukushima that 

have been running for years under aerobic and anaerobic conditions.  

4.2 SEDIMENT COLUMNS 

Four columns consisted of 30 cm of sediment and 70 cm of overlying water, which 

were established originally for investigation of the behavior of estrogens, were used for 

the purpose of this study. Two aerobic columns, referred to here as OC-A and OC-B, 

receiving not disturbed sediment from St. A and St. B respectively, were consistently 

supplied with wetted-air into the overlying water via air diffusers lowered to level close 

to the sediment-water interface. By doing so, the system was maintained under any 

aerobic condition. On the other hand, two anaerobic columns with the configurations 

identical to those of aerobic columns, namely AC-A and AC-B, were also used. The 

anaerobic condition was maintained by consistently supplying wetted nitrogen (purity 

of 99.8%) to the overlying water through diffusers lowered to the level close to the 

sediment-water interface. Thus penetration of air to these two columns was fully 

prevented. 
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4.3 EXPERIMENTS 

The column experiments by spiking cesium into the overlying phase of all four 

columns were conducted in a temperature controlled laboratory (20˚C). The column 

experiments setups are shown in Figure 4.1. Cesium was spiked into each column by 

adding a designated amount of its stock solution to the overlying water phase. 

Consistent supplying of either wetted-air or wetted-nitrogen ensured rapid and 

homogeneous distribution of the target element in the water phase of all columns. The 

time variance of pH, ORP and DO after replacement of the water in the columns with 

fresh water is displayed in Figure 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Sediment column experimental set up.  
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Figure 4.2 Vertical distributions of pH, DO and ORP in the overlying water of the 

sediment columns. 

(c) 

(b) 

(a) 



Chapter 4   Estimation of sorption rate of cesium onto sediment by column experiments  

33 

The spiked initial concentration of cesium was 30 µg/L. From each sediment column, 

10 ml of the overlying water sample was collected each time using a syringe. The 

collected samples were filtered through 0.45 µm PTFE filters. The obtained filtrate was 

then subjected to cesium quantification using ICP-MS (Agilent 7500 Series, Agilent). 

The instrument was calibrated by 0, 0.05 and 0.1 mg/L Cs standard solutions before 

running samples. Each sample was analyzed for five times, and the average values were 

adopted. The relative standard deviation (RSD) of multiple measurements was less than 

1.5% and in most cases, less than 1.0%. 

4.4 RESULTS AND DISCUSSIONS 

4.4.1 Behavior of cesium in aerobic columns 

The cesium concentrations in the overlying water phase of sediment columns in 

aerobic condition are shown in Figure 4.3. The result showed reductions of cesium 

concentrations in aerobic columns with the increases of time, with the reduction rate at 

the initial time period being significant. The initial fast reduction was probably due to 

higher driving force of sorption at higher concentrations.  

Based on the initial concentration and the residual concentration in the water phase of 

each sampling time, the sorption capacity to the sediment was computed using mass 

balance equation. The generated time profiles of the sorption capacity to the sediment 

phase in aerobic condition are displayed in Figure 4.4. For aerobic columns, the 

sorption capacity increased rapidly at the beginning and then reached nearly steady at 

the end of the running time for about 1000 hours. It was thus considered that the 

concentration of cesium in the overlying water phase has reached equilibration with the 

cesium concentration in the sediment phase within the running period. The last data 

point for each column was used as the equilibrium concentration of cesium in the 

column operation. Volchek et al., (2011) conducted sorption experiment of cesium onto 

cement, and reported that equilibration reached by about 300 hours. The porous feature 

of cement mortar was considered as the reason for which a longer reaction time was 

required. 
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Figure 4.3 Changes of cesium concentration with time in the overlying 

water of sediment columns operated under aerobic condition. 
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Figure 4.4 Variations of the sorption capacity of cesium with time in the 

overlying water of sediment columns operated under aerobic condition. 



Chapter 4   Estimation of sorption rate of cesium onto sediment by column experiments  

36 

4.4.2 Behavior of cesium in anaerobic columns 

The cesium concentrations in the overlying water phase of sediment columns in 

anaerobic condition are shown in Figure 4.5. The result showed reductions of cesium 

concentrations in anaerobic columns with the increases of time, with the reduction rate 

at the initial time period being significant. The initial fast reduction was probably due to 

higher driving force of sorption at higher concentrations.  

Based on the initial concentration and the residual concentration in the water phase of 

each sampling time, the sorption capacity to the sediment was computed using mass 

balance equation. The generated time profiles of the sorption capacity to the sediment 

phase in anaerobic condition are displayed in Figure 4.6. For anaerobic columns, the 

sorption capacity increased rapidly at the beginning and then reached nearly steady at 

the end of the running time for about 1000 hours. It was thus considered that the 

concentration of cesium in the overlying water phase has reached equilibration with the 

cesium concentration in the sediment phase within the running period. The last data 

point for each column was used as the equilibrium concentration of cesium in the 

column operation. Volchek et al., (2011) conducted sorption experiment of cesium onto 

cement, and reported that equilibration reached by about 300 hours. The porous feature 

of cement mortar was considered of the reason that needed a longer reaction time. 
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Figure 4.5 Changes of cesium concentration with time in the overlying water of 

sediment columns operated under anaerobic condition. 
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Figure 4.6 Variations of the sorption capacity of cesium with time in the overlying 

water of sediment columns operated under anaerobic condition. 
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4.4.3 Sorption Rate Estimations 

Based on the observed sorption capacity profiles, kinetic analysis was performed. 

Two kinetic models, the first order reaction model and the pseudo-second order reaction 

model as shown below, were used to compare their suitability to describe the behavior 

of cesium within the sediment columns, as did by others on sorption of cesium to solid 

materials (Tsai et al., 2009; Bhattacharya et al., 1984; Roostai et al., 2004; Chiron et al., 

2003; Ho and Ofomaja, 2006; Nouri et al., 2007; Bektas et al., 2004). 

 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘1(𝑞𝑒 − 𝑞𝑡)                                                                                           (1) 

 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘2(𝑞𝑒 − 𝑞𝑡)
2                                                                                         (2) 

 

Where t is time (h), qe is cesium concentration (µg/g) at equilibrium, and qt is the 

cesium concentration (µg/g) at time t. k1 and k2 are the first order and the pseudo-second 

order reaction constants (h
−1

 and g · µg
−1

 · h
−1

), respectively. 

By integrating Eq. (1) and (2) over time t with the initial condition as qt=0 at t=0, the 

following linear equations can be obtained for the first order and the pseudo-second 

order models, respectively. 

 

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘1𝑡                                                                               (3) 

 

𝑡

𝑞𝑡
=
1

𝑞𝑒
𝑡 +

1

𝑘2𝑞𝑒2
                                                                                               (4) 

 

Eqs. (3) and (4) can be plotted as ln (qe −qt) vs. t and t/qt vs. t, respectively. A linear 

dependency would mean a good fit between experimental results and the model 

calculations. The result of model calculation with the first order reaction model is 

displayed in Figure 4.7a, Figure 4.7b and that with the pseudo-second order reaction 

model is displayed in Figure 4.8a, Figure 4.8b. 
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    Figure 4.7a  First order kinetic model fittings of observed data. 
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    Figure 4.7b  First order kinetic model fittings of observed data. 
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Figure 4.8a Pseudo-second order kinetic model fittings of observed data. 
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Figure 4.8b Pseudo-second order kinetic model fittings of observed data. 
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High correlation coefficients as could be seen from the figures indicated that both 

models can fairly well describe the observations. Even so, it is better to point out that, 

compared to the first order reaction model that de-scribed the observations in the initial 

time period better than the later period, the second order reaction model described the 

later period better than the initial period. Wang et al. (2008) and Tsai et al. (2009) used 

first order model to describe the adsorption of cesium on minerals such as laterite and 

granite. While Volchek, et al. (2011), Bouzidi et al. (2010), Sheha et al. (2007) reported 

that the pseudo-second order model fits well to the cement, soil and magnetite 

adsorption test.  

The estimated values of kinetic parameters k1 and k2 are summarized in Table 4.1. 

For all 4 columns, the difference of estimated values was not apparent no matter which 

model was applied. But, compared to the result of the first order reaction model, the 

second order reaction constants with the aerobic columns are slightly higher than those 

of the anaerobic columns. An exception was noticed for the AC-A column, whose k2 

value was unexpectedly lower.  

 

 

 

 

 

Sediment 

column 

First order  

reaction model 

Pseudo-second order  

reaction model 

K1 (h
-1

) R
2

 K2 (g · mg · h
-1

) R
2

 

OC-A 0.0040 0.972 0.220 0.990 

OC-B 0.0041 0.980 0.212 0.990 

AC-A 0.0044 0.985 0.071 0.959 

AC-B 0.0039 0.971 0.188 0.981 

Table 4.1 Estimated k
1
 and k

2
 values for adsorption of cesium in sediment columns. 
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4.5 SUMMARY 

The behavior of cesium in a reservoir was investigated through sediment column 

experiments by focusing on comparison of kinetic models. The generated parameters 

showed that cesium can be sorbed by sediment. Both the first order and the 

pseudo-second order kinetic models could well describe the kinetics of cesium in 

sediment columns operated under both aerobic and anaerobic conditions. 
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Chapter 5 

ESTIMATION OF SORPTION CAPACITY OF 

CESIUM ON SEDIMENT BY BATCH 

EXPERIMENTS 

 

5.1 INTRODUCTION 

Following the mega-earthquake and destructive tsunami at the eastern coast of Japan 

in March 2011, a series of equipment malfunctions and reactor core meltdowns occurred 

at the Fukushima Daiichi Nuclear Power Plant, which resulted in releases of different 

radioactive nuclides into the environment (Wang et al., 2013). Most of the radioactive 

nuclide species can dissipate rapidly in the order of seconds to hours, but there are some 

species whose radioactivity can persist for many years (Srinivasan et al., 2013). Among 

these species, of great concerns are the alkali metals, 
134

Cesium and 
137

Cesium. These 

two species possess high solubility in water, strong photon energies and long half-lives, 

and their dispersion into the environment is fast and their threat to humans and 

ecosystems is lasting (Srinivasan et al., 2013; Nakano and Yong, 2013). In Japan, the 

limit for cesium in soil is 5 kBq/kg. According to the data published in 2012 (Stohl et al., 

2012), only in the first two weeks from March 12, radioactive cesium released to the 

atmosphere reached more than 10
10

 kBq per day. The released cesium did not stay there 

permanently; instead, it moved. By April 19, most eastern parts of Japan were affected 

by a total 
137

Cs deposition of more than 10,000 MBq/km
2 

(Yasunari et al., 2011).  

Accompanied with the condensing of water, under the help of water cycling, cesium 

can be transported by wind, rainfall, storm or melting-snow from the accident-stricken 

area to closed water systems such as pond, dam, lake and reservoir catchments, where 

the behaviors of cesium may differ from those in open channels due to the longer 

retention time therein. The large quantity of sediment gradually formed in the closed 
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water systems may become a considerable sink tank for cesium and its fate can be 

assumed from the interaction between the water phase and the sediment phase of the 

water systems. The result published by the Ministry of the Environment of Japan has 

revealed that high levels of cesium exist in sediment of dams and reservoirs and their 

surrounding environments (Ministry of the Environment of Japan, 13 January 2012).   

Regarding the sorption behavior of cesium, a considerable number of studies have 

been done by using soils and clays collected from forest and farming lands (Kobayashi 

et al., 2012; Vejsada et al., 2005a, b; Giannakopoulou et al., 2007). According to these 

studies, different soils reveal very different sorption behavior for cesium, and the 

extent of sorption can be affected by water chemistry. However, reports on sorption by 

sediment formed in closed water systems in Japan are rare. 

In March 2013, a report entitled “Literature review on transport and fate of deposited 

radioactive materials in a watershed” was published by the Japan Society on Water 

Environment (Japan Society on Water Environment, 2013). A team of researchers from 

different institutions reviewed lot of published works related to migration, sorption, 

runoff and discharge of radioactive cesium in association with such media as soils, 

forest, farming lands, urban, roads and rivers. Through literature review, they suggested 

the necessity for long and strategic monitoring in order to clarify the behavior of cesium 

in environment by paying attention to important environmental factors, such as pH, 

temperature and organic matter, and also to the transfer between water phase and 

sediment phase in water systems. For the latter, consistent data accumulation for 

parameters that reflect the distribution and sorption equilibration of cesium between 

these two phases are expected. Such parameters are key for model-based prediction of 

the dynamics of cesium in basin scales.  

In Chapter 4, using four columns packed with sediment samples collected from a 

freshwater reservoir, we studied the behavior of cesium in relatively closed water bodies, 

and found that both the first order and the pseudo-second order kinetic models could 

well describe the sorption kinetics of cesium in columns operated under both aerobic 

and anaerobic conditions (Li et al., 2013). To generate more information for better 

understanding the behavior of cesium in relatively closed water bodies, the present 

study was conducted by focusing mainly on the sorption equilibrium of cesium on 

sediment. The sorption equilibrium was studied through batch sorption experiments 
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performed under different water temperature, pH and EC conditions using sediment 

samples collected from the same reservoir. For the isotherm data obtained, model 

analyses were then performed for determination of relevant equilibrium parameters. 

Moreover, through analyses with SEM/EDS and XRD, the distribution of the adsorbed 

cesium on sediment was also discussed. 

5.2 EXPERIMENTS 

Sorption experiment was conducted using the bottle point batch sorption method, for 

which the initial cesium concentration in the 100 mL plastic bottles was adjusted to 5, 

10, 30, 50, 100 and 1000 μg/L, respectively. To each bottle, 0.1 g of frozen-dried 

sediment was added, followed by addition of distilled water to make the sediment 

concentration at 1.0 g/L. All bottles were shaken for 24 hours on a water bath shaker. 

To evaluate the effect of temperature, pH and ion strength on the sorption equilibrium, 

the sorption experiment was conducted for totally 27 combinations by varying all these 

three variables for three levels: 5, 20 and 35 ºC for temperature, 5.0, 7.0 and 9.0 for 

initial pH, and 130, 160 and 190 µS/cm for initial EC. pH was adjusted by either HCl or 

NaOH, and EC was adjusted by NaCl. Slight changes were observed only for pH ( 

0.2) during sorption. After 24 hours, all samples were centrifuged then filtered through 

0.45 μm PTFE filters. The obtained filtrates were then subjected to cesium 

quantification by ICP-MS. 

Cs was quantified using ICP-MS (Agilent 7500 Series, Agilent). The instrument was 

calibrated by 0, 0.05 and 0.1 mg/L Cs standard solutions before running samples. Each 

sample was analyzed for five times, and the averaged value was adopted. The relative 

standard deviation (RSD) of multiple measurements was less than 1.5% and, in most 

cases, less than 1.0%. 

Crystal structures of the sediment were analyzed using a powder X-ray diffraction 

(XRD) (Rigaku SmartLab) equipped with an X-ray tube (CuKα radiation: λ = 1.54059Å, 

40 KV, 30 mA). 

SEM/EDS observation was carried out on a Hitachi SU-1500 scanning electron 

microscope (SEM) equipped with an energy dispersive X-ray spectroscopy (EDS) 

analysis system at the accelerating voltage of 20 KV. 
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5.3 MODEL DESCRIPTION 

The relationship between the amount of adsorbed cesium (qe) and its concentration in 

the solution (Ce) at equilibrium is usually described by isotherm models that incorporate 

sorption parameters reflecting the interactions among the adsorbate, adsorbent and the 

solution chemistry of the sorption system (Peric et al., 2004; Nilchi et al., 2011). The 

Langmuir isotherm model and the Freundlich isotherm model are well used ones for 

single solute adsorption systems.  

5.3.1 Langmuir isotherm 

Langmuir isotherm was developed in 1916 relating the amount of gas sorbed on a 

surface to the pressure of the gas (Langmuir, 1918; Ho and Ofomaja, 2006). The 

Langmuir isotherm model assumes that molecules are adsorbed at a fixed number of 

well-defined sites, each of which can only hold one molecule and no trans-migration of 

adsorbate in the plane of the surface. These sites are also assumed to be energetically 

equivalent and distant to each other, so that there are no interactions between molecules 

adsorbed to adjacent sites. The Langmuir isotherm is shown as below:  

 

 
 
 = 

 
m
   

 1    
                          

 

The linear format of the model can be given as below: 

 

1

𝑞𝑒
 =  

1

𝑞 
 +  (

1

 𝑞 
) (

1

 𝑒
) 

 

Where, Ce (mg/L) is equilibrium liquid phase concentration, qe (µg/g) is equilibrium 

solid phase concentration, qm (µg/g) is the maximum adsorption capacity, and b (L/µg) 

is the Langmuir constant related to maximum monolayer sorption capacity which is 

measure of energy of adsorption.  
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5.3.2 Freundlich isotherm 

Freundlich isotherm model is an empirical equation that encompasses the 

heterogeneity of sites and the exponential distribution of sites and their energies.  

 

𝑞𝑒  =  𝑘    𝑒

1
                  

 

The linear format of model is shown below: 

 

           l  𝑞𝑒  =  l  𝑘  +  
1

𝑛
 l   𝑒 

 

Where, Ce (mg/L) is equilibrium liquid phase concentration, qe (µg/g) is equilibrium 

solid phase concentration, KF is the Freundlich constant reflecting the adsorption 

capacity, and 1/n is the slope reflecting the affinity between the adsorbent and 

adsorbate. 

5.4 RESULTS AND DISCUSSIONS 

5.4.1 Sorption equilibrium of cesium 

The relationship between the solid phase and the liquid phase equilibrium 

concentrations of Cs plotted according to the Langmuir model is displayed in Figure 

5.1 and that plotted according to the Freundlich model is displayed in Figure 5.2, as 

examples with the data obtained under the batch experiment condition of water 

temperature 20°C, initial pH 5.0 and initial EC 130 µS/cm. The isotherms obtained 

under all other conditions are attached at the end of this chapter as Figures 5.3 - 5.8.  

As could be seen from these figures, both models fairly-well described the data, 

indicating the sorption of cesium by reservoir sediment used in this study can be 

estimated by both the models. Data analysis using the Henry model was also made in 

order to generate the equilibrium distribution coefficient Kd. However, the differences 

between the model fits and the observed data were found obviously larger. 
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Figure 5.1 Langmuir isotherm model fit of batch experiment data 

obtained under the condition of water temperature 20°C, initial pH 5.0 

and initial EC 130 µS/cm. 

Figure 5.2 Freundlich isotherm model fit of batch experiment data 

obtained under the condition of water temperature 20°C, initial pH 5.0 

and initial EC 130 µS/cm. 
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The estimated values of two parameters involved in the Langmuir model, the 

maximum sorption capacity qm and the constant b, for all sorption conditions are 

summarized in Table 5.1, Table 5.2 and Table 5.3. Within these tables, the estimated 

values of KF and the slope 1/n involved in the Freundlich model (Volchek et al., 2011) 

are also summarized. For all conditions, the correlation coefficients between model fits 

and observed data are high (R2 = 0.82 - 1.00 for data analysis with the Langmuir model 

and R2 = 0.93 - 1.00 with the Freundlich model), supporting above description that both 

models can fairly well describe the sorption equilibration of cesium on the reservoir 

sediment. Judging from the determined values for the capacity parameter qm and those 

of KF, obvious and unique differences under different temperatures, pH and EC were 

not observed. This may thus indicate that within the examined temperature range of 5 - 

35 ºC, pH range of 5 - 9, and EC range of 130 - 190 µS/cm, the effects of all these three 

water variables on the sorption capacity of cesium onto the reservoir sediment are not 

significant. 

 

 

 

 

 
EC 

(µS/cm) 

Langmuir model Freundlich model 

qm (µg/g) b (L/µg) R
2

 
KF 

[ (µg/g)/( µg/L)
1/n

] 
1/n R

2
 

pH 5 

130 
59.17 0.15 

1.00 
7.12 0.65 

0.99 
(46.74-80.32) (0.11-0.18) (6.45-7.86) (0.52-0.77) 

160 
54.95 0.19 

1.00 
8.06 0.63 

0.99 
(44.39-72.46) (0.14-0.23) (7.38-8.80) (0.52-0.73) 

190 
45.87 0.25 

0.99 
8.11 0.58 

1.00 
(36.56-61.47) (0.19-0.32) (7.60-8.65) (0.51-0.65) 

pH 7 

130 
243.90 0.03 

0.82 
6.96 0.72 

0.93 
(-32.12-25.39) (-0.19-0.24) (5.34-9.07) (0.36-1.09) 

160 
36.23 0.30 

0.97 
7.22 0.58 

1.00 
(24.74-67.78) (0.16-0.44) (6.99-7.44) (0.55-0.62) 

190 
23.53 0.39 

0.83 
5.27 0.61 

0.96 
(13.43-94.88) (-0.18-0.41) (4.34-6.41) (0.37-0.85) 

pH 9 

130 
98.04 0.08 

1.00 
7.31 0.72 

0.99 
(68.14-174.86) (0.04-0.11) (6.59-8.10) (0.58-0.85) 

160 
61.35 0.18 

1.00 
8.59 0.61 

0.99 
(45.82-93.34) (0.12-0.25) (7.83-9.43) (0.50-0.72) 

190 
54.35 0.20 

0.99 
9.57 0.63 

0.99 
(41.25-78.91) (0.14-0.27) (7.40-8.87) (0.52-0.73) 

Table 5.1 Parameters estimated by fitting batch experiment data with Langmuir and 

Freundlich models at 5 ºC. 

 

The range values in the parentheses represent the 95% confidence interval. 
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EC 

(µS/cm) 

Langmuir model Freundlich model 

qm (µg/g) b (L/µg) R
2

 
KF 

[ (µg/g)/( µg/L)
1/n

] 
1/n R

2
 

pH 5 

130 
64.10 0.25 

1.00 
11.00 0.61 

0.99 
(55.32-76.08) (0.21-0.29) (9.81-12.34) (0.48-0.75) 

160 
63.29 0.29 

1.00 
11.81 0.61 

0.99 
(54.32-75.92) (0.24-0.34) (10.62-13.12) (0.49-0.73) 

190 
57.80 0.33 

1.00 
11.83 0.60 

0.99 
(47.33-74.70) (0.26-0.40) (10.63-13.16) (0.48-0.72) 

pH 7 

130 
65.79 0.29 

1.00 
12.21 0.60 

0.98 
(55.36-81.76) (0.24-0.35) (10.81-13.80) (0.46-0.73) 

160 
87.72 0.18 

0.99 
11.79 0.65 

0.98 
(52.96-248.40) (0.07-0.31) (10.43-13.33) (0.50-0.79) 

190 
117.65 0.12 

0.92 
11.38 0.65 

0.96 
(-77.40-33.63) (-0.18-0.41) (9.41-13.77) (0.42-0.89) 

pH 9 

130 
96.15 0.15 

0.99 
11.26 0.66 

0.98 
(63.64-195.05) (0.07-0.23) (9.82-12.91) (0.49-0.83) 

160 
64.52 0.26 

1.00 
11.19 0.64 

0.99 
(54.28-80.10) (0.21-0.31) (10.36-12.10) (0.55-0.73) 

190 
59.52 0.35 

1.00 
12.41 0.60 

0.99 
(49.26-75.48) (0.27-0.42) (11.34-13.58) (0.50-0.71) 

 
EC 

(µS/cm) 

Langmuir model Freundlich model 

qm (µg/g) b (L/µg) R
2

 
KF 

[ (µg/g)/( µg/L)
1/n

] 
1/n R

2
 

pH 5 

130 
55.87 0.19 

1.00 
8.34 0.56 

0.97 
(49.00-64.88) (0.16-0.22) (7.17-9.70) (0.38-0.73) 

160 
42.55 0.38 

0.99 
9.35 0.51 

0.99 
(34.43-55.83) (0.29-0.47) (8.53-10.25) (0.41-0.61) 

190 
46.95 0.31 

1.00 
9.40 0.52 

0.99 
(40.30-56.68) (0.26-0.37) (8.43-10.48) (0.41-0.64) 

pH 7 

130 
46.08 0.29 

1.00 
8.80 0.52 

0.99 
(38.58-57.13) (0.23-0.34) (7.90-9.81) (0.40-0.63) 

160 
62.11 0.21 

0.99 
9.54 0.58 

0.98 
(41.39-123.72) (0.11-0.32) (8.46-10.75) (0.45-0.72) 

190 
46.51 0.33 

0.99 
9.69 0.58 

0.99 
(34.09-73.17) (0.21-0.45) (8.86-10.60) (0.48-0.68) 

pH 9 

130 
45.45 0.14 

0.99 
5.58 0.61 

0.98 
(34.30-67.56) (0.10-0.19) (4.98-6.26) (0.47-0.75) 

160 
43.29 0.12 

1.00 
5.03 0.58 

0.97 
(36.06-53.98) (0.09-0.14) (4.34-5.82) (0.39-0.76) 

190 
61.73 0.32 

0.99 
11.87 0.57 

0.99 
(41.37-120.72) (0.16-0.48) (10.62-13.27) (0.45-0.69) 

The range values in the parentheses represent the 95% confidence interval. 

Table 5.2 Parameters estimated by fitting batch experiment data with Langmuir and 

Freundlich models at 20 ºC. 

 

Table 5.3 Parameters estimated by fitting batch experiment data with Langmuir and 

Freundlich models at 35 ºC. 

 

The range values in the parentheses represent the 95% confidence interval. 
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For single-solute adsorption systems, Freundlich and Langmuir isotherm models are 

well used for description of equilibration due to their capability in describing isotherm 

data over broad ranges of the liquid phase equilibrium concentrations. In this study, by 

setting the initial cesium concentrations in the range of 5 - 100 µg/L, the liquid phase 

equilibrium concentrations fell in the range of about 0.2 - 50 µg/L for most sorption 

conditions. This range is considered reasonably broad for generating reliable sorption 

parameters to be used for estimating the equilibrium behavior under much lower 

concentrations encountered for targeted adsorbates in practical water environment or 

during water treatment. However, caution should be mentioned that, for multi-solute 

adsorption systems, if competition among adsorbates exists, the relative concentration 

of the targeted adsorbate is also a factor determining the extent of influence that the 

adsorbate may receive from other coexisting adsorbates, regardless of their differences 

in adsorptive strengths. This is reflected in the ideal adsorbed solute theory (IAST), a 

well-used isotherm model for multi-solute adsorption systems, and has been verified by 

experiments (Qi et al., 2007). For this reason, in coming studies planed for investigating 

if some specific ions and the polydisperse humic molecules existing in water may affect 

the sorption of cesium on sediment, a variety of cesium concentrations including those 

in practical water environment in both water and sediment phases will be considered. 

5.4.2 Cesium distribution on sediment analyzed by SEM/EDS 

The surface of sediment and mapping of cesium on it are shown in Figure 5.9. It 

could be noticed that cesium was located randomly on the surface of the sediment. To 

further clarify cesium distribution on the sediment, elemental analysis by SEM/EDS 

was performed at 4 different spots (Spot 1 - Spot 4) selected randomly from an overall 

SEM image of sediment after cesium sorption. The areas of these four spots, as shown 

in Figure 5.10, were set relatively larger, ranging from about 300 µm × 300 µm to 400 

µm × 200 µm, in order to obtain information that could better reflect the heterogeneity 

of the sediment in its physicochemical characteristics, such  as  sizes and organic 

content shown earlier in Table 2.2. 
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Figure 5.9 EDS mapping of sediment with appearance (a) and 

Cs signals (b). 

Figure 5.10 Four spots used for evaluation of cesium 

distribution on sediment by EDS (red squire). 
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The elemental composition by EDS spot analysis for all these four positions is 

summarized in Table 5.4. The mass concentration percentage of cesium revealed 

obvious variations from 0 to 0.18 % with the positions, while that of the other cations 

was relatively steady. In a previous study of cesium sorption on kaolinite, Shahwan et al.
 

(2005) observed Cs concentration percentages varying in the range 0.05 % - 0.23 %.  

Our result supports the result of Shahwan et al. (2005), thus indicating that, similar to 

natural kaolinite, sorption of cesium on reservoir sediment surface is not uniform 

probably due to the heterogeneous feature of sediment in its surface shapes and 

chemical composition, which needs further investigations.  

 

 

 

 

Element 
Mass concentration [%] 

Spot 1 Spot 2 Spot 3 Spot 4 

C 7.95 5.10 3.75 2.77 

O 56.56 57.36 57.59 57.99 

Na 0.40 0.38 0.48 0.48 

Mg 0.97 0.99 0.93 0.86 

Al 10.12 10.82 11.37 11.65 

Si 16.02 17.50 17.58 18.33 

K 1.37 1.15 1.21 1.15 

Ca 0.58 0.46 0.49 0.47 

Ti 0.45 0.52 0.49 0.52 

Fe 5.57 5.52 5.99 5.76 

Cs 0.01 0.18 0.11 0 

Total 100 100 100 100 

Table 5.4 Mass concentration percentages of cesium determined by EDS for four 

sediment spots shown in figure 5.4. 
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5.4.3 XRD analysis 

Yamaguchi et al. (2012) emphasized that cesium can be adsorbed into the Siloxane 

Ditrigonal Cavity between 2 silicon tetrahedral sheets which can be called as SDC 

sorption mechanism. But this phenomenon often leads to a swelling or shrinking of the 

interlayer spaces, and is frequently observed from a broadening or shifting signals 

within XRD patterns. In this study, the XRD patterns of sediment samples before and 

after cesium sorption with 2 different but both high concentrations was studied. As 

illustrated in Figure 5.11, no substantial changes regarding the shapes or the positions 

of all appeared peaks can be found after adsorbing cesium, even if certain fluctuations 

in the intensity of some peak signals are observed. This indicates the main sorption 

mechanism might be not such a SDC adsorption. Or, it may belong to a SDC sorption 

that did not lead to substantial changes in the layer structure of the sediment. In addition, 

the mechanism of cesium sorption may also depend on its concentrations, particularly in 

sorption systems containing competitive adsorbates (Qi et al., 2007). 

 

Figure 5.11 XRD spectra of sediment before and after Cs adsorption at different 

concentrations. 
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The XRD analysis result of this study is in a close similarity with the results of 

Shahwan et al. (1999) and Wang et al. (2008), who studied the sorption of cesium on 

natural kaolinite and laterite, respectively; and may thus indicate that, like kaolinite and 

laterite, since tight hydrogen bonding between sediment layers may restrict diffusion of 

adsorbed Cs to the interlayer sorption sites, Cs sorption on sediment mainly takes place 

on particle surfaces. 

5.5 SUMMARY 

The sorption capacity of cesium onto reservoir sediment was investigated using 

sediment from a natural reservoir through batch sorption experiments, and SEM/EDS 

and XRD analyses. Both the Freundlich model and the Langmuir model were found to 

be able to well describe the equilibration data obtained from the batch sorption 

experiments. The obtained equilibrium parameters showed that the effect of pH, EC or 

temperature on the sorption capability of cesium by sediment was less obvious in the 

respective ranges investigated in the study. The results obtained through SEM/EDS and 

XRD analyses indicate cesium sorption on sediment may occur mainly on surfaces and 

adsorbed cesium on sediment was not evenly distributed. 
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Figure 5.3a Langmuir isotherm model fits of batch experiment data at 5 ˚C with 

different pH and EC. 
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Figure 5.3b Langmuir isotherm model fits of batch experiment data at 5 ˚C with 

different pH and EC. 
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 Figure 5.4a Freundlich isotherm model fits of batch experiment data at 5 ˚C with 

different pH and EC. 
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Figure 5.4b Freundlich isotherm model fits of batch experiment data at 5 ˚C with 

different pH and EC. 
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Figure 5.5a Langmuir isotherm model fits of batch experiment data at 20 ˚C with 

different pH and EC. 
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Figure 5.5b Langmuir isotherm model fit of batch experiment data at 20 ˚C with 

different pH and EC. 
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Figure 5.6a Freundlich isotherm model fit of batch experiment data at 20 ˚C with 

different pH and EC. 
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Figure 5.6b Freundlich isotherm model fit of batch experiment data at 20 ˚C with 

different pH and EC. 
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Figure 5.7a Langmuir isotherm model fit of batch experiment data at 35 ˚C with 

different pH and EC. 
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Figure 5.7b Langmuir isotherm model fit of batch experiment data at 35 ˚C with 

different pH and EC. 
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Figure 5.8a Freundlich isotherm model fit of batch experiment data at 35 ˚C with 

different pH and EC. 
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Figure 5.8b Freundlich isotherm model fit of batch experiment data at 35 ˚C with 

different pH and EC. 
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Chapter 6    

CESIUM ACCUMULATION IN HETEROTROPHIC 

BACTERIA POPULATED IN SEDIMENT 

 

 

6.1 INTRODUCTION 

Fukushima nuclear power plant accident released large amount of radioactive 

elements into natural environment and cesium (
137

Cs) is highly concerned due to its 

longer half-life (30.17 years), and its high possibility of transfer to living organisms 

through food chains (Howard et al., 1991; Robison and Stone, 1992; Dupré de Boulois 

et al., 2008). The accumulation of cesium by larger aquatic organisms, such as different 

species of fishes, has been well documented; however, studies on the accumulation 

potential by bacteria that play the role as decomposers in aquatic ecosystems were 

limited.  

A larger quantity of 
137

Cs transported to catchment is absorbed on clay minerals 

(Tamura, 1964; Cornell, 1993). Through selective chemical extraction, researchers 

found that 
137

Cs was the major chemical form in the soil (Zhu et al., 2008; Tsukada et 

al., 2008): about 70 % of the 
137

Cs in the soil was presented in the strongly bound 

fraction, and 
137

Cs in the exchangeable and organic-bound fractions in the soil was 

about 10 and 20 %, respectively. The exchangeable fraction of
 137

Cs is highly movable 

(Tsukada et al., 2008) and thus can easily transport to soil microorganisms and plants. 

Additionally, many reports described that 
137

Cs in the soil was accumulated mainly in 

the surface soil layer (Tegen et al., 1991; Belli et al., 1994; Pietrzak-Flis et al., 1996; 

Takenaka et al., 1998; Strebl et al., 1999; Özlem and Günseli, 2008). A large number of 

organisms inhabit the surface soil layer and these organisms, such as soil 

microorganisms (Tomioka et al., 1992; Kuwahara et al., 2005) and mushrooms 
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(Sugiyama et al., 2008), can accumulate Cs.  

Kuwahara et al. (2005) reported that even 12 years after the Chernobyl accident, wild 

mushrooms in Japan had higher 
137

Cs content than other plants. Investigations on the Cs 

accumulation in soil bacteria isolated from the mushroom-growing soils showed that 

filamentous soil bacteria accumulated higher amounts of Cs than planktonic bacteria 

when incubated in the presence of 5 mM CsCl. 

The chemical similarity between Cs
+
 and K

+
 (Avery et al., 1992a; Clint et al., 1992) 

and a shortage of external K
+
 (Bossemeyer et al., 1989; Zhu and Smolders, 2000) may 

result in a higher mobility of Cs
+
 into biological systems and the uptake of Cs, and trace 

levels of Cs were detected in many organisms (Ghosh et al., 1993), though the 

biological role of stable Cs was not well elucidated. It has been reported that Cs can be 

accumulated through potassium transport systems in bacteria (Avery et al., 1991; 

Tomioka et al., 1992; Bakker, 1993) and green algae (Avery et al., 1992b). 

The main objective of this study was to estimate cesium accumulation by 

heterotrophic bacteria populated in freshwater and seawater environment. To achieve 

this objective, incubation experiments were conducted by spiking cesium into vials 

containing heterotrophic bacterial species isolated and multiplied from the sediment of a 

freshwater reservoir and the coast of a sea. In addition to quantify the amount of cesium 

accumulated by each isolated and multiplied bacterial group, species identification was 

also performed through PCR-DGGE and DNA sequencing. 

6.2 EXPERIMENTS 

Sediment samples were collected from the Ushikubiri pre-reservoir in Fukushima and 

the coast of the Ise Bay, respectively. The sediment samples were detached and then 

suspended in solution. Following the plate culture method for detection and isolation of 

heterotrophic bacteria, liquid culture for multiplication of the isolated bacterial colonies 

was performed. The whole area of each plate, on which colonies were formed, was 

divided into 16 grids, and from each grid one colony was picked using the platinum 

loop. By doing this, totally 16 colonies were isolated, referred hereafter as A - P for 

freshwater colonies and a - p for seawater colonies, respectively. In order to isolate 

single bacterial species from each grid, the picked colony was cultured again on a new 

plate following the same plate culture method. After culturing, from each plate, a colony 
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was picked and added to a tube containing liquid medium for multiplying the isolated 

bacterial species in the colony following the liquid culturing method for heterotrophic 

bacteria. The multiplied bacterial species were directly subjected to incubation 

experiments after cleaning for removal of the medium in each tube and resuspension of 

the bacteria in both reservoir and seawater samples filtered in advance through 0.2 m 

membrane filters. Cleaning was made by repeating the following procedures for 5 

times: addition of physiological salt solution to the tube, mixing the solution with 

bacteria, centrifugation and then discarding the supernatant after centrifugation. 

Incubation experiments (in Figure 6.1) were conducted using tubes (each with a 

volume capacity of 15 mL). To each tube, 100 µL of the stock solution of 
133

Cs and 1 

mL of the solution containing the multiplied bacterial species were added, following the 

addition of the reservoir water or the seawater after filtration through 0.2 µm membrane 

filters. The initial Cs concentration for incubation in each tube was set as 200µg/L and 

the total mixed liquid volume was 5 mL. To investigate the effect of temperature and 

that of potassium (for freshwater bacteria only) on cesium accumulation, incubation 

experiments were conducted under three different temperatures (5 ºC, 25 ºC, 35 ºC) and 

potassium concentrations (0 mg/L, 5 mg/L, 10 mg/L) as shown in Table 6.1, each in 

triplicates. Bacteria and cesium were contacted for 72 hours under a gentle mixing 

strength on a water bath shaker. After 72 hours, all the samples were centrifuged for 10 

min at 3500 rpm. The obtained supernatants were subjected to quantification of cesium 

by ICP-MS (Agilent 7500 Series, Agilent). ICO-MS was calibrated by 0, 0.05, 0.1 and 

0.5 mg/L Cs standard solutions before running samples. Each sample was analyzed for 

five times, and the average cesium concentration value was adopted. The relative 

standard deviation (RSD) of multiple measurements was less than 1.5% and in most 

cases, less than 1.0 %.  

PCR-DGGE was employed to evaluate the structure of each isolated and multiplied 

microbial colony, with the denaturant gradient being from 20% to 50% in the direction 

of electrophoresis. The gels were subjected to a constant voltage of 160 V at 60 °C for 

running for 8hrs, and were then visualized by silver staining, photographed with UV 

transillumination. The representative bands were excised from the DGGE gels. DNA in 

each excised band was extracted by passive diffusion in a microtube containing 80 µL 

of sterilized water overnight at 4 °C, and was amplified with primers 341 F and 907 R. 



Chapter 6      Cesium accumulation in heterotrophic bacteria populated in sediment 

76 

The resulting PCR product was purified by the EXOSAP IT kit and bidirectional 

sequencing was performed with the aid of ABI 3100 Genetic Analyzer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Incubation experiment procedures. 
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6.3 RESULTS AND DISCUSSIONS 

6.3.1 Effect of temperature 

The amounts of cesium accumulated by heterotrophic bacteria from sediment of 

freshwater reservoir after incubation under three different temperatures are displayed in 

Figure 6.2. The significance of the observed differences in the means of the amounts of 

cesium accumulated by heterotrophic bacteria from sediment of the freshwater reservoir 

after incubation under three different temperatures, as summarized in Table 6.2, were 

tested based on the one-way analysis of variance (ANOVA) with the mean separation by 

Tukey’s significant difference (HSD) test at a 95 % confidence level using the software 

of STATISTIC 8.0. 

The amounts of cesium accumulated by heterotrophic bacteria from sediment of the 

Ise Bay after incubation under three different temperatures are displayed in Figure 6.3. 

The significance of the observed differences in the means of the amounts of cesium 

accumulated by heterotrophic bacteria from the sediment after incubation under three 

different temperatures, as summarized in Table 6.3, was also tested based on the 

one-way analysis of variance (ANOVA) with the mean separation by Tukey’s 

significant difference (HSD) test at a 95 % confidence level using the software of 

STATISTIC 8.0. 

 

 

Condition 
Cs initial concentration  

(mg/L) 

Temperature 

 (
0
C) 

Potassium concentration  

(mg/L) 
1 0.2 20 0 

2 0.2 5 0 

3 0.2 35 0 

4 0.2 20 5 

5 0.2 20 10 

Table 6.1 Incubation experimental conditions of cesium accumulation by bacteria. 
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Figure 6.2 Cesium accumulation by heterotrophic bacteria from sediment of 

freshwater reservoir after incubation under three different temperatures. 
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Bacterial 

species 

Cesium accumulation quantity (ng/colony) 

5 ºC 20 ºC 35 ºC 

A 2.43×10-5 ± 2.42×10-6  
(a) 1.95×10-5 ± 2.56×10-6  

(a) 2.22×10-5 ± 1.75×10-6  
(a) 

B 6.77×10-5 ± 1.33×10-5  
(a) 3.81×10-5 ± 1.07×10-5  

(a) 6.34×10-5 ± 1.78×10-5  
(a) 

C 2.13×10-5 ± 3.82×10-6  
(a) 2.06×10-5 ± 1.75×10-6  

(a) 2.89×10-5 ± 6.18×10-6  
(a) 

D 7.97×10-6 ± 1.65×10-6  
(a) 6.95×10-6 ± 2.79×10-6  

(a) 7.39×10-6 ± 5.40×10-7  
(a) 

E 6.66×10-6 ± 1.00×10-6  
(a) 5.54×10-6 ± 4.43×10-7  

(a) 7.24×10-6 ± 7.89×10-7  
(a) 

F 4.83×10-6 ± 5.78×10-7  
(a) 3.95×10-6 ± 1.68×10-7  

(a) 5.10×10-6 ± 1.06×10-6  
(a) 

G 3.18×10-5 ± 1.39×10-6  
(a) 2.72×10-5 ± 5.57×10-6  

(a) 2.45×10-5 ± 9.14×10-7  
(a) 

H 1.00×10-5 ± 1.53×10-6  
(b) 3.27×10-5 ± 3.61×10-6  

(a) 1.18×10-5 ± 2.54×10-6  
(b) 

I 5.49×10-6 ± 5.14×10-7  
(b) 1.52×10-5 ± 6.88×10-6  

(ab) 1.97×10-5 ± 3.15×10-6  
(a) 

J 1.01×10-4 ± 1.81×10-5  
(a) 8.35×10-5 ± 2.73×10-5 

 (a) 1.17×10-4 ± 2.35×10-5  
(a) 

K 3.00×10-5 ± 2.00×10-6  
(b) 1.90×10-5 ± 6.32×10-6  

(a) 3.66×10-5 ± 2.66×10-6  
(b) 

L 1.84×10-5 ± 4.20×10-6  
(b) 8.18×10-6 ± 2.92×10-6  

(a) 2.55×10-5 ± 4.27×10-6  
(b) 

M 2.88×10-4 ± 5.49×10-5  
(b) 9.96×10-5 ± 2.99×10-5  

(a) 3.06×10-4 ± 3.74×10-5  
(b) 

N 2.18×10-4 ± 2.37×10-5  
(b) 1.13×10-4 ± 5.72×10-5  

(a) 2.18×10-4 ± 3.28×10-5  
(b) 

O 5.32×10-4 ± 6.61×10-5  
(a) 5.68×10-4 ± 6.23×10-5  

(a) 5.40×10-4 ± 5.56×10-5  
(a) 

P 5.50×10-5 ± 7.57×10-6  
(a) 6.09×10-5 ± 3.55×10-6  

(a) 6.20×10-5 ± 7.59×10-6  
(a) 

Table 6.2 Cesium accumulation by heterotrophic bacteria from sediment of 

freshwater reservoir after incubation under three different temperatures. 

Data are mean and standard deviation of triplicates. Different letters (a and b) given behind 

the data show the differences between the groups in the same row are statistically significant 

(Tukey’s HSD test, p<0.05). The letter ‘ab’ in the row of bacterial specie “I” means the 

difference of the value with the letters of ‘a’ and ‘b’ is not statistically significant. 
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Figure 6.3 Cesium accumulation by heterotrophic bacteria from sediment of Ise 

Bay after incubation under three different temperatures. 
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Bacterial 

species 

Cesium accumulation quantity (ng/colony) 

5 ºC 20 ºC 35 ºC 

a 1.72×10-5 ± 1.53×10-6  
(a) 2.45×10-5 ± 2.83×10-6  

(a) 4.27×10-5 ± 5.24×10-6  
(b) 

b 7.77×10-5 ± 3.68×10-5  
(a) 1.26×10-4 ± 6.52×10-5  

(a) 2.30×10-4 ± 1.22×10-4  
(a) 

c 2.08×10-6 ± 3.31×10-8  
(c) 3.15×10-6 ± 2.88×10-7  

(a) 4.79×10-6 ± 1.19×10-7  
(b) 

d 1.53×10-5 ± 7.75×10-7  
(a) 2.51×10-5 ± 5.21×10-6  

(a) 3.80×10-5 ± 6.79×10-6  
(b) 

e 1.67×10-6 ± 2.73×10-7  
(a) 3.16×10-6 ± 9.44×10-7  

(a) 6.38×10-6 ± 1.26×10-6  
(b) 

f 1.25×10-4 ± 7.92×10-6  
(a) 1.28×10-4 ± 6.72×10-5  

(a) 4.10×10-4 ± 5.92×10-5  
(b) 

g 2.00×10-5 ± 4.98×10-6  
(a) 2.51×10-5 ± 3.14×10-6  

(a) 5.48×10-5 ± 7.52×10-6  
(b) 

h 8.31×10-5 ± 3.63×10-6  
(a) 1.09×10-4 ± 7.44×10-6  

(a) 2.13×10-4 ± 2.87×10-5  
(b) 

i 3.97×10-5 ± 1.97×10-5  
(a) 4.70×10-5 ± 1.63×10-5  

(a) 1.09×10-4 ± 4.87×10-5  
(a) 

j 6.45×10-6 ± 2.12×10-6  
(a) 7.09×10-6 ± 1.09×10-6  

(a) 2.19×10-5 ± 3.60×10-6  
(b) 

k 3.33×10-4 ± 2.62×10-5  
(b)  4.48×10-4 ± 7.82×10-5  

(ab) 7.41×10-4 ± 2.03×10-4  
(a) 

l 4.13×10-5 ± 4.11×10-6  
(b) 6.31×10-5 ± 5.38×10-6  

(a) 7.27×10-5 ± 7.62×10-6  
(a) 

m 9.34×10-5 ± 5.59×10-5  
(b) 4.72×10-4 ± 6.08×10-5  

(a) 5.73×10-4 ± 5.88×10-5  
(a) 

n 1.14×10-5 ± 3.61×10-6  
(a) 6.72×10-6 ± 2.61×10-6  

(a) 7.48×10-6 ± 2.98×10-6  
(a) 

o 3.92×10-6 ± 5.34×10-7  
(c) 1.52×10-6 ± 1.77×10-7  

(a) 2.52×10-6 ± 9.17×10-8  
(b) 

p 4.87×10-6 ± 2.80×10-6  
(a) 2.01×10-6 ± 1.67×10-7  

(a) 3.87×10-6 ± 5.14×10-7  
(a) 

Table 6.3 Cesium accumulation by heterotrophic bacteria from sediment of Ise Bay 

after incubation under three different temperatures. 

Data are mean and standard deviation of triplicates. Different letters (a, b and c) given behind 

the data show the differences between the groups in the same row are statistically significant 

(Tukey’s HSD test, p<0.05). The letter ‘ab’ in the row of bacterial specie “k” means the 

difference of the value with the letters of ‘a’ and ‘b’ is not statistically significant. 
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Marked differences could be confirmed among some bacteria species in either 

freshwater or seawater. Compared to the amounts of cesium accumulated by freshwater 

bacteria, those by seawater bacteria were generally higher. For some species in seawater, 

a trend of increases of the accumulated amount of cesium by increasing temperature 

was observed; however, the increasing extent was not very significant, and for most 

bacteria in freshwater, a regular trend regarding the impact of temperatures could not be 

found. Kuwahara et al. (2011) have reported that, Streptomyces sp. K202, one of the 

filamentous bacteria isolated from the soil where an edible mushroom was growing, 

could rapidly absorb Cs in the culture medium and accumulate high level of Cs into the 

cell. Kuwahara et al. (2011) have estimated that a higher Cs accumulation without 

causing toxicity to cells of strain K202 involves in the localization of Cs in the cells 

such as polyphosphates granules. In the summer months the percentage of bacteria that 

possesses phosphatase activity was about twofold higher than in spring. Bacterial 

community can quickly recycle organic phosphates in an environment limited by 

inorganic phosphorous (Thingstad & Rassoulzadegan, 1995). 

6.3.2 Effect of potassium 

Comparison of the cesium accumulation by heterotrophic bacteria from sediment of 

freshwater reservoir after incubation under three different potassium ion concentrations 

set according to the possible fluctuation range of this ion in most rivers and lakes is 

displayed in Figure 6.4. The significance of the differences in the means of the amounts 

of cesium accumulated by heterotrophic bacteria from the sediment of the freshwater 

reservoir after incubation under three different potassium ion concentrations, as shown 

in Table 6.4, was tested based on the one-way analysis of variance (ANOVA) with the 

mean separation by Tukey’s significant difference (HSD) test at a 95 % confidence level 

using the software of STATISTIC 8.0. 

The result showed that, within the studied potassium concentration range, for some 

bacteria species, the accumulated cesium increased as the concentration of potassium 

increased, and in most cases the increasing extent was found more apparent when the 

concentration of potassium was increased from 5 mg/L to 10 mg/L. 
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Figure 6.4 Cesium accumulation by heterotrophic bacteria from sediment of 

freshwater reservoir under three different potassium concentrations. 



Chapter 6      Cesium accumulation in heterotrophic bacteria populated in sediment 

84 

 

 

 

 

 

 

 

 

 

 

 

 

Bacterial 

species 

Cesium accumulation quantity (ng/colony) 

K = 0 mg/L K = 5 mg/L K = 10 mg/L 

A 1.95×10-5 ± 2.56×10-6  
(a) 1.95×10-5 ± 1.41×10-6  

(a) 2.49×10-5 ± 3.63×10-7  
(b) 

B 3.81×10-5 ± 1.07×10-5  
(a) 6.24×10-5 ± 1.20×10-5  

(ab) 8.33×10-5 ± 1.08×10-5  
(b) 

C 2.06×10-5 ± 1.75×10-6  
(a) 4.15×10-5 ± 1.14×10-5  

(b) 5.37×10-5 ± 5.61×10-6  
(b) 

D 6.95×10-6 ± 2.79×10-6  
(a) 7.26×10-6 ± 3.50×10-7  

(a) 8.86×10-6 ± 7.52×10-7  
(a) 

E 5.54×10-6 ± 4.43×10-7  
(a) 6.04×10-6 ± 6.03×10-7  

(a) 1.90×10-5 ± 2.59×10-6  
(b) 

F 3.95×10-6 ± 1.68×10-7  
(a) 4.04×10-6 ± 1.81×10-7  

(a) 1.67×10-5 ± 4.91×10-6  
(b) 

G 2.72×10-5 ± 5.57×10-6  
(a) 2.24×10-5 ± 1.13×10-6  

(a) 5.42×10-5 ± 2.50×10-6  
(b) 

H 3.27×10-5 ± 3.61×10-6  
(a) 1.37×10-5 ± 2.19×10-6  

(b) 2.66×10-5 ± 2.78×10-6  
(a) 

I 1.52×10-5 ± 6.88×10-6  
(a) 7.10×10-6 ± 1.14×10-6  

(a) 1.40×10-5 ± 1.27×10-6  
(a) 

J 8.35×10-5 ± 2.73×10-5  
(a) 1.52×10-4 ± 3.29×10-5  

(b) 3.62×10-4 ± 4.11×10-6  
(c) 

K 1.90×10-5 ± 6.32×10-6  
(a) 3.75×10-5 ± 5.43×10-6  

(b) 8.68×10-5 ± 4.47×10-6  
(c) 

L 8.18×10-6 ± 2.92×10-6  
(a) 2.26×10-5 ± 6.08×10-6  

(b) 5.92×10-5 ± 4.18×10-6  
(c) 

M 9.96×10-5 ± 2.99×10-5  
(a) 2.62×10-4 ± 6.55×10-5  

(b) 5.97×10-4 ± 5.75×10-5  
(c) 

N 1.13×10-4 ± 5.72×10-5  
(a) 1.99×10-4 ± 2.90×10-5  

(a) 5.21×10-4 ± 5.97×10-5  
(b) 

O 5.68×10-4 ± 6.23×10-5  
(a) 5.79×10-4 ± 1.71×10-5  

(a) 1.46×10-3 ± 1.25×10-4  
(b) 

P 6.09×10-5 ± 3.55×10-6  
(a) 7.79×10-5 ± 2.41×10-5  

(a) 1.56×10-4 ± 1.22×10-5  
(b) 

Table 6.4 Cesium accumulation by heterotrophic bacteria from sediment of freshwater 

reservoir after incubation under three different potassium concentrations. 

Data are mean and standard deviation of triplicates. Different letters (a, b and c) given behind 

the data show the differences between the groups in the same row are statistically significant 

(Tukey’s HSD test, p<0.05). The letter ‘ab’ in the row of bacterial specie “B” means the 

difference of the value with the letters of ‘a’ and ‘b’ is not statistically significant. 
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Tomioka et al. (1992) suggested that many kinds of bacteria are able to accumulate 

cesium, from an experiment of isolation of cesium-accumulating bacteria. Furthermore, 

Brückmann and Wolters (1994) confirmed that the microflora living in the organic 

layers play a most important role in the immobilization of 
137

Cs in temperate forest soils. 

Previous studies indicated that cesium accumulation by organisms took place following 

the pathway of potassium and therefore, increasing the concentration of potassium in 

water phase can reduce the amount of cesium uptake by organisms. Avery et al. reported 

that the potassium transport system in Synechocystis PCC 6803 (Avery et al., 1991) and 

Chlorella emersonii (Avery et al., 1992b) is involved in Cs accumulation. Furthermore, 

Tomioka et al. (1994) reported that R. erythropoli CS98 and Rhodococcus sp. strain 

CS402 accumulated Cs through the potassium transport system. Therefore, it is likely 

that the potassium transport systems are also involved in Cs uptake by strain K202. 

Furthermore, Tomioka et al. (1995) showed that an uncoupler, 

carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP), inhibited the uptake of 

Cs
+
, K

+
, and Rb

+
 by R. erythropoli CS98 and Rhodococcus sp. strain CS402 and that the 

uptake of these cations by these strains might require proton motive force. The result of 

this study did not strongly support the previous ones. The differences in the tested 

concentration ranges for K and in the tested species of organisms might be reasons 

behind that need further confirmation. 

6.3.3 DGGE band images of isolated heterotrophic bacteria 

The bacterial DGGE images of the 16S rDNA genes extracted from freshwater and 

seawater are given in Figure 6.5. Divergent profiles were revealed in freshwater and 

seawater, compared to freshwater, more bands were found for seawater. Attention 

should also be paid to the obtained images that, although bacteria species was 

multiplied using single colony isolated after two times’ culturing with the plate culture 

method, the bands appeared on most lanes were not a single one. This indicates the 

accumulated amount of cesium by most isolated species of this study was a result of 

accumulation by multiple species of bacteria coexisted in the colony. 
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Figure 6.5 DGGE images of the bacterial 16S rDNA with PCR products in 

heterotrophic bacteria from freshwater (the up image) and seawater (the down 

image) environment. DGGE bands labeled with arrows and numbers were excised 

for sequencing analysis. 
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6.3.4 Identified species composition of heterotrophic bacteria by DNA 

sequencing 

Sequencing results of the bacterial species are shown in Table 6.5 and Table 6.6. 

Heterotrophic bacterial species differed between freshwater and seawater, however most 

of them were identified within the same phyla of Proteobacteria and Firmicutes. 

 

 

Band 

Most related sequence 

Name 
Accession 

No. 

Identities 

(%) 
Phylum 

1 Ensifer sp.  KF437393 100% Proteobacteria 

2 Bacillus sp.  KF501477 100% Firmicutes 

3 Bacillus aryabhattai  JX524506 100% Firmicutes 

4 Bacillus megaterium  KF460569 99% Firmicutes 

5 Bacillus anthracis  KF436681 99% Firmicutes 

6 Bacillus sp.  AB847892 99% Firmicutes 

7 Bacillus sp.  KF562337 99% Firmicutes 

8 Bacterium  JN118420 99% - 

9 Ensifer sp.  JX028785 91% Proteobacteria 

10 Ensifer sp.  AB552886 95% Proteobacteria 

11 Ensifer adhaerens  JX042455 88% Proteobacteria 

12 Bacillus megaterium  KF460567 98% Firmicutes 

13 Bacterium  DQ117542 97% - 

14 Bacillus sp.  HM117832 75% Firmicutes 

15 Bacillus aryabhattai  KF436619 99% Firmicutes 

16 Ensifer adhaerens  KF030956 88% Proteobacteria 

Table 6.5 Sequencing analysis results of the DGGE bands for bacteria isolated from 

the sediment of the freshwater reservoir. 
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Band 

Most related sequence 

Name Accession No. Identities (%) Phylum 

1 Bacillus thuringiensis  KF111337 100% Firmicutes 

2 Sulfitobacter dubius  KC534303 99% Proteobacteria 

3 Sulfitobacter sp.  EU052732 100% Proteobacteria 

4 Bacillus hwajinpoensis  KF042037 99% Firmicutes 

5 Pseudoalteromonas sp.  KF208362 100% Proteobacteria 

6 Pseudoalteromonas prydzensis  KF193950 99% Proteobacteria 

7 Pseudoalteromonas sp. JX436390 99% Proteobacteria 

8 Olleya sp.  JX854085 100% Bacteroidetes 

9 Bacillus sp.  KF562336 100% Firmicutes 

10 Gamma proteobacterium  DQ812542 87% Proteobacteria 

11 Reinekea sp.  KC690143 98% Proteobacteria 

12 Pseudoalteromonas sp. KF266768 100% Proteobacteria 

13 Shewanella sp.  JX134449 100% Proteobacteria 

14 Shewanella sp.  KC753334 100% Proteobacteria 

15 Psychrobacter piscidermidis  KF042028 100% Proteobacteria 

16 Bacillus sp.  KF307192 99% Firmicutes 

17 Bacillus baekryungensis  KC581679 100% Firmicutes 

18 Bacillus sp.  KC753332 100% Firmicutes 

19 Marinobacter sp.  KC160875 98% Proteobacteria 

20 Marinobacter sp.  DQ780560 100% Proteobacteria 

21 Marinobacter sp.  FJ903190 100% Proteobacteria 

Table 6.6 Sequencing analysis results of the DGGE bands for bacteria isolated from 

the sediment of the Ise Bay. 
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6.4 SUMMARY 

The accumulation potential of cesium by heterotrophic bacteria was investigated 

using bacteria isolated from sediment of a freshwater reservoir and the coast of a sea. 

The amounts of cesium accumulated by bacteria in freshwater fell in the range of 

3.95×10
-6

 to 5.68×10
-4

 (ng/colony) for three different incubation temperatures, and 

3.95×10
-6

 to 5.97×10
-4

 (ng/colony) for three different potassium ion concentrations. For 

seawater bacteria, however, the amounts of accumulated cesium were 1.52×10
-6

 to 

7.41×10
-4 

(ng/colony) for three different incubation temperatures. In addition, 

PCR-DGGE images, together with the analysis by DNA sequencing, revealed that the 

species of heterotrophic bacteria in freshwater and seawater were different, but most of 

the species were found belonging to the phyla of Firmicutes and Proteobacteria. 
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Chapter 7 

CONCLUSIONS 

 

The behavior of cesium in water environment was investigated in this study through 

three important aspects needed to be clarified for comprehensive assessment and 

modeling of cesium in basin scale aquatic environments: sorption kinetics and sorption 

equilibrium during interaction with sediment in water environment, and accumulation of 

cesium by bacteria populated in sediment. 

Chapter 2 described the sources and sampling sites, sampling procedures for 

sediment used in this study. The major physicochemical characteristics of the sediment 

were also described.  

In Chapter 3, the quantification method for cesium using ICP/MS was explained. In 

addition, the analytical methods for heterotrophic bacteria using plate and liquid culture 

methods, DNA extraction, PCR-DGGE and DNA sequencing were also described.  

In Chapter 4, the transfer behavior and kinetics of cesium from water phase to 

sediment phase in relatively closed water body was displayed and discussed based on 

experiments and model analysis. The experiments were conducted with sediment 

columns consisted of 30 cm sediment and 70 cm overlying water performed under 

aerobic and anaerobic conditions. The result showed reductions of cesium 

concentrations in all 4 columns with the increases of time, with the reduction rate at the 

initial time period being significant. For all four columns, the sorption capacity 

increased rapidly at the beginning and then reached nearly steady at the end of the 

running time for about 1000 hours. Model analysis of the observed cesium 

profiles with both the first order and the pseudo-second order kinetic models indicated 

that both these models could well describe the transfer kinetics of cesium from water 

phase to sediment phase, and associated kinetics parameters were also determined. 

In Chapter 5, the sorption equilibrium of cesium onto freshwater reservoir sediment 

was studied by batch sorption experiments using sediment collected from the fresh 

water reservoir under 27 combinations of water temperature (5, 20 and 35 ºC), pH (5, 7 
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and 9) and EC (130, 160 and 190 μS/cm). The experimental results were further 

analyzed by Langmuir and Freundlich isotherm models. Both the models were found to 

be able to well describe the equilibration reached between water and sediment particles 

for cesium. The obtained equilibrium parameters showed that the effect of pH, EC or 

temperature on the sorption capability of cesium by sediment was less obvious in the 

respective ranges investigated in the study. In addition, the distribution of adsorbed Cs 

was examined using scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS) and X-ray diffraction (XRD). The results obtained through 

SEM/EDS and XRD analyses indicated cesium sorption on sediment may occur mainly 

on surfaces and adsorbed cesium on sediment was not evenly distributed. 

In Chapter 6, the accumulation potential of cesium by heterotrophic bacteria 

populated in sediment of both freshwater and seawater environment was determined and 

discussed based on incubation experiments conducted by spiking cesium into solutions 

containing bacteria isolated and reproduced from sediment under different water 

temperatures (5 ºC, 25 ºC, 35 ºC) and potassium concentrations (0 mg/L, 5 mg/L, 10 

mg/L for freshwater only). In addition, the bacteria were examined through analysis of 

the extracted bacterial 16S rDNA with qualitative polymerase chain reaction (PCR), 

denaturing gradient gel electrophoresis (DGGE) and sequencing. The results showed 

that the amounts of cesium accumulated by bacteria in freshwater fell in the range of 

3.95×10
-6

 to 5.68×10
-4

 (ng/colony) for three different incubation temperatures, and 

3.95×10
-6

 to 1.46×10
-3

 (ng/colony) for three different potassium ion concentrations. For 

seawater bacteria, however, the amounts of accumulated cesium were 1.52×10
-6

 to 

7.41×10
-4

 (ng/colony) for three different incubation temperatures. PCR-DGGE images, 

together with the analysis by DNA sequencing, revealed that the species of 

heterotrophic bacteria in freshwater and seawater were different, but most of the species 

fell in the phyla of Firmicutes and Proteobacteria. 
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