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1.1. Pollutions with Cesium 

 By the nuclear tests conducted in the 1950s and 1960s and the accidents at the 

Chernobyl Nuclear Power Plant (CNPP) in 1986 and at the Fukushima Daiichi Nuclear 

Power Plant (FNPP) in 2011 due to the Great East Japan Earthquake, various 

radioactive substances were released into the environment. The main radionuclides 

include 
134

Cs, 
137

Cs, 
131

I, 
89

Sr and 
90

Sr. Among them, the long-term effect of 

radioactive 
137

Cs having a relatively long half-life of about 30.2 years is concerned. Cs 

is one of the major fission products and therefore was released in large quantities by 

the accidents of CNPP and FNPP [1-3]. In addition, Cs exists as a monovalent cation in 

water and then has high solubility and mobility [4,5]. Due to these characteristics, it is 

known that Cs
+
 diffuses widely into the environment and adversely affects the 

environment and human health. The amount of radionuclide released into the 

atmosphere due to the accident of FNPP and CNPP is shown in Table 1. The 

radioactive Cs emission was estimated to be approximately 85 PBq in CNPP and 36.6 

PBq at FNPP at a maximum by a number of studies. 

 Although Cs shows a high mobility in the aqueous environment, it is known to 

strongly interact with clay minerals having negative charges in the soil environment . 

The affinity of these clay minerals with Cs
+
 is different depending on the composition 

and the components. Especially 2:1 layered mica clay minerals such as illite and 

vermiculite show the high affinity for Cs
+
 [6,7]. At the same time, these clay minerals 

have the adsorption affinity for other monovalent cations such as K
+
, NH4

+
, and Rb

+
. 

From this characteristic, it was reported that a small amount of radioactive Cs
+
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adsorbed in clay minerals was released into water by the ion exchange with NH4
+
 [8]. 

Therefore, the rapid removal of Cs
+
 existing in the aqueous environments is necessary. 

 

Table 1. The estimated amount of released radionuclides into atmosphere. [9-12] 

Radionuclide Half-life Released amounts into atmosphere/PBq 

Chernobyl Fukushima Daiici 

131
I 8.0 day <1760 150-500 

90
Sr 28.8 year <10 0.09-0.9 

134
Cs 2.1 year <54 10-18 

137
Cs 30.2 year <85 6.1-36.6 

(PBq: 10
15

 Bq) 

 

1.2. Treatment method for Cs
+
 

 After the FNPP accident, many kinds of the remediation methods have been 

attempted for decontamination of soil polluted with Cs, including physical methods 

and chemical methods using an adsorbents, phytoremediation, soil washing, and 

electrochemical method. Particularly, the physical methods such as topsoil stripping 

showed the high efficiency of 86 to 91% reduction rate of the radioactive Cs [13]. On 

the other hand, the decontamination processing of a plenty of collected topsoil is now a 

major issue in Fukushima area. For elution of Cs in the soil into an aqueous solution, 

the extraction with some reagents has been performed. Water, nitric acid, sulfuric acid, 

sodium hydroxide, organic acids, and ammonium salts were used as eluents [14,15]. 
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However, the removal efficiency was greatly different depending on the soil type, and 

the high elution rate has not been obtained except under high temperature or pressure 

conditions. In addition, high level contaminated water with radionuclides has been 

generated still now near the nuclear plant due to the inflow of groundwater into the 

plant and the addition of a large amount of seawater to the nuclear reactor as a core 

coolant. In order to prevent the contaminated water from flowing into the soil and the 

ocean, the treatment system for the high level contaminated water was constructed 

immediately after the accident. This system consists of an oil separator, a radioactive 

material treatment system and a desalination system. Water containing radioactive 

species was passed through an adsorption device comprising of zeolite and ion 

exchange resin. Although this system allowed to treat a large amount of contaminated 

water, large scale equipment for pumping and piping is necessary. In addition, leakage 

of contaminated water due to corrosion of the pipe and clogging of the filter has 

occurred often. 

Various studies have been conducted for the removal of Cs in radioactive 

wastes. Among them, solvent extraction and adsorption have been reported as a 

removal method of Cs
+
 in aqueous solution [16-20]. The solvent extraction method 

could separate and concentrate Cs
+
 from contaminated water by using calix-crown 

derivatives and crown ethers as extractants for Cs
+
. In recent years, the separation 

technology of cesium with these extractants has been improved to enhance the 

selectivity for Cs
+
 by improvement of synthesis method and extraction conditions. 

However, these solvent extraction methods require mixing organic solvents with 
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contaminated water vigorously. As a result, it is difficult to apply them directly to treat 

plenty volume of contamination water. 

 The adsorption method can concentrate Cs
+
 in adsorbents having selective 

adsorption property. Zeolite and Prussian blue (PB) are widely used as an adsorbent for 

Cs
+
. Zeolite is a type of clay mineral which can catch cations in the structure by the ion 

exchange mechanism. The selectivity for alkali metal and alkali earth metal ions is 

different from the type of zeolite. Especially, the mordenite type of zeolite has a highly 

selective adsorption property for Cs
+
 and shows a high distribution coefficient even in 

the presence of coexisting cations [19]. PB is an inorganic coordination compound 

composed of iron and cyanide, and it is used for a long time as a pigment for blue color. 

This crystal structure is a cubic lattice shape, and it can selectively adsorb Cs
+
 inside 

the lattice. The advantage of the removal method using these adsorbents is able to 

remove contaminants very quickly and at low cost without any special equipment. It is 

not easy and high cost to transfer a plenty of environmental water or contaminated 

wastewater to the treatment facilities. Therefore, in-situ treatment systems, which the 

treatment is carried out in the vicinity of the contaminated site,  are required. 

Adsorption is one of the methods which satisfy the requirement. 

 

1.3. Prussian blue and analogs  

Prussian blue can be synthesized easily and it is known to maintain high Cs
+
 

adsorption ability even in the presence of other monovalent cations.  Not only PB but 

also other hexacyanide complexes such as nickel, copper and cobalt  hexacyanoferrate 



6 

 

have the similar crystal structure. These PB analogs also exhibit the adsorption ability 

to alkali metal ions, especially Cs
+
, and then are often used for sensing of alkali metal 

and the removal of Cs
+
 [22-24]. The typical structure of PB and its analogs is shown in 

Fig. 1. PB consists of a structure in which divalent and trivalent iron ions are 

alternately coordinated and a cyanide ion is connected between ferric and ferrous ions 

(Fig. 2) [25,26]. The cell constant and the channel diameter of PB are about 10.2 Å and 

3.2 Å, respectively. Therefore, hydrated monovalent cations such as K
+
, NH4

+
, Rb

+
, 

and Cs
+
 can be absorbed into the PB lattice. In addition, it is known that Cs

+
 ions 

intercalate inside the crystal lattice or a channel entrance of PB surface with a 

dehydrated state [27]. The PB analogs have a structure in which the iron ion and 

another transition metal ion are alternately coordinated. PB and its analogs are colored 

on the basis of the electron transfer between metal ions. The iron, nickel, copper and 

cobalt hexacyanoferrate exhibit blue, yellow, red and brown, respectively. From this 

characteristic, PB and its analogs are also used as an electrochromic material [28-30].  

Fig. 1. Schematic structure of PB analogs (metal hexacyanoferrates). 
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Fig. 2. Unit cell of the Prussian blue and adsorption of Cs
+
. 

 

When these hexacyanoferrates are used for removal of Cs, it is necessary to 

choose a hexacyanoferrate among them according to the operating environment and the 

features. Although nickel hexacyanoferrate has a high cation adsorption capacity and 

stability, it is relatively expensive. Copper hexacyanoferrate is stable in a wide pH 

range [31], however, the toxicity to human health by the elution of copper ion is 

concerned as well as nickel. Even though iron hexacyanoferrate has a low stability at 

high pH, iron has the lower toxicity compared with other metals. Therefore, in this 

study, iron hexacyanoferrate (PB) was selected as an adsorbent for Cs
+
. 
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1.4. Preparation method of Prussian blue 

 The most basic method of the synthesis of PB is the mixing ferrous or ferric 

ions with ferricyanide or ferrocyanide ions, respectively. When Fe
3+

 exists in excess, 

PB precipitate is formed rapidly, but mixing iron and hexacyanoferrate in equimolar 

produced a colloidal dispersion PB solution. PB can exist in two forms which are 

“insoluble” and “soluble”. In addition, PB can change to Prussian white (PW), a 

reduced form, and to Berlin Green (BG), an oxidized form, as accompanied by the 

color change. The two reactions, the oxidation of PB to Berlin green, and the reduction 

to Prussian white proposed by Itaya et al. were represented by the equation (1) – (4). 

[32,33] 

 

 KFe
III

Fe
II
(CN)6 ↔ Fe

III
Fe

III
(CN)6 + K

+
 + e

- 

Prussian blue     Berlin green 

(1) 

 KFe
III

Fe
II
(CN)6 + K

+
 + e

-
 ↔ K2Fe

II
Fe

II
(CN)6 

Prussian blue              Prussian white  

(2) 

 

 Fe4
III

[Fe
II
(CN)6]3 + 3A

-
 ↔ Fe4

III
[Fe

III
(CN)6A]3 + 3e

- 

Prussian blue              Berlin green  

(3) 

 Fe4
III

[Fe
II
(CN)6]3 + 4K

+
 + 4e

-
 ↔ K4Fe4

II
[Fe

II
(CN)6]3 

Prussian blue                  Prussian white 

(4) 
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The equations (1) and (2) are the redox reactions of soluble PB, and the equations (3) 

and (4) are those of insoluble PB. Although the ideal crystal structure of PB is the 

cubic lattice structure as shown in Fig. 1, in the case of insoluble PB, a part of Fe(CN)6 

is partially defecting, and water molecules are coordinated in the defective parts. The 

adsorption capacity of Cs
+
 becomes higher when the deficiency occurred, and Cs

+
 is 

introduced by the ion exchange with the protons of the coordinated water in the 

crystals [34]. As described above, PB has a high Cs
+
 adsorption property derived from 

its crystalline structure. However, PB ordinarily exists as fine particles, and it is 

difficult to collect them after use as an adsorbent. Therefore, the immobilization of PB 

on the substrate is necessary to be collected easily. 

 

1.5. Modification method for Prussian blue 

 When PB and its analogs are used in the environment as an adsorbent, the 

easily collectable property is indispensable. For this reason, many researches to 

develop the materials in which PB and its analogs are immobilized on various 

substrates have been reported. Both PB and its analogs can be formed basically by the 

reaction of transition metal ions with ferricyanide or ferrocyanide. Therefore, when 

metal ions are eluted from the surface of transition metal, and then reacted with 

ferricyanide or ferrocyanide at the surface, PB and its analogs can be formed on the 

metal surface [35,36]. It has been reported that magnetite particles are added to an 

acidic solution containing ferrocyanide, and then PB is formed on the surface of 

magnetite particles by reacting ferrocyanide with eluted iron ions. In another method, a 
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PB analog is prepared as a liquid like an ink by mixing Cu
2+

 with ferricyanide and then 

the electrode surface was coated with the ink [37]. In this method, PB analog was 

coated on the metal electrode using spin coating. Since a precious metal was often used 

as the electrode substrate, it was high cost, and took a long time to hydrophilize the PB 

analog ink to enhance the water dispersibility. 

In order to immobilize the PB or its analogs on a cloth, a piece of cloth was 

immersed in the PB or its analogs solution and dried [38,39]. However, these methods 

have some disadvantages, e.g., it takes a long time until the sufficient amounts of PB 

analogs are immobilized. In addition, these chemical modification methods are 

difficult to control the amount of PB modified on the surface. 

The immobilization of PB by electrolysis has been reported on the surface of 

Pt [39,32], glassy carbon (GC) [30,32], and carbon fiber (CF) [40]. By applying a 

potential at these electrode in the mixed solution of ferrocyanide and trivalent iron ions, 

iron ions were reduced to divalent ions to form PB on the electrode surface. By the 

electrochemical method, the immobilized amount of PB can be controlled relative 

easily by the choice of the potential. 

 

1.6. Sensing method for Cs
+
 

 The concentration and deposition condition of the Cs
+
 released into the 

environment vary largely depending on the topography of the environment and the 

wind direction when Cs
+
 is released. Therefore, it is necessary to detect Cs exactly in 

contaminated sites in order to remediate the environments contaminated with Cs. For 
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this purpose, some instrumental analyses of Cs
+
 have been generally used. Especially, 

atomic absorption photometer (AAS) or inductively coupled plasma mass spectrometer 

(ICP-MS) are known as a sensitive and selective analysis method. However, these 

methods sometimes need the complicated pretreatment of the sample and the 

equipments are very expensive. The fluorescence detection method using a squaraine 

or a fluoroionophore as a fluorescent probe is one of the detection methods not based 

on the instrumental analysis [41]. Furthermore, an electrochemical method for Cs
+
 

using calixarene has been reported [42]. According to this report, the concentration of 

Cs
+
 affects largely the impedance at low frequencies, and the linearity was found by 

plotting the impedance change at a single layer electrode against the concentration of 

Cs
+
 in solution. Moreover, the electrochemical detection methods using nickel 

hexacyanoferrate have also been reported [43]. In this report, the peak potential of 

hexacyanoferrate redox couple was shifted in the presence of Cs
+
 when the potential 

was swept using the electrode modified with the nickel hexacyanoferrate, and the 

linearity was obtained from the plot of the half wave potential against the logarithm of 

the Cs
+
 concentration.  

 

 The purpose of this research is to develop an adsorbent on the basis of 

electrochemical synthesis of PB on carbon fiber (CF) to remove Cs
+
 from aqueous 

environment. PB was immobilized on CF electrochemically in a short time, and the 

adsorption behavior for Cs
+
 was investigated. In addition, a simple detection method 

for Cs
+
 was developed by the adsorption ability of PB for Cs

+
. This thesis consists of 
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five chapters including a general introduction of this chapter.  

In chapter 2, the modification conditions were examined for PB immobilized 

on CF electrochemically. The modification of PB from potassium ferricyanide and 

trivalent iron ion was carried out by controlling the applied potential and time. The 

coloration of the solution and the weight change of CF were observed. The mixed 

solution of Fe
3+

 and [Fe(CN)6]
3-

 was used for the formation of PB layer on CF 

electrochemically. And then the adsorption behavior of the PB immobilized CF 

(PB-CF) for Cs
+
 in water was investigated.  

 In chapter 3, Cs
+
 adsorption behavior on PB-CF prepared in Chapter 2 was 

examined in detail. The adsorption performance of PB-CF was estimated by using the 

pseudo first order and pseudo second order kinetic equation. In order to improve the 

durability of PB-CF, a polyaniline film was synthesized on the surface of PB-CF by the 

electrochemical polymerization. The stability of the PB-CF coated with polyaniline 

was estimated in the presence of oxalic acid. 

 In Chapter 4, a simple Cs
+
 detection method was developed on the basis of the 

findings of the study on removal of Cs
+
 by using PB. In the experiments of Chapter 2 

and 3, the stability of PB in the basic solution was different in the presence and 

absence of Cs
+
. In the presence of Cs

+
, the decomposition of PB and the color change 

were suppressed depending on the concentration of Cs
+
. Therefore, by the observation 

of the color changes of PB in the presence of Cs
+
 in detail, a simple detection method 

of Cs
+
 was developed. 

 In Chapter 5, the contents of each chapter are summarized and the usability of 



13 

 

PB modified CF as an adsorbent for Cs
+
 and a simple detection method of Cs

+
 using 

colloidal PB solution is discussed as a general conclusion. 
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Chapter 2 

Electrochemical Synthesis and Immobilization of a Beadwork-Like 

Prussian Blue on Carbon Fiber and the Removal of Cesium 
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2.1. Introduction 

 In order to prepare PB immobilized adsorbent, the electrochemical method has 

some advantages; for example, the PB modification can be controlled by the potential 

without adding any specific chemicals.  

In this chapter, electrochemical immobilization of PB on a sheet of CF was 

investigated for the removal of Cs
+
 in aqueous environments. Some papers have 

reported the electrochemical modification of PB on Pt, carbon, SnO2, and indium tin 

oxide electrodes [1-3]. PB could be electrochemically modified on carbon materials, 

such as a grassy carbon and one strand of carbon fiber (CF) [4-7]. However, these 

studies focused on the development of biosensors. Therefore, the surface area of the 

electrode was very small and the amount of PB modified on the electrode was not 

enough to remove Cs
+
 in aquatic environments. CF has a large surface area, 

conductivity, and chemical stability. From these properties, CF cloth is suited for the 

electrode material to remove of pollutants [8-10]. The immobilized amounts of PB can 

be significantly increased using a sheet of CF cloth as a modification substance for PB. 

The chemical properties and stabilities of PB-modified carbon fiber sheets (PB-CF) 

were investigated by controlling the modification potentials  and scanning potential in 

aqueous solution of several pH values. The removal of Cs
+
 in water was also 

investigated using the electrochemically prepared PB-CF. 
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2.2. Materials and methods 

2.2.1. Materials 

Iron(III) chloride hexahydrate and potassium hexacyanoferrate(III) were used 

for the preparation of PB-CF and were purchased from Wako Pure Chemical Industries, 

Ltd. (Osaka, Japan). Sodium dihydrogen phosphate was purchased from Wako Pure 

Chemical Industries, Ltd., and disodium hydrogen phosphate dodecahydrate and 

ethanol were purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan). The alkali 

metal salts used for the adsorption experiment, a cesium standard solution (1000 mg/L) 

and cesium chloride were purchased from Junsei Chemical Co., Ltd. Hydrochloric acid 

and sodium hydroxide for pH adjustment were purchased from Kanto Chemical Co., 

Inc. (Tokyo, Japan) and Junsei Chemical Co., Ltd., respectively. Potassium chloride for 

Cs analysis by atomic absorption spectroscopy (AAS) was purchased from Junsei 

Chemical Co., Ltd. Oxalic acid was purchased from Wako Pure Chemical Industries, 

Ltd. All reagents were of analytical grade and used without any prior treatment. Ion 

exchange water was prepared by water purifying apparatus (Autostill WA73, Yamato 

scientific Co., Ltd. Japan ) and ultra-pure water for pretreatment of CF was prepared 

by Milli-Q Advantage A10 (Millipore, USA). 

 

2.2.2. Modification of Prussian blue on carbon fiber 

 The modification of CF with PB was performed using an electrochemical 

redox reaction in a three-electrode system. A potentiostat-galvanostat HA-301 (Hokuto 

Denko Ltd., Japan) was used to apply a constant potential. A CF (0.5-mm diameter; 
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Hokuto Denko Ltd. Tokyo, Japan) were used as the working electrode. A platinum wire 

and Ag/AgCl/Saturated KCl (International Chemistry Co., Ltd., Japan) were used as a 

counter and a reference electrodes, respectively. Before use, the CF was dipped in 

ethanol and then sonicated in ultra-pure water for 15 min; the ultra-pure water was 

changed every 5 min during the sonication. 

 The pretreatment of CF and electrochemical modification of PB were 

performed according to the procedure shown by Ricci et al. [11] and Karyakin et al. 

[12]. For the electrochemical pretreatment of the CF, a constant potential of 1.7 V vs. 

Ag/AgCl was applied for 3 min in 0.1 M KCl and 0.1 M phosphate buffer (pH 6.8). 

After the pretreatment, a constant potential vs Ag/AgCl was applied in the mixed 

solution of 2 mM K3[Fe(CN)6], 2 mM FeCl3, 0.1 M KCl, and 3 mM HCl. Then, the 

potential scan between -0.05 V and 0.35 V with a sweep rate of 50 mV/s was repeated 

for 10 cycles in a solution of 0.1 M KCl, and 3 mM HCl, and the PB-CF was washed 

with ultra-pure water. The prepared PB-CF was dried at 80 °C for 30 min and stored in 

the dark at room temperature. The chemical modification of PB on CF was performed 

according to the report by Sun et al. [13]. First, a CF sheet (1 cm × 5 cm) was 

immersed in ethanol overnight. After that, the CF was placed in a solution of 50 mM 

K3[Fe(CN)6] containing ethanol. Then, the CF was transferred into a 50 mM FeCl2 

solution containing 2.3 M ethanol. After modification, PB-CF was dried at 80 °C in air.  

 

2.2.3. Effect of the modification potential 

 In order to examine the stable immobilization conditions of PB, a constant 
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potential between -0.2 V and 0.8 V was applied for 10 min in the mixed solution of 2 

mM K3[Fe(CN)6], 2 mM FeCl3, 0.1 M KCl, and 3 mM HCl. Then, the solution after 

applying the potential was used to measure the absorbance at 710 nm, which is 

proportional to the amount of PB produced in the solution. The solution after applying 

the potential was filtered and measured the absorbance at 420 nm, which is 

proportional to the amount of FeCl3 and K3[Fe(CN)6]. Ultraviolet-visible 

spectrophotometry was carried out by UV-Vis spectrophotometer (V-550 and V-650DS, 

JASCO, Japan). The absorbance at 710 nm of solution and absorbance ratio at 420 nm 

of filtered solution was plotted against the potential. 

 

2.2.4. Amount of PB on the CF 

The amount of modified PB on the CF was estimated by measuring the weight 

of PB-CF before and after elution of PB from CF. The elution of PB was carried out by 

immersing a 1 cm
 
× 1 cm piece of PB-CF in a 0.1 M oxalic acid solution and slowly 

stirring; then, the piece of CF was washed with deionized water and dried at 80 °C 

overnight. The weight measurement was performed after cooling to the room 

temperature.  

 

2.2.5. Characterization of PB-CF 

 The characterization of PB-CF was carried out by cyclic voltammetry (CV), 

scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS). 

A CV-50W voltammetric analyzer (BAS, USA) was used for CV analysis. The 
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morphological structure of the modified CF with PB using SEM and EDS were 

observed by a low vacuum-SEM (JSM-6360LA, JEOL, Japan).  

 

2.2.6. Influence of pH on the stability of PB-CF 

A 2-cm long thread of PB-CF as a working electrode was immersed in 15 mL 

of 0.1 M KCl; the solution pH was adjusted from 1 to 11, and the CVs were measured 

after a constant interval using the thread. The stability of PB on the CF surface was 

estimated by measuring the decrement of the oxidation peak current and the 

observation of the surface of the PB-CF. 

 

2.2.7. Adsorption of cesium on PB-CF 

Adsorption experiments were performed using the batch method with 10 mL of 

a 5 ppm Cs
+
 solution (prepared by CsCl solution); the pH and concentration of the 

solution were adjusted to obtain adequate conditions for Cs
+
 removal. An 

electrochemically prepared PB-CF sheet (1 cm × 1 cm) was immersed in the Cs
+
 

solution for a constant time at room temperature. Then, the PB-CF was removed from 

the solution. The remaining Cs
+
 in the solution was measured by AAS (A-2000 

HITACHI, Japan) at 852.11 nm with air-acetylene gas. Distribution coefficients (Kd, 

mL/g) of Cs
+
 were measured in batch tests with 5-100 ppm Cs

+
 concentrations. A 1 cm 

× 1 cm PB-CF sheet prepared by applying 0.35 V for 10 min was immersed in the 10 

mL of the Cs
+
 solution, and slowly shaken for 72 h at room temperature. 
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2.3. Results and discussion 

2.3.1. Modification of Prussian blue on carbon materials  

2.3.1.1. Modification potential 

 The simplest method to modify PB on a piece of CF sheet was chemical 

modification by immersing it in a solution containing the ingredients of PB [13,14]. 

However, the modification of PB on CF by this method required a lot of time to 

immerse in the solution or to repeat the cycle of dipping to immobilize sufficient PB 

on the CF surface. On the other hand, the electrochemical modification is an excellent 

method to obtain stable PB on CF in a short time. The process of electrochemical 

modification of PB on CF in a FeCl3 and K3[Fe(CN)6] mixed solution is shown in 

Scheme 1. It is based on the reactions of [Fe(CN)6]
3-

 with Fe
2+

 produced by the 

reduction of Fe
3+

 on the electrode. That is, Fe
3+

 in the solution is firstly reduced to Fe
2+

 

by applying a reductive potential at the CF electrode. Fe
2+

 produced at the electrode 

reacts there with [Fe(CN)6]
3-

 provided from the solution to generate PB crystals on the 

electrode. The stable modification of PB on the surface of CF might be achieved by 

controlling the Fe
2+

 generation rate, which depends on the applied potential. CVs of 

FeCl3 and K3[Fe(CN)6] in the mixed solution of 0.1 M KCl and 3 mM HCl by a CF 

electrode are shown in Fig. 1. A redox couple of [Fe(CN)6]
4-/3-

 appeared near 0.3 V as a 

sharp peaks. A redox couple of Fe
2+/3+

 were broad, and the oxidative peak was about 

0.7 V and the reductive peak was about 0.3 V. The effective potential range for the 

deposition of PB at the electrode should be limited to be more negative than the 

reduction potential of Fe
3+

 to Fe
2+

 and to be more positive than the reduction potential 
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of [Fe(CN)6]
3-

. At a more negative potential than 0.3 V, [Fe(CN)6]
3-

 is reduced to 

[Fe(CN)6]
4-

 even though Fe
3+

 is more rapidly reduced to Fe
2+

. Therefore, the formation 

of PB should mainly occur in the bulk solution. This was confirmed by the color 

change in the solution (Fig. 2). Figure 2 shows the absorbance of the solution at 710 

nm and absorption ratio at 420 nm after potentials applying plotted as a function of the 

applied potential at the CF electrod. The absorbance at 710 nm is derived from the 

charge transition between [Fe
II
(CN)6]

4- 
and Fe

III 
in PB [15]. Therefore, the increased 

absorbance at 710 nm indicates the formation of PB in the solution. According to the 

photograph in Fig. 2, the solution color only minimally changed at a more positive 

potential than 0.3 V. In addition, the degradation ratio evaluated by using the 

absorbance at 420 nm was almost the same at the potentials of 0.3 V and 0.35 V. 

However, a remarkable increase in the absorbance at 710 nm was observed between 0.2 

V and 0.35 V, where the reduction of [Fe(CN)6]
3-

 occurred. The potential range 

between 0.35 V and 0.5 V was adequate to selectively immobilize PB on CF electrode. 

This potential is located between the reduction peaks of [Fe(CN)6]
3-

 and Fe
3+

. In this 

potential range, Fe
3+

 was gently reduced to Fe
2+

 and reacted with [Fe(CN)6]
3-

 at the CF 

electrode surface to form stable PB crystals on the CF.  
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Scheme 1. Electrochemical reaction of Fe
2+

 with Fe(CN)6
3-

 and preparation of PB. 

 

 

Fig. 1. Cyclic voltammograms (CV) of CF in 2 mM FeCl3 or K3[Fe(CN)6] containing 0.1 M 

KCl and 3 mM HCl. Sweep rate: 50 mV/s. 
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Fig. 2. Absorbance at 710 nm (closed square) and absorption ratio at 420 nm (open diamond) 

for several modification potentials. 

 

2.3.1.2. Amount of modified PB 

 The amounts of electrochemically modified PB on CF were estimated by 

measuring the weight of PB-CF before and after the elution of PB from CF. PB on CF 

should be dissolved completely in 0.1 M oxalic acid by repeating the immersion until 

the eluting solution became clear. Table 1 shows the amounts of PB on CF under 

several modification conditions. PB was not deposited significantly on the CF by just 

immersing in the mixed solution of FeCl3 and K3[Fe(CN)6] without an applied 

potential. Although the immobilization of PB on CF was observed at potentials of -0.2 
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V and 0.2 V, PB was also generated in the bulk solution under the conditions in which 

the reduction of [Fe(CN)6]
3-

 occurred. The amount of PB on CF was obviously 

increased at 0.35 V and 0.5 V. At these potentials, the reduction of Fe
3+

 to Fe
2+

 was 

significantly proceeded to immobilize PB on CF within a short time. When the 

potential of 0.35 V was applied, the amount of PB modified on the CF surface was 

twice greater than that prepared at 0.6 V.  

 

2.3.2. Characterization of PB-CF 

2.3.2.1. Cyclic voltammograms of PB-CF 

The CV of a thread of PB-CF is shown in Fig. 3. When the thread of PB-CF 

was used as a working electrode in the KCl solution, two pairs of redox peaks were 

observed around 0.2 V and 1.0 V. According to the paper by Itaya et al., there are two 

redox reactions of PB; from PB to Berlin green (BG) and from PB to Prussian white 

(PW). These redox reactions of PB↔PW and PB↔BG correspond to the peaks around 

0.2 V and 1.0 V, respectively [1,16]. The two pairs of redox peaks gradually 

disappeared after adsorption of Cs
+
 (Fig. 3B), which is similar to previous observations 

[3,17].  
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Table 1. Amount of PB on the surface of CF at several modification times (n=5).  

Potential/V 
Modification  

time/min 
Weight of PB/mg g

-1
 

Standard  

deviation 

-0.2 30 37.4 8.6 

    

0.2 10 34.0 17.8 

 
20 36.8 14.4 

 
30 43.6 13.6 

    

0.35 1 13.1 9.4 

 
3 23.1 12.6 

 
5 32.2 5.8 

 
10 72.6 25.6 

 
20 64.1 32.7 

 
30 107.0 13.0 

    

0.5 5 28.5 10.8 

 
10 55.8 8.7 

 
20 58.8 12.4 

 
30 67.0 15.1 

    

0.6 10 32.0 7.7 

 
20 32.7 6.8 

 
30 55.9 4.0 

  
Immersion  

time/min 
Weight of PB/mg g

-1
 

Standard 

deviation 

without 

potential 
30 1.1 2.6 
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Fig. 3. Cyclic voltammograms of PB-CF (A) in 0.1 M KCl and (B) in 0.1 M CsCl (bold line is 

first, dotted line is last cycle). Sweep rate: 100 mV/s. 

 

2.3.2.2. SEM and EDS mapping images of PB-CF 

The SEM images of bare CF and PB-CF clothes before and after modification 

at 0.35 V for 10 min are shown in Fig. 4. The surface of the plain CF (A1, A2) is 

A 

B 
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smooth and any crystals of PB could not be observed. However, many ring-like 

crystals of PB were observed on the PB-CF (B1, B2). The thickness of the rings was 

between 1.5 μm and 2 μm. The PB crystals appear as beadwork because of the 

formation of many cracks on the PB-CF surface, which were caused by the drying 

treatment of PB-CF or the mechanical weathering. The EDS mapping images of PB-CF 

prepared at 0.35 V for 10 min (Fig. 5) confirm that Fe was present only on the ring-like 

structure of PB-CF (Fig. 5 D). 

 The SEM images of PB on CF prepared under several modification potentials 

are shown in Fig. 6. When the potential was set at 0.2 V, the PB rings on some parts of 

CF had a significant thickness of about 5 μm. The thickness become more than twice at 

0.35 V. However, the uniformity of the modification was low and many regions of CF 

were unmodified. When applying 0.5 V or 0.6 V, PB on CF showed an island-type 

structure, and the uniformity of the modification was higher than at other potentials. 

Meanwhile, the thickness of PB was less than 1 μm. The ring-like structure of PB was 

observed only when the modification was carried out at the potential of 0.2 V and 0.35 

V. An applied potential of 0.35 V for 1 min produced an island structure similar to that 

for PB modified at 0.5 V or 0.6 V for 10 min (Fig. 7). When the modification time was 

3 min at 0.35 V, the thickness of the PB layer on the surface of CF increased, and the 

ring-like structure was gradually formed. An applied potential of approximately 0.35 V 

was required to efficiently immobilize a sufficient amount of PB on CF. 
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Fig. 4. SEM images of (A1, A2) CF and (B1, B2) PB-CF modified at 0.35 V for 10 min. 

 

Fig. 5. EDS mapping images of CF and PB-CF surface. (A) C on CF, (B) Fe on CF, (C) C on 

PB-CF, and (D) Fe on PB-CF. 
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Fig. 6. SEM images of the PB-CF surface modified at different potentials for 10 min. 

 

Fig. 7. SEM images of the PB-CF surface modified at 0.35 V for several minutes. 
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2.3.3. Chemical and physical stability of PB-CF 

 The observation of PB-CF by SEM showed that the morphology of PB on CF 

depended on both the applied potential and time. When 0.2 V was selected as the 

applied potential, a large amount of PB was modified on CF within a short time. 

However, the modified PB was unstable and could be easily detached from CF. The 

stability of PB on CF improved, and the amount of PB remarkably increased at an 

applied potential of 0.35 V. When the applied potential was increased to 0.5 V, the 

homogeneity of the modified PB became higher and more stable. The modification of 

PB by dipping was partially limited on the CF, and the PB layer was not stable (Fig. 8). 

There was a large difference in the physical stability of immobilization of PB on CF 

between the electrochemical and chemical modification in a short time. 

 

 

Fig.8. SEM images of the PB-CF surface modified by dipping in K3[Fe(CN)6] and FeCl2 for 

10 min. 

 

The effect of pH on the stability of PB-CF was investigated using CV. After 

immersing a thread of the modified PB-CF in the solution (pH 1-11, adjusted by HCl 
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and NaOH), the PB-CF thread was used as a working electrode, and the CVs were 

measured in 0.1 M KCl. The stability of PB on CF was estimated from the changes in 

the oxidation peak current of the oxidation process of PW to PB. The oxidation peak 

current decreased with increasing pH (Fig. 9). In particular, after immersing in the 

solution at pH 11 for 30 min, the oxidation peak current decreased to less than 10% of 

the initial value. PB on CF was comparatively stable at a low pH. Meanwhile, a 

previous study reported that PB was unstable above pH 7 [18,19]. This instability is 

due to the reaction between the hydroxyl ions in the solution and the ferric ions from 

the PB structure. In higher pH solutions, ferric hydroxide was produced from the ferric 

ions and hydroxyl ions on the surface of PB; consequently, the Fe-CN-Fe bonds in the 

PB lattice were broken [20,21]. 

Fig. 9. Changes in the oxidation peak current of the PB-CF at different pH values. 
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2.3.4. Adsorption of Cs
+
 on PB-CF 

 The adsorption behavior of Cs
+
 on PB-CF was investigated using PB-CF 

prepared at a modification potential at 0.35 V for several modification time from 1 min 

to 30 min. The adsorption ability for Cs
+
 of CF without PB was very low. By using 

PB-CF, the adsorption ratio of Cs
+
 increased with respect to the contact time and 

reached equilibrium after 48 h. PB has a specific adsorption ability for Cs
+
. The 

monovalent cations can be adsorbed in the crystal lattice of PB by electrostatic 

interactions, and this process is related to the Stokes radii of the hydrated ions. The 

hydrated radii of K
+
, NH4

+
, Rb

+
, and Cs

+
 are 1.25, 1.25, 1.18 and 1.19 Å, respectively 

[22]; the channel diameter of PB is about 3.2 Å [23]. Therefore, these cations can 

absorb into the PB lattice. In contrast, Li
+
 and Na

+
 have hydrated radii of 2.37 and 1.83 

Å, respectively, and they cannot be captured through the PB lattice [16,23]. The 

adsorption amount of Cs
+
 into PB-CF became constant after 10 min of PB-CF 

modification at 0.35 V (Fig. 10). The amount of PB prepared by the 30-min 

modification was about 1.7 times greater than that prepared by the 10-min 

modification. SEM images (Fig. 7) also show that the thickness of the PB layer 

increased with respect to the modification time. Although the amount of PB on CF 

increased, the adsorption amount of Cs
+
 did not increase with respect to increasing 

modification time. The author presume that Cs
+
 adsorbed mainly on the outer parts of 

the PB lattice, and Cs
+
 adsorption on the inner part of PB was limited. Studies by Chen 

et al. using copper hexacyanoferrates modified on an Au electrode showed that the 

removal efficiency of Cs
+
 did not increase above a certain film thickness [24]. Similar 
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results were obtained in this study. 

 

 

Fig. 10. Adsorption ratios of Cs
+
 by PB-CF modified at 0.35 V at different modification times. 

 

 

2.3.5. Influence of pH on adsorption 

The influence of pH on Cs
+
 adsorption using three types of PB-CF was 

investigated, and the results are shown in Fig. 11. Under these conditions, Cs is present 

as a monovalent ion at all pH values [25,26]. The adsorption ratio at pH 1 for 48 h was 

about 60%, and the adsorption ratio at pH 5.6 for 48 h was more than 90% using 

PB-CF modified by a potential of 0.35 V. At pH 11, the adsorption of Cs
+
 on PB-CF 
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was approximately 80%. In contrast, the Cs
+
 adsorption ratios after 48 h using PB-CF 

prepared by potentials of 0.5 V and 0.6 V were about 40% at pH 1 and about 70% at 

pH 5.6, respectively. These values were lower than that for PB-CF prepared at 0.35 V. 

The adsorption ratio at pH 1 was lower than that at pH 5.6 because of the competition 

of Cs
+
 with H

+
 at a low pH [13]. In spite of the instability of PB-CF at a high pH, 

which was presumed by the degradation of the oxidation peak current, a higher 

adsorption ratio was obtained at pH 11 than in acidic conditions when PB-CF was 

modified at 0.35 V and 0.5 V. In general, PB was unstable under basic conditions. The 

changes in the oxidation current show the possibility that the reaction between 

hydroxyl ions and ferric ions occurred at pH 11. However, the pH change by the 

reaction was not large (11 to 10.4 after 24 h). Therefore, the effect of OH
-
 on PB-CF 

was limited to the partial formation of Fe(OH)3 on the surface of PB, which did not 

interfere with the adsorption reaction of Cs
+
 into the internal lattice of PB. Fig. 12 

shows the surface of PB-CF and the EDS mapping images after the adsorption 

experiment at pH 11 for 48 h. Fig. 12 B and C indicates that Cs
+
 exists at the position 

of PB crystals on CF. As a result, it was confirmed that Cs
+
 adsorbed inside the lattice 

structure of PB under the condition of pH 11.  
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Fig. 11. Adsorption of Cs
+
 using PB-CF (modification potential: 0.35 V, 0.5 V, and 0.6 V, 

modification time: 10 min) in CsCl solutions. 

  



41 

 

 

 

 

 

 

Fig. 12. EDS mapping images of PB-CF surface after 48 h of Cs
+
 adsorption in the solution of 

pH 11. (A) SEM image of PB-CF, (B) Cs on PB-CF, (C) C on PB-CF, and (D) Fe on PB-CF. 

 

A B 

C D 
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2.3.6. Comparison with other PB based adsorbents 

The adsorption performance of PB-CF was evaluated from the distribution 

coefficient (Kd, mL/g) for Cs
+
 adsorption. Kd is used as an indicator for the adsorption 

ability of the adsorbent, and is calculated as:  

 

𝐾d =
(𝐶0 − 𝐶f)

𝐶f
 ×  

𝑉

𝑀
 

 

where C0 and Cf are the initial and final concentrations of Cs
+
, respectively, after 

adsorption, V is the volume of the solution (L), and M is the mass of the adsorbent (g). 

The relationship between the Cs
+
 concentration and Kd in the case of PB-CF is shown 

in Fig. 13. In the concentration of Cs
+
 at 5 ppm, the Kd was 22,100 mL/g. This value is 

lower than that of the other adsorbents using PB: 38,000 mL/g (PB modified magnetic 

nanoparticles) [27], 8.7 × 10
5
 mL/g (PB modified indium tin oxide) [3], and 73,000 

mL/g (insoluble PB) [28]. In addition, the maximum amount of adsorption of PB-CF 

prepared by applying 0.35 V for 10 min was 6.8 mg/g. This is one-tenth of that for the 

PB powder [29]. This result is due to the different surface areas of PB and low mass 

ratio of PB versus CF. However, the Kd of PB-CF was much higher than 5,000 mL/g, 

which is considered to be a good ability as adsorbents [28,30]. Thus, PB-CF can be 

used as a sufficient adsorbent for Cs
+
.  
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Fig. 13. Distribution coefficient (Kd) of PB-CF for Cs
+
 in various initial concentrations (5-100 

ppm).  
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2.4. Conclusions 

 The modification of PB crystals on carbon materials was demonstrated using 

an electrochemical method in a mixed solution of [Fe(CN)6]
3-

 and Fe
3+

. The shape and 

amount of modified PB could be controlled by the applied potential and modification 

time. PB was stably immobilized onto CF in the range of 0.35 V to 0.5 V. The SEM 

images showed the beadwork pattern of PB rings on the CF surface. The beadwork 

structure of PB was formed on the CF by applying potentials of 0.2 V or 0.35 V for 10 

min. In contrast, PB was deposited as a thin layer with an island structure using 

potentials of 0.5 V or 0.6 V for 10 min. Adsorption of Cs
+
 on PB-CF was achieved, 

even under basic conditions. Electrochemically modified PB-CF can be applied for Cs
+
 

removal, and it is useful as an adsorbent over a wide range of pH values, including 

basic conditions. 
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Chapter 3 

Application of Electrochemical Immobilized Prussian Blue  

on Carbon Fiber for Removal of Cesium 
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3.1. Introduction 

 In chapter 2, PB-modified CF (PB-CF) showed a high adsorption ability for 

Cs
+
 in wide pH ranges. On the other hand, PB-CF has a low tolerance against attacks 

by some chemicals. Therefore, for the actual use of PB-CF, the protection of the 

surface of PB-CF should be considered. PB/polymer composites and polymer-covered 

PB-modified electrodes have been often reported [1–3]. However, these studies were 

performed for the development of electrochromical or sensor materials, and there are 

few studies on protecting of the surface of the adsorbent.  

In this chapter, we evaluated the adsorption ability and stability of PB-CF, 

which was prepared by electrochemically modifying CF. The adsorption behavior of 

Cs
+
 at PB-CF was compared using the isotherm curves of adsorption and a kinetic 

analysis. Furthermore, in order to protect the PB surface and to improve the stability in 

solution, PB-CF coated with polyaniline was prepared by electrochemical 

polymerization. Then the adsorption ability for Cs
+
 and stability of PB-CF covered 

with polyaniline were investigated.  
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3.2. Materials and methods 

3.2.1. Materials 

Iron(III) chloride hexahydrate and potassium hexacyanoferrate(III) used for 

the preparation of PB-CF were purchased from Wako Pure Chemical Industries, Ltd. 

(Osaka, Japan). Sodium dihydrogen phosphate and disodium hydrogen phosphate 

dodecahydrate used to prepare buffer solutions were purchased from Wako Pure 

Chemical Industries, Ltd., and Junsei Chemical Co., Ltd. (Tokyo, Japan), respectively. 

Ethanol for the hydrophilization of CF was purchased from Junsei Chemical Co., Ltd. 

For the alkali metal salts used in the adsorption experiment, a cesium standard solution 

(1000 mg/L) was purchased from Junsei Chemical Co., Ltd. Sodium chloride and 

ammonium chloride were purchased from Wako Pure Chemical Industries, Ltd. 

Hydrochloric acid and sodium hydroxide for pH adjustment were purchased from 

Kanto Chemical Co., Inc. (Tokyo, Japan) and Junsei Chemical Co., Ltd., respectively. 

Potassium chloride used for an electrolyte, adsorption experiments, and Cs
+
 analysis 

by atomic adsorption spectroscopy (AAS) was purchased from Junsei Chemical Co., 

Ltd. Aniline and Nafion
®

 perfluorinated resin solution used for polymer coating were 

purchased from Wako Pure Chemical Industries, Ltd. , and Sigma-Aldrich Co., LLC. 

(USA), respectively. Oxalic acid was purchased from Wako Pure Chemical Industries, 

Ltd. The 28% ammonia solution and ethylenediamine-N,N,N’,N’-tetraacetic acid for 

the preparation of the solution after adsorption of Cs
+
 in oxalic acid solution were 

purchased from Junsei Chemical Co., Ltd., and Dojindo Molecular Technologies, Inc. 

(Kumamoto, Japan), respectively. Iron(II) sulfate heptahydrate and Sulfuric acid 95% 
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used for the detection of ferrocyanide were purchased from Wako Pure Chemical 

Industries, Ltd. All reagents were of analytical grade and were used without any prior 

treatment.  

 

3.2.2. Electrochemical modification of Prussian blue 

 PB immobilized CF (PB-CF) were prepared by the methods described in 

Chapter 2.2.2. 

 

3.2.3. Preparation of polymer-coated PB-CF 

 Polyaniline-coated PB-CF (PAn-PB-CF) was prepared by repeating the cycle 

scans between -0.2 V and 1.0 V at a scan rate of 100 mV/s for 20 times in 10 mM 

aniline, 0.1 M KCl and, 6 mM HCl by using the PB-CF as a working electrode. In this 

process, aniline was polymerized on the PB-CF surface. Nafion
®

-coated PB-CF 

(Naf-PB-CF) was prepared by immersing PB-CF in 5 wt% Nafion
®

 dispersed solution, 

and then dried in air. These prepared polymer-coated PB-CFs were stored in the dark at 

room temperature. 

 

3.2.4. Characterization of PB-CF and PAn-PB-CF 

 The characterization of PB-CF and PAn-PB-CF was carried out by cyclic 

voltammetry (CV), scanning electron microscopy (SEM), and X-ray photoelectron 

spectroscopy (XPS). The morphological structure of the PB-CF was observed by a low 

vacuum-SEM (JSM-6360LA, JEOL, Japan). A fully automatic X-Ray photoelectron 
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spectroscopy XPS-7000 (Rigaku Denki, Japan) was used for XPS analysis. 

 

3.2.5. Adsorption study 

All adsorption experiments were performed using the batch method. one cm × 

one cm PB-CF sheet was immersed in 10 mL of Cs
+
 solution and slowly shaken for a 

constant time at room temperature. After adsorption, the PB-CF was removed from the 

solution, and Cs
+
 remaining in the solution was measured by AAS (A-2000 Hitachi, 

Japan) at 852.11 nm with air-acetylene gas. In order to prevent the ionization of Cs, 

1000 ppm of K
+
 was added to the sample solutions before the measurement. Kinetic 

studies were performed by using PB-CF prepared at the potentials of 0.35, 0.5, and 0.6 

V. These adsorbents were immersed in 10, 20, and 30 ppm of Cs
+
 solution without any 

pH adjustment and shaken for 1–48 h. Equilibrium adsorption experiments were 

carried out using the PB-CF prepared at the potential of 0.35 V. The initial 

concentrations of Cs
+
 solution ranged from 5 ppm to 100 ppm, and the shaking time 

was 72 h at room temperature. The amount of adsorbed Cs
+
 was calculated by Eq. (1). 

 

 𝑄 =
(𝐶0 − 𝐶e)𝑉

𝑊
 (1) 

 

where Q is the amount of adsorbed Cs
+
 (mg g

-1
); C0 and Ce are the initial and 

equilibrium concentrations of Cs
+
 in the solution (mg L

-1
), respectively; V is the 

volume of Cs
+
 solution (L); and W is the weight of the PB-CF (g). The equilibrium 

times were 48 h for PB-CF prepared at 0.5 V and 0.6 V, 72 h for PB-CF prepared at 
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0.35 V, respectively. The effect of coexisting cations on Cs
+
 adsorption was also 

investigated. An adsorption test in the presence of coexisting cations was carried out 

using 5 ppm of Cs
+
 solution containing 50, 500, and 5000 ppm of Na

+
, K

+
, and NH4

+
, 

respectively, for 24 h. 

 

3.2.6. Adsorption behavior of PAn-PB-CF in the presence of oxalic acid 

An adsorption experiment in the presence of oxalic acid was also carried out. 

PAn-PB-CF was immersed in Cs
+
 solution during a constant time at room temperature. 

After that, the PAn-PB-CF was taken away from the solution, and 2 mM of 

ethylenediamine-N,N,N’,N’-tetraacetic acid solution (adjusted to pH 11.4 with NH4OH 

solution) was added and PB particle detached from PAn-PB-CF was decomposed. The 

remaining amount of Cs
+
 in the solution was measured by AAS. 

 

3.2.7. Suppression of elution of ferrocyanide ion using PAn-PB-CF 

 An eluted ferrocyanide ion by decomposition of PB was measured by the 

official method. Iron sulfate(II) (0.2 M, containing about 1% sulfuric acid) was added 

to a solution after the Cs
+
 adsorption experiment, followed by the reaction of Fe

2+
 with 

free ferrocyanide ion in the solution. After that, the absorbance after 30 minutes was 

measured at the wavelength of 720 nm. 
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3.3. Results and discussion 

3.3.1. Adsorption study using PB-CF 

3.3.1.1. Adsorption behavior of Cs
+
 and kinetic study 

 In Chapter 2, the electrochemical immobilization of PB on CF was carried out 

at several modification potentials, and the adsorption property of PB-CF for Cs
+
 was 

investigated. In this Chapter, PB-CFs prepared by applying the potentials of 0.35, 0.5, 

and 0.6 V for 10 min were used to investigate the adsorption behavior of Cs
+
 in more 

detail. SEM images of the PB-CF are shown in Fig. 1. As shown in Chapter 2, the 

surface of the CF without modification was smooth but the layer of PB on CF was 

observed after modification by applying a constant potential. The thickness of the PB 

layer and the morphology were remarkably different between 0.35 V and 0.5, 0.6 V of 

the modification potential. The differences affected the adsorption ability of Cs
+
 and 

the stability of PB-CF. When one cm × one cm PB-CF sheet was immersed in 10 mL of 

the 5-ppm Cs
+ 

solution and shaken at room temperature, the adsorption efficiency of 

Cs
+
 on PB-CF from water at three different pHs are listed in Table 1. At pH 5.6, the 

removal of more than 70% of Cs
+
 was achieved by the PB-CFs modified by every 

potential. The high adsorption efficiency was achieved by using the PB-CF prepared 

by the potentials of 0.35 V and 0.5 V even at pH 11.  
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Fig. 1. SEM images of CF and PB-CF modified at 0.35, 0.5, and 0.6 V for 10 min. 

 

 

Table 1. Amounts of PB on PB-CF modified by different potentials and Cs
+
 adsorption ratio at 

several pH values. 

Modification  

potential/V 

Weight of  

PB/mg g
-1

 

Cs
+
 adsorption raito  

pH 1 pH 5.6 pH 11 

0.35 72.6 61.0% 88.5% 80.6% 

0.5 55.8 40.0% 79.4% 78.5% 

0.6 32.0 41.6% 70.4% 51.2% 
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A kinetics study was performed in order to analyze the adsorption behavior of 

Cs
+
 on the PB-CF. The adsorption behavior of Cs

+
 was compared in 10, 20, and 30 ppm 

of Cs
+
 solution for 1–48 h. The pseudo-first-order equation of Lagergren is widely 

used, and this equation is given as follows:  

 

 ln(𝑄e − 𝑄𝑡) =  ln𝑄e − k1𝑡 (2) 

 

where Qe and Qt are the amounts of adsorbed Cs
+
 at the equilibrium and t min (mg g

-1
), 

respectively, and k1 is the constant of the pseudo first order (min
-1

) [4,5]. A 

pseudo-second-order model was also applied to analyze the experimental data. This 

model has some advantages in that it can evaluate not only the rate constant but also 

the adsorption capacity of the adsorbents and the initial adsorption rate. It can be 

expressed as follows: 

 

 
𝑡

𝑄t
=

1

k2𝑄e
2

+
1

𝑄e
𝑡 (3) 

 

When t approaches 0, the initial adsorption rate h (mg g
-1

 min) can be expressed as 

 

 ℎ = k2𝑄e
2 (4) 

 

The half time t1/2 can be obtained by substituting half of Qe for Qt, and it is given as 
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 𝑡1/2 =
1

k2𝑄e
 (5) 

 

where Qe and Qt are the amounts of adsorbed Cs
+
 (mg g

-1
) at equilibrium and at t min, 

respectively, and k2 is the constant of the pseudo second order (g mg
-1

 min
-1

) [5,6]. The 

adsorption behavior for Cs
+
 at several initial concentrations fitted well for the 

pseudo-second-order model, as shown in Fig. 2. These results of the adsorption amount 

of Cs
+
 per unit weight (Fig. 2A, B, C) and the adsorption ratio (Fig. 2D) indicated that 

the PB-CF prepared at 0.35 V had the highest adsorption capacity for Cs
+
. For the Cs

+
 

concentration of 10 ppm, more than 90% of Cs
+
 was adsorbed. The adsorption rate 

increased in the order of PB-CFs prepared at 0.35 V, 0.5 V, and 0.6 V. It is suggested 

that the adsorption rate increased depending on the amount of PB layer on CF and the 

immobilization amount of PB. The parameters of the pseudo first order and 

pseudo-second-order are shown in Table 2. The R2 values (the square of the correlation 

coefficient) of the pseudo-second-order model were 0.968–0.998. The R2 values of the 

pseudo first order were exceptionally low compared with those of the 

pseudo-second-order model.  

The half time t1/2 and initial adsorption rate h in 20 and 30 ppm of Cs
+
 

concentration using the PB-CF prepared at 0.35 V were slightly smaller than those of 

the other potentials. On the other hand, the Qe value of PB-CF prepared at 0.35 V was 

higher than those of the others. Similarly, the k2 value of the PB-CF modified at 0.35 V 

showed lower values of 0.82–1.15 × 10
-3

 compared with the other PB-CFs modified at 

0.5 V or 0.6 V. This indicated that the thicker PB layer on CF prepared at 0.35 V has a 
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larger adsorption capacity but a slower adsorption rate for Cs
+
 into the internal layer. 

Meanwhile, for the PB-CFs modified at 0.5 V and 0.6 V, the CF surface is covered with 

a thin layer of PB. Therefore, the adsorption rate is increased but the adsorption 

capacity is smaller compared with that prepared at 0.35 V. In these results, the large 

variations were observed regardless of the initial concentration and modification 

potential. From the above results, the high adsorption capacity of PB-CF prepared at 

0.35 V is suited for the removal of Cs
+
 from water.  
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Fig. 2. Adsorption behaviors for Cs
+
 on PB-CFs at several initial concentrations (diamond: 

PB-CF modified by potential of 0.35 V, square: PB-CF modified by potential of 0.5 V, 

triangle: PB-CF modified by potential of 0.6 V, dashed line: fitting for pseudo second order). 

 

 

 

 

A B 

C D 
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Table 2. Pseudo-first-order and pseudo-second-order kinetics parameters for adsorption of Cs
+
. 

Modification 

potential/V 

Cs
+
/ppm Pseudo first order  Pseudo second order 

  k1/min
-1

 Qe/mg g
-1

 R
2
  k2/g mg

-1 
min

-1
 t1/2/h h/mg g

-1
 min

-1
 Qe/mg g

-1
 R

2
 

0.35 10 2.17 × 10
-3

 4.23 0.8325  1.15 × 10
-3

 3.22 2.33 × 10
-2

 4.51 0.9982 

 20 1.28 × 10
-3

 5.89 0.3674  0.82 × 10
-3

 3.43 2.88 × 10
-2

 5.93 0.9681 

 30 1.48 × 10
-3

 5.50 0.2590  1.11 × 10
-3

 2.73 3.34 × 10
-2

 5.48 0.9788 

0.5 10 2.78 × 10
-3

 4.02 0.8978  0.71 × 10
-3

 4.91 1.62 × 10
-2

 4.78 0.9871 

 20 3.65 × 10
-3

 3.44 0.3667  4.11 × 10
-3

 1.14 5.24 × 10
-2

 3.57 0.9790 

 30 8.31 × 10
-3

 3.87 0.6769  4.15 × 10
-3

 0.99 6.78 × 10
-2

 4.04 0.9953 

0.6 10 3.77 × 10
-3

 2.72 0.4901  1.92 × 10
-3

 2.89 1.73 × 10
-2

 3.01 0.9772 

 20 5.02 × 10
-3

 3.19 0.4114  2.74 × 10
-3

 1.79 3.18 × 10
-2

 3.40 0.9864 

 30 5.82 × 10
-3

 2.75 0.0409  8.48 × 10
-3

 0.70 6.65 × 10
-2

 2.80 0.9896 
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3.3.1.2 Isothermal curves of PB-CF for Cs
+
 

The isothermal curves of PB-CF prepared at 0.35 V were measured. The 

Langmuir isotherm model is calculated as follows: 

 

 𝑄e =
(𝑄m𝐾L𝐶e)

1 + (KL𝐶e)
 (6) 

 

where Qe and Qm are the amount of adsorbed Cs
+
 at the equilibrium and the maximum 

adsorption amount of Cs
+
 (mg g

-1
), respectively; KL is a constant of the Langmuir 

isotherm model and relates to the affinity of the binding sites; and Ce is the equilibrium 

concentration of Cs
+
 after adsorption (mg L

-1
). Two types of linearization patterns 

were used for the experimental data. Type 1 is linearized as 

 

 
𝐶e

𝑄e
=

1

𝑄m
𝐶e +

1

𝐾L𝑄m
 (7) 

 

and type 2 is linearized as: 

 
1

𝑄e
= (

1

𝐾L𝑄m
)

1

𝐶e
+

1

𝑄m
 (8) 

 

 

The Freundlich isotherm model is represented as follows: 

 

 𝑄e =  KF(𝐶e)1 𝑛⁄  (9) 
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where Qe is the amount of adsorbed Cs
+
 at equilibrium (mg g

-1
); KF is the constant of 

the Freundlich isotherm model and relates to the adsorption capacity; Ce is the 

concentration of Cs
+
 in the solution after adsorption (mg L

-1
); and 1/n shows the 

intensity of adsorption. The adsorption isotherm curves of Cs
+
 on PB-CF are shown in 

Fig. 3, and the parameters are listed in Table 3. The result shows that the adsorption by 

PB-CF was fitted for the Langmuir model better than the Freundlich model. The 

Langmuir model corresponds to the monolayer adsorption model. The PB-CF prepared 

at 0.35 V has a thick layer of PB on the fiber. Only the outer layer and internal layer 

close to the surface of PB-CF might be available for the strong adsorption of Cs
+
. The 

maximum adsorption amount of Cs
+
 calculated by the type-1 Langmuir model was 7.44 

mg g
-1

, and that for the type-2 model was 6.52 mg g
-1

. The maximum adsorption 

capacity (Qm) and distribution coefficient (Kd) for Cs
+
 adsorption were compared with 

other reported adsorbents (Table 4). Kd is calculated as 

 

 𝐾d =
(𝐶0 − 𝐶f)

𝐶f
 ×  

𝑉

𝑀
 (10) 

 

where C0 is the initial concentration of Cs
+
 in solution, and Cf is the final concentration 

of Cs
+
 after adsorption (mg L

-1
). V is the volume of the solution (L), and M is the mass 

of the adsorbent (g). In Table 4, the values of Kd and Qm of various types of adsorbent 

modified with many substances are listed. Kd of PB-CF was on the same order of 

magnitude as other PB-modified materials. However, the Qm value of PB-CF was lower 

than that of other PB-based adsorbents. The Qm value of PB powder was 10 times 
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higher than that of PB-CF [7]. This is because of the difference in the surface area. The 

PB-CF prepared electrochemically has a thick layer of PB-CF, and the contact area for 

Cs
+
 is smaller than that for fine particles of PB. 

 

  

Fig. 3. Adsorption isotherms of PB-CF(modification potential: 0.35 V) for adsorption of Cs
+
. 

 

Table 3. Parameters of Langmuir and Freundlich models for adsorption of Cs
+
 into PB-CF. 

Langmuir 1   Langmuir 2   Freundlich 

Q
m

/mg g
-1

 R
2

   Q
m

/mg g
-1

 R
2

   K
F
 n R

2

 

7.44 0.9844   6.52 0.9566   4.37 7.07 0.7495 

Langmuir Type 1 

Langmuir Type 2 

Freundlich 
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Table 4. Comparison of distribution coefficient (Kd) and maximum adsorption capacity (Qm) 

of PB-CF with other reported adsorbents. 

Adsorbent Substances Kd/mL g
-1

 Qm/mg g
-1

 Ref. 

PB powder 
  

53.2 [7] 

PB 
Magnetic 

nanoparticle 
38000 96 [8] 

PB Fe3O4,  1.2 × 10
4
 46.2963 [9] 

PB Fe3O4/GO 5.14 × 10
4
 55.5556 [9] 

PB Fe3O4 
 

16.2 [10] 

Nickel hexacyanoferrate Walnut shell 171.4 4.94 [11] 

sericite 
  

6.68 [12] 

PB Carbon fiber 22100 7.44 This study 

 

 

3.3.2. Effect of coexisting cations 

To remove Cs
+
 by using adsorbents, we have to consider the effect of the 

coexisting cations. In particular, when removing Cs
+
 from wastewater or burned ash, a 

large amount of salt often exists. Therefore, high selectivity in the adsorption of Cs
+
 is 

required. Cations having a small hydrated radii significantly affect Cs
+
 adsorption. 

Therefore, the adsorption behaviors of PB-CF in the presence of Na
+
, K

+
, and NH4

+
 

were investigated (Fig. 4). A total of 50 ppm, 500 ppm, and 5000 ppm of Na
+
, K

+
, and 

NH4
+
 were added to 5 ppm of Cs

+
 solution, and the adsorption ratios were compared. 

The channel radius of PB is about 1.6 Å and the hydrated radii of Na
+
, K

+
, NH4

+
, and 

Cs
+
 are 1.83, 1.25, 1.25, and 1.19 Å, respectively [13–15]. These results in Fig. 4 

indicated that the 5000 ppm of Na
+
 and K

+
 did not affect the Cs

+
 adsorption. In the 

presence of 5000 ppm of NH4
+
, the adsorption ratio was decreased to half the 

adsorption ratio without NH4
+
. While Na

+
 cannot enter into the lattice of PB owing to 
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the large hydrated size, both K
+
 and NH4

+
 are able to enter into the PB lattice. It is 

indicated that the NH4
+
 interfered with the adsorption of Cs

+
 into the PB lattice more 

than K
+
. A total of 500 ppm of NH4

+
, which is significantly higher than the 

concentration of NH4
+
 in wastewater and sea water, did not affect the adsorption of Cs

+
. 

These results indicate that PB-CF can be used for the selective adsorption of Cs
+
 in the 

presence of coexisting cations. 

 On the basis of the result of Cs
+
 adsorption behavior in the presence of 

coexisting ions, the desorption behavior after Cs
+
 adsorption and the regeneration of 

PB-CF were investigated. The detachment of Cs
+
 after adsorption was attempted by 

using NH4
+
, which had the largest effect on the removal of Cs

+
 from PB-CF. The 

results are shown in Fig. 5. By using 0.5 M NH4Cl as the eluent, in all of PB-CF 

prepared at three kinds of potentials, about 40% of desorption ratio for Cs
+
 could be 

achieved in 3 h. These results suggested that ion exchange might happen between Cs
+
 

and NH4
+
. 
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Fig. 4. Cs
+
 adsorption with PB-CF in NaCl, KCl, and NH4Cl solution (dashed line is 

adsorption ratio of Cs
+
 without coexisting cation; ratio was calculated in units of mg/L). 
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Fig. 5. Adsorption and desorption amount of Cs
+
 from PB-CF prepared at several potentials. 

(Adsorption was performed in 10 mL of 10 ppm Cs
+
 solution for 24 h, and desorption was 

performed in 10 mL of 0.5 M NH4Cl solution for 3 h) 
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3.3.3. Characterizations of PB-CF and polyaniline coated PB-CF 

For the elution of Cs
+
 from fly ash and soil, oxalic acid solution was used in 

some cases [16–18]. However, it is known that oxalic acid dissolves PB to form a 

colloidal solution. Therefore, a polyaniline film was coated on the surface of PB-CF by 

using PB-CF as a working electrode in order to improve the stability. Furthermore, the 

effect of coating of the PB-CF electrode with polyaniline on the adsorption of Cs
+
 and 

the durability against oxalic acid was investigated. Cyclic voltammograms were 

recorded using the PB-CF in 10 mM aniline solution. The results are shown in Fig. 6. It 

is known that the aniline was polymerized by the electrochemical oxidation to form a 

polyaniline film on the electrode surface [19]. Cycle scans of the CF electrode without 

PB showed that the oxidation peak near 0.7 V drastically decreased and new redox 

peaks around 0.2 and 0.4 V appeared (Fig. 6A). These peaks were characteristic 

responses in the electropolymerization of aniline [20]. A similar result was obtained in 

cycle scans using PB-CF. The oxidation peak near 0.7 V was decreased, and new peaks 

appeared around 0.4 V (Fig. 6B). This redox peak overlapped the peaks derived from 

the redox reaction of PB. These peaks did not disappear even after the cycle scans 

continued for 10 min. On the other hand, when the concentration of aniline solution 

was increased to 100 mM, the peaks disappeared after three cycles of scans (Fig. 6C). 
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Fig. 6. Cyclic voltammogram of (A) a thread of CF and (B) PB-CF in 10-mM aniline solution, 

and (C) a thread of PB-CF in 100-mM aniline solution containing 6 mM of HCl and 0.1 M of 

KCl. Sweep rate: 100 mV/s 
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Fig. 7. Wide-range X-ray photoelectron spectra of CF, PB-CF, PAn-CF, and PAn-PB-CF. 

 

Furthermore, the chemical compositions of PB-CF and the PAn-PB-CF surface 

were observed by an XPS analysis (Fig. 7). The XPS spectra of PB-CF showed Fe 

peaks (Fe2p and Fe LMM) derived from the component of the PB lattice immobilized 

on CF. The peaks of 713 eV and 721 eV corresponded to the binding energies of 

Fe2p3/2 and Fe2p1/2 in Fe
3+

, respectively [21]. The peak at 709 eV was derived from 

Fe2p3/2 in [Fe(CN)6]
4-

 [22,23]. These peaks did not appear clearly in the wide-range 

spectra of PAn-PB-CF owing to coating with polyaniline. Nevertheless, by comparing 

the XPS spectra of PAn-PB-CF with polyaniline-coated CF (PAn-CF), an increase in 

energy intensity was observed in the ranges where the Fe peaks appeared. A N1s peak 

was observed for all of the adsorbents except for CF. These peaks corresponded to the 
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peak of C-N as the component of both polyaniline and the PB lattice. From these 

results, the immobilization of PB on CF and the modification of polyaniline by 

electrochemical polymerization were confirmed. 

 

3.3.4. Adsorption of Cs in several pH and the stability in the presence of oxalic 

acid 

 Polyaniline film coated by the electrochemical polymerization of aniline on 

PB-CF improved the stability of PB-CF. The effect of polyaniline coating on the 

adsorption of Cs
+
 was investigated. CF, PB-CF, and PAn-PB-CF were immersed in Cs

+
 

solution, and the amount of Cs
+
 adsorption on three kinds of adsorbents for 24 h was 

compared. This is shown in Fig. 8. The large change in the adsorption ability for 5 ppm 

of Cs
+
 was not observed with the polyaniline coating. The polyaniline film on the PB 

surface did not interrupt the adsorption of Cs
+
 into PB. 

 Fig. 9 shows the results when Nafion
®

-coated PB-CF (Naf-PB-CF) and 

PAn-PB-CF were immersed in 0.1 M and 0.01 M oxalic acid. In 0.1 M oxalic acid 

solution, PB eluted from the surface of PB-CF and Naf-PB-CF just after being 

immersed in solution for 1 h. Then the solution immediately changed to a blue color. 

By contrast, the elution of PB was hardly observed in the case of PAn-PB-CF, and the 

quantity of elution of PB 1 h later was lower than in the other two kinds. In 0.01 M 

oxalic acid solution, coloration by the elution of PB from PAn-PB-CF was not 

observed.  

The results of an adsorption experiment for Cs
+
 in 0.01, 0.1, and 0.5 M oxalic 
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acid solution are shown in Fig. 10. The PB was eluted in 0.1 M and 0.5 M oxalic acid 

solution with time, and 75% and 95% of Cs
+
 remained in the solution, respectively. 

However, in 0.01 M oxalic acid solution, 85% of the Cs
+
 in solution was removed after 

24 h. From these results, it was clarified that coating with polyaniline on PB-CF 

improved the stability and maintained the adsorption ability for Cs
+
 in the 0.01 M 

oxalic acid solution. Polyaniline has positive charges in strongly acidic conditions of 

oxalic acid solution [24,25]. Therefore, it is considered that the electrostatic 

interaction between the positive charge of the polyani line film and oxalate ions having 

a negative charge prevented oxalic acids from entering into the polyaniline film and 

reacting with PB. Another hypothesis is due to physical blocking by polyaniline film 

formed on PB-CF. The invasion of oxalate ions into the inside of the polyaniline may 

be inhibited by the polyaniline film uniformly formed on the PB-CF surface by cyclic 

scan of potentials. Therefore, the application of PAn-PB-CF to Cs
+
 removal in the 

presence of organic acids such as oxalic acid was suggested to be possible. 

 The effect of polyaniline coating on Cs
+
 adsorption in oxalic acid solution was 

investigated under different conditions for coating. PAn-PB-CF was prepared by 20 

cycles of repeated potential sweeping between -0.2 V and 1.0 V in 10 mM and 100 mM 

aniline solution (Fig. 11 A and B), and prepared by applying a constant potential of 0.8 

V in a 10 mM aniline solution for 8 min (Fig. 11C). These were used for the adsorption 

experiments of Cs
+
. As a result, PAn-PB-CF prepared by potential sweep (Fig. 11 A 

and B) showed the same rate of Cs
+
 adsorption after 24 h. On the other hand, 

PAn-PB-CF prepared by a constant potential of 0.8 V showed a Cs
+
 adsorption rate of 
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about 20% lower than that of the PAn-PB-CF prepared by potential sweeping in the 

0.01 M oxalic acid solution. From these results, it is considered that a more stable 

polyaniline film was formed by sweeping the potential. 

 

 

 

 

 

Fig. 8. Adsorption of Cs
+
 using CF, PB-CF (PB modification potential: 0.35 V), and 

PAn-PB-CF in 5 ppm of CsCl solution. 
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Fig. 9. Stability of PB on surface of (A) PB-CF, (B) Naf-PB-CF and (C) PAn-PB-CF in 0.1 M 

and 0.01 M oxalic acid. 

 

 

 

Fig. 10. Adsorption of 5 ppm Cs
+
 using PAn-PB-CF containing 0.01, 0.1, and 0.5-M oxalic 

acid solutions. 
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Fig. 11. Adsorption of 5 ppm Cs
+
 from 0.1-M and 0.01-M oxalic acid solution for 24 h using 

(A) PAn-PB-CF prepared by cycle scans (between -0.2 V and 1.0 V) in 10-mM aniline 

solution, (B) PAn-PB-CF prepared by cycle scans (between -0.2 V and 1.0 V) in 100-mM 

aniline solution, and (C) PAn-PB-CF prepared by constant potential of 0.8 V in 10-mM aniline 

solution.  
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3.3.5. Elution of PB component during Cs
+
 adsorption and suppression of 

ferrocyanide by polyaniline coating 

The amount of eluted iron and ferrocyanide ion after Cs
+
 adsorption was 

shown in Fig. 12 and Fig. 13. The eluted iron ions were less than 1 ppm at pH 1 and pH 

5.6 and 3-7 ppm at pH 11. Consequently, the elution amount of iron ions in any pH 

region was below the Japanese wastewater standard for soluble iron (10 mg/L). 

However, the elution amount of ferrocyanide ions after the adsorption test was very 

high over pH 11. Because the ferrocyanide ion contains cyanide in the structure, it is a 

subject to control the total amount as total cyanide compounds. Therefore, the 

suppression of dissolution of ferrocyanide ion from PB-CF by polyaniline coating was 

investigated (Fig. 14). As a result, it was confirmed that the elution amount of 

ferrocyanide from PB-CF decreased in accordance with the aniline concentration at the 

preparation of PAn-PB-CF. When PAn-PB-CF prepared in 100 mM aniline solution 

was used, the elution amount of ferrocyanide ion was reduced to about a half when 

PB-CF was used. Since the polyaniline film is neutral under basic conditions, 

suppression of elution of this ferrocyanide is considered to be due to containment for 

ferrocyanide to inside of the film of the polyaniline film. From this result, it seems that 

it becomes possible to prevent a secondary contamination due to the decomposition of 

the adsorbent. 
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Fig. 12. Elution amount of iron ion from PB-CF after adsorption of Cs
+
 in pH 1, 5.6, and 11.  

pH 1 pH 5.6 pH 11 
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Fig. 13. Elution amount of ferrocyanide ion from PB-CF after adsorption of Cs
+
 in pH 1, 5.6, and 11.  

 

 

 

pH 1 pH 5.6 pH 11 
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Fig. 14. Elution amount of ferrocyanide ion at pH 11 (containing 5 ppm of Cs
+
). (A) PB-CF 

prepared at 0.35 V, (B) PAn-PB-CF prepared by 10 mM aniline solution, and (C) PAn-PB-CF 

prepared by 100 mM aniline solution.  
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3.4. Conclusion 

Prussian blue on carbon fiber was prepared by the electrochemical method, and 

the its usage as an adsorbent of Cs
+
 was examined. All of the PB-CF prepared at the 

potentials of 0.35, 0.5, and 0.6 V showed good adsorption performance for Cs
+
, and the 

PB-CF prepared at 0.35 V had the highest adsorption capacity among the three types of 

PB-CF. A pseudo-second-order kinetics model and Langmuir isotherm were fitted well 

for the adsorption experimental data. The value of the maximum adsorption capacity of 

PB-CF prepared at 0.35 V was 6.89 mg/g. Furthermore, the PB-modified carbon 

material was coated with a polyaniline film, and the influence on stability was 

examined under various kinds of conditions. A change in stability was not observed in 

PAn-PB-CF in a wide pH region, but the stability in an oxalic acid solution was 

improved. In addition, the elution of ferrocyanide accompanying decomposition of PB 

could be suppressed by coating with polyaniline The application of PB-CF to Cs
+
 

adsorption under a variety of conditions was suggested by coating it with polyaniline. 
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Chapter 4 

A Simple Colloidal Prussian Blue Solution Based  

Optical Detection Method for Cesium 
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4.1. Introduction 

 In chapter 2 and 3, the high Cs
+
 selectivity and adsorption property of PB-CF 

was demonstrated. Cs
+
 is selectively adsorbed into the PB structure due to the slightly 

smaller hydrated ion radius of Cs
+
 compared to the channel radius of the PB lattice [1]. 

Therefore, Cs
+
 can penetrate the inner side of the PB lattice and is strongly intercalated. 

Because of these unique structural features, PB and PB analogs (PBAs) are widely 

used as Cs
+
 adsorbents. In addition, PB and PBAs have been used for sensing alkali 

cations [2], hydrogen peroxide [3], glucose [4], ascorbic acid [5], and pH [6,7]. A 

number of studies have been published regarding detection methods of glucose and 

hydrogen peroxide using PB or PBAs as an electrode material. In these reports, the 

target molecules were detected based on the redox reactions of PB or PBAs. Moreover, 

pH and ascorbic acid could be optically detected by the color change of PB. Although 

PB selectively adsorbs Cs
+
, reports on the application of PB to Cs

+
 sensing are scarce, 

with the exception of electrochemical detection method [8].  

  Considering the selective adsorption of Cs
+
 by PB, the following 

characteristic behavior was observed. When adsorption experiments of Cs
+
 on PB-CF 

were performed under basic conditions, the color of PB changed in response to Cs
+
. In 

the presence of Cs
+
, the color of PB remained stable, whereas, in the absence of Cs

+
, 

the color changed from dark blue to brown due to the formation of iron hydroxide. 

Previously, it has been reported that the presence of Cs
+
 suppresses the elution of iron 

from PB [9]. According to this report, when Cs
+
 is adsorbed by PB, the elution of iron 

from PB is suppressed with higher Cs
+
 concentrations. However, this phenomenon 
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remains somewhat unclear. In this study, the decomposition behavior of PB in the 

presence of Cs
+
 was examined in detail. In addition, a simple detection method for Cs

+
 

using this phenomenon was developed.   
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4.2. Materials and methods 

4.2.1. Materials 

Iron(III) chloride hexahydrate and potassium hexacyanoferrate(II) 

trihydrate used for the preparation of PB were purchased from Wako Pure Chemical 

Industries, Ltd. (Osaka, Japan) and Kanto Chemical Co., Inc. (Tokyo, Japan), 

respectively. The cesium standard solution (1000 mg L
-1

), ammonium standard 

solution (1000 mg L
-1

), and 0.01 mol/L sodium hydroxide were purchased from Junsei 

Chemical Co., Ltd. Cesium chloride, potassium chloride, sodium chloride, ammonium 

chloride, and calcium chloride were purchased from Wako Pure Chemical Industries, 

Ltd. All reagents were of analytical grade and used without further purification.  

 

4.2.2. Preparation of colloidal Prussian blue solution 

The PB colloidal solution was prepared by mixing FeCl3 and K4[Fe(CN)6] 

in equimolar concentration. The PB colloidal solution was stored at room temperature, 

and 2 mM of this solution was used for the colorimetric detection of Cs
+
 after 2 days of 

storage. 

 

4.2.3. Measuring color changes of the Prussian blue solution 

4.2.3.1. Color change of PB solutions in the presence of several cations 

The degradation and color change of PB solutions containing various cations 

were observed. First, 0.5 mL of the 2 mM PB solution was mixed with 10 mL each of 

10 mM CsCl, KCl, NaCl, NH4Cl, and CaCl2 solutions. Subsequently, 0.5 mL of 0.01 M 
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NaOH was added to the prepared solutions (Fig. 1).  

 

4.2.3.2. Decomposition of PB at different concentrations 

First, 0.5 mL of 2, 5, and 10 mM PB solutions were added to 5 mL of a Cs
+
 

solution containing 1 mM NaOH. Subsequently, the color changes of mixtures were 

observed after 10 min (Fig. 2).  

 

4.2.3.3. Decomposition of PB by NaOH 

First, 0.5 mL of 2 mM PB solution was mixed with 10 mL of various Cs
+
 

solutions. Subsequently, 0.2 or 0.5 mL of 0.01 M NaOH solution was added to the 

mixtures and color changes of the mixtures were observed (Fig. 3).  

 

4.2.3.4. Colorimetric detection of Cs
+
 using PB and NaOH 

 Initially, 0.5 mL of 2 mM PB solution was added to 10 mL of Cs
+
 solution and 

shaken for 60 min. Subsequently, 0.2 or 0.5 mL of 0.01 M NaOH solution was added to 

the mixture, and the absorbance of the solution was measured after 60 min using a 

UV-Vis spectrophotometer (V-550 and V-650DS, JASCO, Japan). 

 

4.2.3.5. Decomposition of PB and colorimetric detection of NH4
+
 

The decomposition of PB with NH4
+
 was carried out by the similar method to 

that for Cs
+
. First, 0.5 mL of 2 mM PB solution was mixed with 10 mL of various NH4

+
 

solutions. Subsequently, 0.2-0.5 mL of 0.01 M NaOH solution was added to the 
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mixtures and color changes of the mixtures were observed (Fig. 11–13).  

 Colorimetric detection was also carried out by a similar method to that for Cs
+
. 

Initially, 0.5 mL of 2 mM PB solution was added to 10 mL of Cs
+
 solution. 

Subsequently, 0.3 mL of 0.01 M NaOH solution was added to the mixture, and the 

absorbance of the solution was measured after 10 min using a UV-Vis 

spectrophotometer. 
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4.3. Results and discussion 

4.3.1. Decomposition behavior of Prussian blue in the presence of cations 

 PB is known to decompose by the reaction of its constituent ferric ions and 

hydroxide ion under basic conditions [10,11]. The decomposition behavior of PB 

varies depending on its concentration and form. Upon adsorption of Cs
+
, the amount of 

Fe eluted from PB decreases, especially for solutions containing a large amount of Cs
+
 

[9]. This behavior was not observed in the presence of other ions such as K
+
, Na

+
, and 

Ca
2+

. The detailed decomposition behavior of PB under basic conditions in the 

presence of various cations (Cs
+
, K

+
, Na

+
, NH4

+
, and Ca

2+
) is shown in Fig. 1. As 

indicated by the color change of the solution, PB immediately decomposed in the 

presence of K
+
, Na

+
, and Ca

2+
 ions after the addition of NaOH. However, in the 

presence of NH4
+
, the blue color of PB was maintained for several tens of minutes, but 

finally decomposed. In contrast, in the presence of Cs
+
, the PB solution retained its 

blue color even after 20 h, indicating that the PB structure was maintained only in the 

presence of Cs
+
. 

 Based on these results, the colorimetric detection of Cs
+
 was further 

investigated. A PB colloidal dispersion was prepared to simplify the treatment and 

observation of color changes. The decomposition of PB was largely suppressed with 

higher Cs
+
 concentrations (Fig. 2). For the test with a 2 mM initial concentration of PB, 

color change was observed to depend on the concentration of Cs
+
. On the other hand, 

for the 10 mM PB solution, color change could not be observed visually. After 

adsorption of Cs
+
 in the 2 mM PB solution, 0.2 or 0.5 mL of 0.01 M NaOH solution 
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was added, and changes in the color as a function of time are shown in Fig. 3. The 

decomposition of PB was significantly dependent on the amount of NaOH added. Upon 

addition of 0.2 mL of 0.01 M NaOH, the blue color of the PB solution was maintained, 

and the degradation of the blue color was monitored in the presence of 0.1–5 ppm Cs
+
. 

After adding 0.5 mL of 0.01 M NaOH, the blue color disappeared between 0.1 and 1 

ppm Cs
+
, but changed only gradually when the Cs

+
 concentration was greater than 2 

ppm. 

 

 

 

Fig. 1. Color changes upon decomposition of PB in the presence of various cations. 
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Fig. 2. Decomposition behavior of different concentrations of PB and Cs+. 

 

Fig. 3. Colorimetric response of PB decomposition in the presence of various Cs
+
 

concentrations. 
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4.3.2. Changes in the degradation behavior of PB  

4.3.2.1. Effect of Cs
+
 adsorption time on the absorbance of Prussian blue 

 The effect of adsorption time with Cs
+
 on the decomposition behavior of PB 

was investigated (Fig. 4). First, 0.5 mL of 2 mM PB solution was added in 10 mL of 

Cs
+
 solution. After the solution was left to certain period, 0.2 mL of 0.01 M NaOH was 

added, and then the maximum absorbance of the solution was measured. The 

decomposition behavior did not significantly change. Hence, it is likely that Cs
+
 was 

rapidly adsorbed by PB, which stabilized the compound. The addition of 0.5 mL of 

0.01 M NaOH yielded similar results, with a relatively constant maximum absorbance. 

 

Fig. 4. Iinfluence of contact times of several concentrations of Cs
+
 on the degradation of PB. 
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4.3.2.2 Changes in the maximum absorbance and absorption wavelength  

 The decomposition behavior of PB was monitored by adding 0.5 mL of 2 mM 

PB solution to 0.1–5 ppm of Cs
+
 solutions with shaking for 60 min. After adding 0.2 

mL of 0.01 M NaOH, the absorbance in the 500–800 nm range was measured at regular 

time intervals. As shown in Fig. 5, PB quickly decomposed in the presence of 0.1 ppm 

Cs
+
, and the absorbance became constant after 10 min. The presence of 5 ppm of Cs

+
 

significantly suppressed PB decomposition. The maximum absorption wavelength at 

0.1 and 1 ppm Cs
+
 red-shifted as the decomposition reaction progressed (Fig. 5B). 

Ferric hydroxide was generated by the decomposition of PB, and it is likely that the 

shift in the maximum absorption wavelength was caused by the mixing of PB and 

ferric hydroxide colors. For a small amount of decomposed PB, the final color of the 

solution was bluish purple, indicating a shift to a shorter maximum absorption 

wavelength. With increasing amounts of decomposed PB, the color changes from blue 

to green, and subsequently from green to yellow. For incomplete decomposition of PB, 

the blue-green color was retained, indicating a shift to a longer maximum absorption 

wavelength and increasingly yellow color. For the 1 ppm Cs
+
 solution, the maximum 

absorption wavelength initially shifted to a slightly shorter wavelength and then 

shifted again to a longer wavelength after 5 min. The color of the solution changed to 

blue-violet, following which PB gradually decomposed. This decomposition caused the 

color of the solution to change and the maximum absorption wavelength to shift to a 

longer wavelength. In the presence of 5 ppm Cs
+
, the maximum absorption wavelength 

shifted to a shorter wavelength immediately after the addition of NaOH, reaching an 
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equilibrium maximum at approximately 673 nm. The peak was stable due to the slight 

decomposition of PB, which was not enough to change the blue coloration. Another 

reason may be the change of PB from “insoluble” PB to “soluble” PB. It is known that 

the maximum absorption wavelength shifts to shorter wavelengths with the conversion 

from “insoluble PB” to “soluble PB” [12]. The “insoluble” PB is represented by the 

structural formula Fe4[Fe(CN)6]3, and “soluble” PB is represented as KFe[Fe(CN)6]. 

When excess Fe is present, PB precipitated as the “insoluble” form. Conversely, 

“soluble” PB exists mainly as a colloidal dispersion when equimolar Fe
3+

 and 

Fe(CN)6
4-

 are mixed. The “insoluble” PB possesses lattice defect sites in its structure, 

whereas “soluble” PB adopts an ideal crystal lattice structure (Fig. 6). The precise 

control of the formation of a lattice defect site in PB is difficult. Therefore, the PB 

colloidal dispersion consists of both an ideal lattice structure and lattice defect sites. 

After adding NaOH, the Fe
3+

 near the lattice defect site reacted with OH
-
, but OH

-
 

attack of the ideal crystal lattice of PB may be prevented by the presence of Cs
+
 in the 

lattice. Thus, it is likely that the PB lattice structure was changed by decomposition 

and the maximum absorption wavelength shifted to a shorter wavelength (Fig. 7). 

The decomposition of PB upon addition of 0.5 mL of 0.01 M NaOH is shown 

in Fig. 8. The decomposition reaction proceeded to a greater extent compared to when 

0.2 mL of the NaOH solution was added. The absorbance rapidly decreased and the 

solution color turned to light yellow in the 1 ppm Cs
+
 solution. For the 5 and 10 ppm 

Cs
+
 solutions, the absorbance decreased rapidly until 5 min, after which it decreased 

only gradually. The maximum absorption wavelength shifted to a shorter value after 
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the addition of NaOH. The peak shifts of 5 and 10 ppm Cs
+
 solutions likely followed 

the same mechanism as when 0.2 mL of the NaOH solution was added to the 5 ppm Cs
+
 

solution. On the other hand, the peak of the 1 ppm Cs
+
 solution completely disappeared 

due to the extensive decomposition of PB. 

 

 

 

Fig. 5. Change of (A) maximum absorbance ratio, (B) maximum absorption wavelength, as a 

function of time after addition of 0.2 mL of 0.01 M NaOH in the presence of several Cs
+
 

concentrations. 
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Fig. 6. Schematic of the “soluble” and “insoluble” PB crystal lattices. 

 

 

Fig. 7. Absorption spectrum of (A) 2 mM PB solution, (B) after the addition of 0.2 mL of 0.01 

M NaOH in 5 ppm Cs
+
, and (C) after addition of 0.5 mL of 0.01 M NaOH in 5 ppm Cs

+
. 

(A) 

 

 

(B) 

 

 

(C) 

Soluble PB Insoluble PB 
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Fig. 8. Change of (A) maximum absorbance ratio, (B) maximum absorption wavelength as a 

function of time after the addition of 0.5 mL of 0.01 M NaOH at several Cs
+
 concentrations. 

 

4.3.3. Colorimetric detection of Cs
+
 using a colloidal Prussian blue solution 

 The degradation behavior of PB in the presence of Cs
+
 suggested that Cs

+
 

could be determined by the color change of PB. The linearity of the absorbance 

calibration curve, maximum absorption wavelength, and ratio of absorbance at two 

wavelengths (Abs676/Abs700) were compared. As shown in Fig. 9A, the absorbance and 

maximum absorption wavelength changed gradually with increas ing Cs
+
 concentration. 

The maximum absorbance wavelength was approximately constant when the 

concentration of Cs
+
 was higher than 3 ppm (Fig. 9C). The maximum absorption 

wavelength changed when the Cs
+
 concentration was less than 4 ppm and became 

nearly constant at approximately 675 nm (Fig. 9D). By considering the ratio of the 

maximum absorption wavelength before and after the peak shift,  good linearity was 
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obtained from 0.01 to 1 ppm Cs
+
 (Fig. 9B). The ratio of the absorbance at 676 and 700 

nm in the low-concentration Cs
+
 solutions showed the highest linearity. As shown in 

Fig. 3, this linearity is derived from the retention of the blue color of PB even with low 

Cs
+
 concentrations. The absorption spectrum of PB when 0.5 mL of 10 mM NaOH 

solution was added is shown in Fig. 10. A large increase in absorbance at 

approximately 650 nm was observed at Cs
+
 concentrations above 2 ppm. On the other 

hand, negligible changes in absorbance were observed at lower Cs
+
 concentrations 

(less than 1 ppm, Fig. 10A). The maximum absorption wavelength was slightly 

red-shifted with increasing Cs
+
 concentration, and poor linearity was observed due to 

the decomposition of PB (Fig. 10C and D). However, good linearity was observed in 

the change in the maximum absorbance in the range of 1–5 ppm Cs
+
 (Fig. 10B). Based 

on the results presented herein, it is clear that the decomposition reaction of PB with 

OH
-
 was dependent on the concentrations of Cs

+
 and OH

-
. 
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Fig. 9. (A) UV-Vis spectra, (B) ratio of the absorbance at 676 and 700 nm, (C) maximum 

absorbance, and (D) maximum absorption wavelength of the PB solution after the addition of 

0.2 mL of 0.01 M NaOH in the presence of different concentration of Cs
+.
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Fig. 10. (A) UV-Vis spectra, (B) ratio of the absorbance at 676 and 700 nm, (C) maximum 

absorbance, and (D) maximum absorption wavelength of the PB solution after the addition of 

0.5 mL of 0.01 M NaOH in the presence of different concentration of Cs
+
. 
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4.3.4. Colorimetric detection of NH4
+
 using a colloidal Prussian blue solution 

 Based on the investigation of the decomposition behavior of PB in the 

presence of Cs
+
, the decomposition behavior of PB in the presence of NH4

+
 was 

similarly investigated. As shown in Fig. 1, NH4
+
 shows an effect for suppressing the 

decomposition of PB under basic conditions in a short time of about several tens 

minutes. Therefore, using the 0.2 to 10 ppm NH4
+
 solution, the decomposition 

behavior of PB was compared (Fig. 11–13). The suppression effect of PB 

decomposition by NH4
+
 was lower than Cs

+
, and the decomposition of PB proceeded in 

a shorter time. Therefore, in other words, there is a possibility that it can be applied to 

the detection of NH4
+
 in a shorter time. When 0.5 mL of 10 mM NaOH was added, it 

was difficult to compare because PB was decomposed rapidly at a 5 ppm or less of 

NH4
+
 concentration. Similarly, when 0.2 mL of 10 mM NaOH was added, the color 

difference was very small, and then colorimetric detection is considered to be difficult. 

Therefore, 0.3 mL of 10 mM NaOH was added and absorption analysis was performed 

using the solution after 10 minutes. This result was shown in Fig. 14. Similarly to the 

case of Cs
+
, the absorbance after 10 min was retained with the concentration of NH4

+
. 

In addition, the maximum absorption wavelength shifted to the shorter wavelength side.  

In the range of 0.2-3 ppm, the maximum absorption wavelength and absorbance 

showed a good linearity dependent on the concentration. On the other hand, although 

the concentration dependence was observed in the ratio of absorption wavelength (665 

nm/700 nm), the linearity could not be obtained. 
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Fig. 11. Colorimetric response of PB decomposition after adding 0.5 mL of 10 mM NaOH in 

the presence of various NH4
+
 concentrations. 

 

Fig. 12. Colorimetric response of PB decomposition after adding 0.3 mL of 10 mM NaOH in 

the presence of various NH4
+
 concentrations. 
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Fig. 13. Colorimetric response of PB decomposition after adding 0.2 mL of 10 mM NaOH in 

the presence of various NH4
+
 concentrations. 
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Fig. 14. (A) UV-Vis spectra, (B) ratio of the absorbance at 665 and 700 nm, (C) maximum 

absorbance, and (D) maximum absorption wavelength of the PB solution after the addition of 

0.3 mL of 0.01 M NaOH in the presence of different concentration of NH4
+
. 
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4.4. Conclusion 

In this study, colorimetric detection of Cs
+
 was investigated using the 

suppression of PB decomposition in the presence of Cs
+
. When a colloidal PB solution 

was added to Cs
+
 solutions of various concentrations followed by the addition of 0.01 

M NaOH, the color change associated with the decomposition of PB could be observed 

depending on the concentration of Cs
+
. 

 The formation of ferric hydroxide due to the decomposition of PB caused a 

color change. Although there was no absorbance at 670–700 nm in the absence of Cs
+
, 

the absorbance showed a linear increase with Cs
+
 concentration. This indicates that the 

decomposition of PB was largely suppressed by Cs
+
, and was highly dependent on the 

Cs
+
 concentration. The maximum absorption wavelength was red-shifted due to the 

decomposition of PB. 

 From the quantification of Cs
+
, good correlation was observed between the 

absorbance and the 676/700 nm absorbance ratio with Cs
+
 concentration. Thus, Cs

+
 can 

be detected by visual observation, and the approximate concentration of Cs
+
 can be 

determined in the 0.5–5 ppm range. In addition, similar results were obtained for NH4
+
. 

It is suggested that the colorimetric detection in the concentration range of 0.2-10 ppm 

can be used for quantification of NH4
+
. 
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 This thesis describes the preparation of a simple and practical adsorbent based 

on Prussian blue for the purpose of removing Cs
+
 from water. The physical and 

chemical properties and adsorption ability were evaluated, and also a simple 

quantitative method for Cs
+
 using the properties of PB was developed during this 

study. 

 In Chapter 2, PB was immobilized on CF by the electrochemical synthesis, and 

the control of the modification and the Cs
+
 adsorption behavior were investigated. The 

method of synthesizing PB by applying a constant potential in mixed solution of Fe
3+

 

and [Fe(CN)6]3- is widely used. However, most of them are mainly used for biosensors, 

and not for development of the adsorbents. Therefore, PB was immobilized on CF for 

the preparation of the selective adsorbent for Cs
+
. The morphology and amount of 

modified PB could be controlled by the applied potential and modification time. The 

lower limit of the potential for the stable immobilization of PB is 0.35 V, and it is 

located around the oxidation peak of [Fe(CN)6]4-/3-. At this time, PB immobilized on 

the CF surface showed the structure like a beadwork. On the other hand, when the 

modification potential was 0.5 V or 0.6 V, an island-like thin layer was formed on the 

surface of CF. In addition, a gradual increasing in film thickness was observed 

depending on the application time at the modification potential. The adsorption 

performance of Cs
+
 was investigated using the prepared PB-CF. As a result, well 

adsorption of Cs
+
 to PB-CF by immobilization at 0.35 V was achieved even under 

basic conditions of pH 11. This suggested that electrochemical prepared PB-CF can be 

applied to the removal of Cs
+
 and is useful as an adsorbent over a wide pH range 
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including basic conditions. 

 In Chapter 3, the adsorption performance of Cs
+
 was examined in more detail 

by using PB-CF prepared in Chapter 2. All of PB-CFs prepared by three potential of 

0.35 V, 0.5 V and 0.6 V showed Cs
+
 adsorption ability. In particular, PB-CF modified 

by 0.35 V had the thick film and showed the largest adsorption capacity among the 

three types of PB-CF. The maximum adsorption capacity of the PB-CF was 7.44 mg/g. 

For the surface of this PB-CF, coating with polyaniline was attempted for further 

improvement of the stability. There was no significant change in the adsorption 

performance of coated PAn-PB-CF for Cs
+
 and in its stability for pH. The improvement 

of the stability against oxalic acid having the property of dispersing PB particle was 

confirmed. For the removal of Cs
+
 from fly ash and soil, oxalic acid was often used as 

eluate. The PAn-PB-CF adsorbed Cs
+
 well even in the 0.01 M oxalic acid solution. 

From these results, the application of PAn-PB-CF to the Cs
+
 removal in the presence of 

oxalic acid was suggested. And the applicability of this adsorbent to a wide range of 

environments has been demonstrated. 

 Cs
+
 has a high affinity with PB compared with other alkali metal ions and 

binds tightly inside the lattice of PB. Some evidences that PB seems to stabilize by Cs
+
 

adsorption have been confirmed during the experiment.  In Chapter 4, a colorimetric 

detection of Cs
+
 using this behavior of PB was developed. PB exists as a soluble form 

in the equimolar mixture of ferric ion and ferrocyanide. In the absence of Cs
+
, PB 

decomposed immediately by addition of the alkaline solution, while the suppression of 

decomposition of PB was confirmed in the presence of Cs
+
. The decomposition 
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behavior depended on the concentration of Cs
+
, clear color change due to the 

decomposition of PB was observed visually according to the Cs
+
 concentration. The 

absorbance, the waveform of the absorption spectrum, and the maximum absorption 

wavelength also changed corresponding to the Cs
+
 concentration. Since the 

decomposition reaction of PB would be controlled by the amount of added NaOH, we 

can choose the adequate quantitative range. From the correlation between Cs
+
 

concentration and absorbance or maximum absorption wavelength, it was possible to 

visually detect the Cs
+
 concentration in the range of about 1 to 5 ppm and 0.1 ppm to 1 

ppm by using UV-vis spectrometer. 

 The conclusion obtained by this study is as follows. Firstly, PB immobilized 

CF could be prepared by a simple preparation method by controlling the potential and 

time in a mixed solution of ferric ion and ferricyanide. By this method, PB could be 

efficiently deposited and applied as an adsorbent for Cs
+
. The second, the Cs

+
 

adsorption ability and the stability of PB-CF in the basic pH region was improved by 

the layer form of PB. Third, the electrically polyaniline coating on PB-CF improved 

the stability even in the presence of oxalic acid. It was concluded that polyaniline 

coating on PB surface could block the attack of low molecular weight compounds such 

as oxalic acid. Fourthly, the coating of polyaniline makes it possible to suppress the 

desorption of ferrocyanide ions generated by PB decomposition under basic conditions. 

By this property, it is thought that secondary contamination during Cs
+
 adsorption 

using PB-CF can be reduced. Finally, using the behavior of PB confirmed during the 

development of these adsorbents, a colorimetric detection method of Cs
+
 using PB 



113 

 

colloidal solution was developed. It would be greatly believed that the findings 

obtained in this study could serve as the knowledge for the development of effective 

adsorbents for Cs
+
 and the establishment of new detection method for Cs

+
. 
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