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Research highlights: 

 

 DB24C8 crown ether was functionalized for preparation of conjugate adsorbent. 

 Radioactive 137Cs can be selectively removed by the conjugate adsorbent.  

 Adsorbent can effectively capture Cs even in the presence of a high amount Na & K. 

 Adsorbent is reversible and able to be reused without significant deterioration. 
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A B S T R A C T 

Conjugate materials can provide chemical functionality, enabling an assembly of the ligand 

complexation ability to metal ions that are important for applications, such as separation and 

removal devices. In this study, we developed ligand immobilized conjugate adsorbent for 

selective cesium (Cs) removal from wastewater. The adsorbent was synthesized by direct 

immobilization of dibenzo-24-crown-8 ether onto inorganic mesoporous silica. The effective 

parameters such as solution pH, contact time, initial Cs concentration and ionic strength of 

Na and K ion concentrations were evaluated and optimized systematically. This adsorbent 

was exhibited the high surface area–to–volume ratios and uniformly shaped pores in case 

cavities, and its active sites kept open functionality to taking up Cs. The obtained results 

revealed that adsorbent had higher selectivity towards Cs even in the presence of a high 

concentration of Na and K and this is probably due to the Cs-π interaction of the benzene ring. 

The proposed adsorbent was successfully applied for radioactive Cs removal to be used as the 

potential candidate in Fukushima nuclear wastewater treatment. The adsorbed Cs was eluted 

with suitable eluent and simultaneously regenerated into the initial form for the next removal 

operation after rinsing with water. The adsorbent retained functionality despite several cycles 

during sorption–elution–regeneration operations. 

 

Keywords: Radioactive cesium; Conjugate adsorbent; Nuclear liquid waste; Selectivity; 

Reuses. 
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1. Introduction 

The Great East Japan Earthquake and accompanying tsunami have damaged the 

Fukushima Daiichi Nuclear Power Plant and several radioactive nuclides were released into 

the atmosphere. Of these nuclides, the direct release of radioactive cesium (Cs) into the 

environment is high and represents the largest accidental release into the ocean in history [1–

3]. Radioactive Cs contamination is potentially important and also poses a serious threat to 

human health and environment. The Cs is of special concern due to its long half–life (30.2 y), 

mobility (it can be present in food and water) in the environment, and the prevalence of the 

great risk to the environment from the high-dosage of Cs. Moreover, cesium can easily be 

incorporated in terrestrial and aquatic organisms because of its chemical similarity to 

potassium. The radioactive Cs can enter the body and gets more or less uniformly distributed 

throughout the body, with higher concentration in muscle tissues and lower in bones, thereby 

creating an internal hazard [4–6]. Therefore, nuclear waste containing Cs needs to be treated 

prior to expanding to the environment. 

The cleanup of radioactive Cs is very difficult due to the lack of knowledge of 

behaviour of ultra-trace ions that compete with the high amount of monovalent cations. 

Therefore, selective cesium ion separation and removal from nuclear waste is of significant 

interest and is a challenging task. Solvent extraction methods involving the crown ethers have 

shown promising Cs separation from waste solutions. A number of crown ethers have been 

extensively used for Cs extraction, which has a good match between the cavity of the crown 

ether and the crystal ionic radius of the Cs ion. There are several reports investigated 

involving the extraction of Cs with the 18/24–membered and crown ethers [7–9]. The crown 

ethers have yielded promising results for selective separation of Cs from complex water and 

nuclear waste solutions. However, the prohibitive cost of these compounds has been a major 

hurdle in their use in the large–scale process for potential applications. 
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There are various technologies that have been developed over the years to remove 

radioactive Cs from wastewater, including co–precipitation, solvent extraction, ion–exchange 

and adsorption processes, and solid phase extraction [10–13]. However, the co–precipitation 

and solvent extraction have drawbacks such as low selectivity and generation of large 

amounts of secondary wastes. Adsorption is one of the most popular methods and attractive 

processes for the treatment of cesium–bearing waste waters. This process is flexible, simple, 

compact, and efficient enough to achieve decontamination factors of several orders of 

magnitude, and does not require any toxic organic solvent [14–16]. However, the selection of 

the wastewater treatment methods is based on the concentration of waste contaminants and 

the cost of treatment. The widespread industrial use of low–cost adsorbents for wastewater 

treatment is strongly recommended and investigated due to their technical feasibility, 

engineering applicability and cost effectiveness. Therefore, many scientists have tried hard to 

find efficient and low–cost materials for selective decontamination of Cs containing water 

and low–level waste. The Prussian blue supported carbon nanotubes materials, and zeolite are 

used for Cs removal from water [6]. However many of these adsorbents are not reusable, and 

often have concomitant environment hazards.  

Nanoscience and nanotechnology have gained considerable importance due to the 

needs and applications of nanomaterials in almost all areas of human endeavour. 

Nanomaterials are suitable candidates to fulfill requirements of high sensitivity and 

selectivity in solid–liquid phase extraction and removal of metal ions [17–19]. Due to the 

huge specific surface area and absence of internal diffusion resistance, nanoscale adsorbents 

may have superior performance for removing toxic contaminants (high sorption capacity and 

fast sorption kinetics) from water and waste effluents. The mesoporous inorganic silica 

materials have been modified with a wide variety of chemical functionalities using ligands 

forming a new class of nano–engineered adsorbents. Adsorbents containing different 
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functional ligands for the selective sorption and recovery of heavy metals [20], lanthanides 

[21], precious metals [22] and toxic metals [23] were reported by our research group. The 

organic ligand in inorganic silica surfaces by covalent bonds followed co–condensation into 

the inorganic framework cross–links to accessible target ions capturing with high sensitivity.  

In the present study, dibenzo–24–crown–8 ether (DB24C8) immobilized onto 

mesoporous inorganic silica materials was investigated as a new class of adsorbent for Cs 

removal from radioactive waste solution in Fukushima. The preparation approach and 

combination of organic and inorganic materials makes it possible to take advantage of the 

enhanced Cs retention and ease of separation. The adsorbent has high surface area; large pore 

volumes implied a promising new class conjugate adsorbent for Cs removal. The 

functionalized crown ethers immobilized adsorbent for the effective coordination ability with 

Cs is the important aspect to understand the Cs–π interaction of the benzene ring with a stable 

complex mechanism. The main objective of this work was to develop suitable adsorbent for 

efficient Cs removal with high selectivity and cost–efficiency. Therefore, the present work is 

significant for the development of Cs separation technology. Several parameters were 

investigated systematically, including mesoporous material processing, characterization, 

adsorbent preparation, pH of the initial solution, sorption capacity, the competing ions effect, 

and reuse studies. The conjugate adsorbent also performed to remove the radioactive Cs 

containing samples to evaluate the potential practical application in Fukushima, Japan. 

 

2. Materials and methods 

2.1. Materials 

All materials and chemicals were of analytical grade and used as purchased without 

further purification. Tetramethylorthosilicate (TMOS) and the triblock copolymers of 

poly(ethylene oxide–b–propylene oxide–b–ethylene oxide) designated as F108 
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(EO141PO44EO141) were obtained from Sigma–Aldrich Company Ltd. USA. The crown ether 

of DB24C8 was purchased from Tokyo Chemical Industry (TCI) Co. Ltd., Japan. The 

structure of DB24C8 is shown in Scheme 1. The cesium chloride (CsCl) source of Cs ion, 

and metal salts for the source of metal ions were purchased from Wako Pure Chemicals, 

Osaka, Japan. Ultra–pure water prepared with a Millipore Elix Advant 3 was used throughout 

this work. 

 

2.2. Preparation of mesoporous inorganic silica monoliths and conjugate adsorbent 

The F108 (EO141PO44EO141, MW: 14,600) surfactant was used as scaffolding in 

preparation of inorganic silica materials. The procedure for preparation of mesoporous silica 

monoliths involved adding TMOS and triblock copolymers (F108) to obtain a homogenized 

sol–gel mixture based on the F108/TMOS mass ratio. An acidified aqueous solution was 

added to the mixture to quickly achieve the desired liquid crystal phase and then to promote 

hydrolysis of the TMOS around the liquid crystal phase assembly of the triblock copolymer 

surfactants. The mesoporous silica monoliths were synthesized following the reported 

methods [24]. In typical conditions, the composition mass ratio of F108:TMOS:HCl/H2O was 

1.4:2:1 respectively. Mesoporous silica monoliths were synthesized by using direct 

templating method of lyotropic liquid crystalline phase of F108 as the soft template. 

Homogeneous sol–gel synthesis was achieved by mixing F108/TMOS in a 200 mL beaker 

and then shaking at 60°C until homogeneous. The exothermic hydrolysis and condensation of 

TMOS occurred rapidly by addition of acidified aqueous HCl acid (at pH = 1.3) solution to 

this homogeneous solution. Then the methanol produced from the TMOS hydrolysis was 

removed by using a diaphragm vacuum pump connected to a rotary evaporator at 45°C. The 

organic moieties were then removed by calcination at 500°C for 6 h under the normal 

atmosphere. After that the material was ground properly and ready to use for immobilization 
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with DB24C8 ligand to prepare as new class adsorbent for Cs removal from nuclear 

wastewater. 

The conjugate adsorbent was fabricated by direct immobilization method. The 

DB24C8 (50 mg) was dissolved in N, N–dimethylformamide (DMF) solution and then 1.0 g 

inorganic silica materials was added. The immobilization procedure was performed under 

vacuum at 45°C for 8 h stirring until the DB24C8 saturation was achieved. The DMF was 

removed by a vacuum connected to a rotary evaporator at 80°C and the resulting adsorbent 

was washed in warm water to check the stability and elution of DB24C8 from inorganic silica 

materials. The DB24C8 exhibited of specific functional groups for actively bonding to Cs in 

capturing system by complexation mechanisms because the DB24C8 embedded with 

inorganic silica by abundant hydroxyl groups of pore surface silicates and the heteroatoms of 

DB24C8 ligand. Then the materials were dried at 45°C for 6 h and grinded properly for Cs 

removal experiments.  

 

2.3. Cesium removal and reuse studies 

In removal systems, the conjugate adsorbent was immersed in Cs ion concentration 

and adjusted at specific pH values by adding of HCl or NaOH in 10 mL solutions for 1 h 

shaking at room temperature and amount of adsorbent used was also 10 mg. In case of pH 

effect evaluation, initial Cs concentration was 0.15 mM. The conjugate adsorbent was 

separated by filtration method and Cs concentration in before and after removal operations 

were analyzed by atomic absorption spectrophotometry (AAS). The batch single and multi–

component sorption experiments were performed at room temperature (25°C). The amount of 

adsorbed Cs was calculated according to the following equations: 

Mass balance qe = (C0  – Cf) V/M (mg/g)                                                           (1) 
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                                    (C0 – Cf)  
and Cs sorption efficiency E0 =                                    x 100 (%)                                          (2) 
                                                                     C0 
 

where V is the volume of the aqueous solution (L), and M is the weight of the adsorbent (g),  

E0 is the sorption efficiency, C0 and Cf are the initial and final concentrations of Cs ion in 

solution, respectively. 

The effect of co–existing cations such as Na and K on Cs sorption onto the conjugate 

adsorbent was evaluated. The initial concentration of Cs was 0.015 mM, while the competing 

Na and K were varied from 0.128 to 4.35 mM. After dissolving the Na and K in the solutions, 

sorption experiments were performed in the same manner according to the sorption 

experiment. 

To investigate the most efficient eluting agent, first 10 mL of 0.25 mM Cs was 

adsorbed on the 40 mg adsorbent. Then the adsorbed Cs onto the adsorbent was washed with 

deionized water and transferred into the test tube. After that the Cs elution experiments were 

carried out using a different concentration (0.1–0.5 M) of HCl acid. To this 2.0 mL of the 

eluting agent was added, and then the mixture was shaken for 5 min. The concentration of Cs 

released from the adsorbent into aqueous phase was analyzed by AAS. Then the conjugate 

adsorbent was reused for several cycles to investigate the reusability. 

 

2.4. Analyses 

The N2 adsorption–desorption isotherms were measured using BELSORP MINI–II 

analyzer (JP. BEL Co. Ltd.) at 77 K. The pore size distribution was measured from the 

adsorption isotherms plot by using nonlocal density functional theory (NLDFT). The 

mesoporous silica monoliths were pre–treated at 100°C for 3 h under vacuum until the 

pressure was equilibrated to 10–3 Torr before the N2 isothermal analysis. The specific surface 

area (SBET) was measured by using multi–point adsorption data from the linear segment of the 
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N2 adsorption isotherms using Brunauer–Emmett–Teller (BET) theory. Transmission electron 

microscopy (TEM) was obtained by using a JEOL (JEM–2100F) and operated at the 

accelerating voltage of the electron beam 200 kV. The TEM samples were prepared by 

dispersing the powder particles in ethanol solution using an ultrasonic bath and then dropped 

on copper grids. Almighty shaker (As-one, AS-1N) was used for shaking the mixture solution. 

The metal ion concentrations were measured by AAS (Hitachi, Z–2300). The instrument was 

calibrated using five standard solutions containing 0, 0.5, 1.0, 2.0 and 5.0 mg/L (for each 

element), and the correlation coefficient of the calibration curve was higher than 0.9999. In 

addition, sample solutions having complicated matrices were not used and no significant 

interference of matrices was observed.  

 

2.5. Radioactive samples collection and radioactive Cs removal 

In Fukushima, the radioactive Cs consists of 134Cs and 137Cs. However, the life time of 

134Cs and 137Cs is ca. 2 and 30 years, respectively. Then the 137Cs samples were collected 

from Japan Radioisotope Association (JRIA), Japan. The initial sample radioactivity was 3.70 

MBq. Therefore, the stock solution was prepared to make low level radioactivity by adding 

distilled water and checking the radioactivity. The final radioactivity of the solution was 112 

Bq. Also note that the pH was adjusted to 6.67 by adding of HCl and or NaOH as needed. In 

radioactive Cs removal operation, 10 mg of each adsorbent was immersed in 1.0 mL solution 

and shaken for 0.5 to 6 h. The spike different concentrations (1.03 to 3.48 mM) of K and/or 

Na were added to measure the selectivity by the adsorbent for evaluating the selectivity as 

potential candidate for radioactive 137Cs removal in real wastewater samples. Then the solid 

material was separated by filtration method (0.2 µm, PTFE) and radioactivity was checked of 

filtrate solution (0.6 mL). The radioactivity of 137Cs was measured by a germanium 

semiconductor detector (Seiko EG&G Co., Ltd.). 
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All experiments in this study were duplicated at least to assure the consistency and 

reproducibility of the results and average data was listed in this work. 

 

3. Results and discussion 

3.1. Characterization of mesoporous silica and conjugate adsorbent 

The N2 isotherms show the typical type IV adsorption behavior with a broad 

hysteresis loop of H2 type along well–known sharp inflections of adsorption/desorption 

branches (Fig. 1) and adsorption branches were significantly shifted toward lower relative 

pressure (P/P0). Moreover, the N2 adsorption–desorption measurements indicate that silica 

materials possess good mesopore structure ordering and a relatively narrow pore size 

distribution. The framework porosity also indicated that the porosity within the uniform 

channels implied the presence of framework and textural porosity. Therefore, the mesoporous 

silica monoliths observed the appreciable textural parameters of specific surface area (SBET), 

mesopore volume (Vp), and tunable pore diameters. Large pore volume, pore diameter and 

high surface area of the mesoporous silica monoliths samples indicate that the samples have 

mesoporous structure. In such direct fabrication of mesoporous adsorbent without additive 

coupling agents clarify the low operating cost. Such material has great advantages for 

fabrication of crown ether immobilized adsorbent for removal of trace Cs from wastewater. 

However, the surface modification method enhanced the stability of the adsorbent due to 

strong electrostatic interactions between heteroatoms of crown ether molecules and charged 

silica surfaces [19].  

The scanning electron microscopy images of as–synthesized samples are shown in 

Fig. 2(A,B). SEM pictures of the samples are typical for the silicate mesoporous materials 

and show large particle morphologies [22,24]. A higher magnification SEM image indicated 

the presence of macropores of various sizes ranging from 1 to 10 µm. The micrographs 
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clearly revealed that the resulting particles were almost perfectly spherical in shape. TEM 

images show uniform arrangement pores and continuous arrays along all directions (Fig. 

2(C,D)) which indicate the direct interaction between the crown ethers and silica into the 

rigid condensed pore surfaces with retention of the ordered structures, leading to high flux 

and Cs ion transport at optimum pH conditions during removal operation. Moreover, the 

TEM image recorded perpendicular to the pore channels and showed well–organized parallel 

channels and clarified a hexagonally ordered array of circles, which clarified the prepared 

material was a typical hexagonal. After successful macrocyclic ligand immobilization onto 

mesoporous silica, the appreciable pores were also observed as judged from Fig. 2 (E,F). 

The adsorbent was fabricated by direct immobilization approach. After 

immobilization of DB24C8 with heteroatoms bonding, a decrease in the surface area (SBET) 

and average pore diameter of adsorbent provided further the presence of crown ethers on the 

surface partially blocks the sorption of hetero–atoms as judged from Fig. 1(b). The 

characterization also confirmed that the ability to achieve flexibility in the specific activity of 

the electron acceptor or donor strength of the chemically responsive DB24C8 ligand 

molecule may lead to easy generation and transduction of selective Cs removal by Cs–π 

interaction of the benzene ring of crown ether for stable complexation mechanism.  

 

3.2. Cesium sorption 

3.2.1. Effect of solution pH 

The pH of solution is a significant parameter in controlling the sorption process of the 

metal ions. Moreover, it affects both the electrical charge on the surface of adsorbent and the 

speciation of metal ions in aqueous solutions. To optimize the specific pH for maximum 

removal efficiency, effect of pH on the Cs sorption of the adsorbent was determined. In the 

study, sorption of cesium was studied over a pH range of 1.0–9.0. The effect of pH of Cs 
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sorption onto the conjugate adsorbent is shown in Fig. 3(A). Cesium sorption capacity with 

this adsorbent reached a maximum at pH of 5.5~9.0. The maximum sorption capacity was 

found at pH 7.0. Therefore, the optimum operational pH was selected as 7.0 based on the 

alkaline nature of the waste solution to be treated. Although the pH 9.0 was adjusted by 

adding NaOH, the Na concentration was neglected in this case. It has been reported that 

cesium ion is essentially adsorbed by specific sorption in neutral pH area by coal fly ash type 

adsorbent [25]. In case of ion–exchange adsorbent, high pH is favorable for monovalent Cs 

due to the ion–exchange competition. It is noted that ion exchange sites are mainly 

protonated at low pH, making them less available for cation transportation. Therefore, 

increasing pH values, the sites become available for cation, leading to higher sorption [26]. 

However, ligand supported adsorbents have specific sensitivity at a specific pH region [27].  

 

3.2.2. Effect of contact time 

A series of batch contact time experiments was performed to define and evaluate the 

optimum Cs ion sorption by the adsorbent, and the filtrate solution was checked by AAS after 

each fraction. Here, the initial concentration of Cs ions was 0.015 mM in 10 mL volume, and 

the amount of adsorbent was 10 mg. The results are also depicted in Fig. 3(B). The data 

confirmed that Cs sorption versus time curves was single, smooth and continuous indicating 

monolayer sorption onto mesoporous adsorbent surfaces. The data also clarified that rapid 

sorption occurred during the first few minutes reaction contact time followed by slow 

increase to reach equilibrium. The rapid sorption is possible due to the availability of active 

sites to make complexation on the adsorbent surface. On the other hand, the slow sorption 

was observed due to the availability of active sites to make gradual sorption to reach 

equilibrium sorption. This kind of sorption is reported by several investigators [4,5]. It is 

estimated that the rapid sorption might be occurred to the external surface. However, 
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increasing the contact time enhances the sorption efficiency and maximum sorption was 

attained within 60 min. Based on these results, a shaking time of 3 h was found to be 

sufficient for subsequent sorption experiments to reach equilibrium when initial Cs 

concentration was high for the evaluation of equilibrium or maximum sorption capacity.   

 

3.2.3. Sorption isotherms 

The Cs ion distribution between the adsorbent and the Cs solution under equilibrium 

conditions are an important issue in the evaluation of maximum sorption capacity. Moreover, 

sorption isotherm is the sorption equilibrium in which the degree of interaction between the 

amounts of adsorbate on the adsorbent. In this connection, the practical operations require the 

equilibrium correlations of the experimental sorption to empirical sorption, and this can be 

justified by the Langmuir isotherms model. The Langmuir isotherm model was chosen to 

estimate the maximum sorption capacity corresponding to complete monolayer coverage on 

the adsorbent. The adsorbent has a finite capacity for the adsorbate, and the saturation value 

is reached when no further sorption can occur by the adsorbent. Therefore, Langmuir 

equation has been successfully applied to this sorption operation as follows [28]: 

 

Ce/qe   =  1/(KLqm)  +  (1/qm)Ce    (linear form)                              (3) 

 

where qm is the maximum sorption capacity, KL is the Langmuir sorption equilibrium 

constant; Ce and qe are the concentration of the adsorbate in the equilibrated solution and the 

amount of adsorbed on adsorbent, respectively. The qm and KL are the Langmuir constants 

which are related to the sorption capacity and energy of sorption, respectively, and can be 

calculated from the intercept and slope of the linear plot, with Ce/qe versus Ce as shown in Fig. 

4 (inset). Fig. 4 shows that the isotherm is a regular concave curve to the equilibrium Cs 
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concentration axis. The data revealed that amount of Cs adsorbed increases significantly at 

the low concentration range and then increases gradually at high Cs concentrations. The 

linear fits to experimental data were obtained by the Langmuir isotherms equation. The linear 

plot of Ce/qe versus Ce shows that the sorption obeys the Langmuir model for conjugate 

adsorbent. The Cs sorption isotherm data on conjugate adsorbent was in agreement with the 

Langmuir model with an excellent fit (R2 > 0.98), indicating monolayer sorption. The 

maximum sorption capacity corresponding to complete monolayer coverage from the 

Langmuir model showed a mass capacity of 77.70 mg/g. However, the present conjugate 

adsorbent has higher maximum sorption capacity for Cs than the reported ligand immobilized 

adsorbent [23]. The Cs sorption is also confirmed by the STEM-EDS mapping as judged 

from Fig. 5. This could be justified by the size compatibility of the used ligand and the 

complexation ability of the conjugate adsorbent. It is also noted that high sorption capacity 

obtained on adsorbent because adsorbent has spherical nanosized cavities leading to high flux 

and Cs ion uptake. The obtained sorption capacities of the adsorbent are comparable with 

other adsorbents from the literature given in Table 1.  

 

3.2.4. Effect of competing ions 

The Cs sorption depends upon the competition of ion species and concentrations. A 

series of batch experiments was evaluated to define the specific Cs sorption by the conjugate 

adsorbent from aqueous solutions. Here, the solutions were prepared where the Na or K 

concentrations were varied from 0.13 to 4.35 mM and Cs concentration was 0.015 mM at 

optimum pH condition. The results are shown in Fig. 6. The data clarified that the Cs 

sorption had no adverse effect in the low concentration of Na and K ions. The results also 

demonstrated that the Cs sorption was greatly affected by high concentration of K ion by the 

adsorbent. The Cs sorption was not highly affected when the K concentration was 1.03-2.56 
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mM as judged from Fig. 6(A). The Cs sorption was reduced of 8% when K ion existed at 17–

fold (Fig. 6(A)) due to the Cs-π interaction of the benzene ring in crown ether. This is 

because of the Cs-π interaction of the benzene ring in the DB24C8. Then the conjugate 

adsorbent prefers Cs to K. However, the uptake percentage increases significantly as K ion 

decreases within the investigated concentration range. Our data indicated that within the Na 

concentration range of 0.22–0.43 mM, the Cs (0.015 mM) sorption by the conjugate 

adsorbent remained unchanged (Fig. 6(B)). From Fig. 6 (B), uptake of Cs was quite high 

even the Na concentration was at 290–fold. These results indicated that the Cs sorption is 

affected by the presence of extremely large concentration of Na and K ions into the solution 

due to the competitive sorption of Na and K ions from the available complexation sites of the 

conjugate adsorbent. Furthermore, this is probably the close similarity in the ionic radii 

between Cs and K rather than Cs and Na. Therefore, K ion could compete more with Cs ion 

during the sorption process by the adsorbent. This is in good agreement with other adsorbents 

on Cs sorption about the effect of K and Na ionic concentrations [29,30]. The observed Cs 

sorption efficiency, even at the studied concentration of 290–fold Na ions, indicates that 

DB24C8 immobilized conjugate adsorbent can be efficiently utilized for removal of Cs ions 

from the alkaline nuclear waste. 

 

3.3. Removal performance of radioactive Cs  

In optimum experimental conditions at pH 7.0 for 1.0 mL radioactive 137Cs solution, 

the conjugate adsorbent (10 mg each) was used to treat the low–level radioactive aqueous 

solution. The initial radioactivity of 137Cs and decrease in the activity after several interval 

contact times with adsorbent is depicted in Fig. 7(A). In this study, initial radioactive Cs 

concentration was determined to be 112 Bq. The 1.0 mL volumes of radioactive Cs were 

firstly immersed with the conjugate adsorbent for 0.5, 2 and 6 h. After that, the solid 
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adsorbent was separated by filtration and supernatants solution radioactivity were analyzed. 

The results clarified that the conjugate adsorbent reduced substantially the radioactivity as 

judged from Fig. 7(A). After 0.5 h contact time, the radioactive Cs was removed 95%. 

Increasing the contact time up to 6 h, the radioactive concentration was completely removed. 

However, the short contact time was sufficient to observe the maximum performance by the 

adsorbent. Therefore, the radioactive Cs removal trend is different for the reported grafted ion 

exchange fibrous adsorbent [31]. Fig. 7(B) also shows the radioactive Cs removal efficiency 

in the presence of different concentrations of K and Na ions by the conjugate adsorbent. In 

the presence of K (1.03 mM), the 137Cs removal efficiency was 70% as judged from Fig. 7(B). 

Similarly, in the presence of 1.54 mM of K, the removal efficiency was determined as 64%. 

However, the efficiency was slightly affected by the conjugate adsorbent even in the presence 

of high amounts of K (2.05 mM), and the removal efficiency was 59%. In addition, the 

removal efficiency was 75% even in the presence of 3.48 mM of Na. This is probably due to 

the fact of Cs-π interaction of the benzene ring of DB24C8 ligand. Also, it was noted that 

conjugate adsorbent is superior to the reported adsorbents and almost completely reduced the 

radioactivity of its original level implying the DB24C8 immobilized adsorbents to be 

promising candidates for effective decontamination of 137Cs contained waste effluent streams. 

 

3.4. Elution and reuses 

Elution efficiency was defined based on the ratio to the mass adsorbed onto the 

adsorbent and the mass desorbed from the conjugate adsorbent. Therefore, the experimental 

work was evaluated to see whether the adsorbent could be chemically eluted and regenerated 

for several cycles use. However, the low concentration of monoprotic acid (HCl) could elute 

the adsorbed Cs to keep maintaining the functionality of the adsorbent. The experimental data 

also clarified that the Cs was sufficiently eluted from the conjugate adsorbent up to 99.2% 
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using 0.20 M HCl. After elution, the conjugate adsorbent was simultaneously regenerated 

into the initial form for the next sorption operation after rinsing with water. The reuses study 

also was performed in seven cycles, and the sorption efficiency in each cycle was measured. 

The data confirmed that the Cs sorption efficiency was not significantly decreased after five 

cycles as judged from Fig. 8. This study confirmed that conjugate adsorbent could be used as 

a cost effective potential adsorbent for efficient radioactive Cs removal from wastewater in 

Fukushima. 

 

4. Conclusions 

In this study, an extensive laboratory experimental work was performed for Cs 

removal from radioactive waste by conjugate adsorbent in batch approach. The adsorbent was 

prepared based on densely direct immobilization of dibenzo–24–crown–8 ether (DB24C8) 

onto mesoporous silica monoliths. The solution pH played an important role and maximum 

sorption values were obtained at a neutral pH region. The adsorbent has relatively fast 

kinetics and complete within 60 min. The equilibrium data followed the Langmuir isotherm 

model, confirming the monolayer coverage of Cs onto conjugate adsorbent. The sorption 

capacity of the adsorbent towards Cs was quite high and the determined capacity was 77.70 

mg/g. The conjugate adsorbent has spherical nanosized cavities with large surface area which 

allow an increased equilibrium sorption capacity for Cs. Even in the presence of high 

concentration of K and Na ions, conjugate adsorbent showed a very high sorption capacity 

for Cs. The adsorbed Cs was eluted with 0.20 M HCl acid and simultaneously regenerated 

into the initial form for next Cs sorption operations. Moreover, the adsorbent was reversible 

and able to be used for many cycles in sorption and regeneration operations. Then the 

operational costs were reduced and made the adsorbent as suitable candidate for real 

application. In the decontamination of radioactive Cs environmental sample, 137Cs was 
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removed successfully from its original radioactive concentration. These encouraging results 

suggest that the DB24C8 immobilize conjugate adsorbent can be used efficiently for Cs 

removal from polluted sludge and cooling water from Fukushima Daiichi Nuclear Power 

Plant, Japan. 
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Figure Captions 

Fig. 1. N2 adsorption/desorption isotherms at 77 K (a) high ordered inorganic silica materials 

synthesized by using direct templating method and (b) novel conjugate adsorbent with the 

difference of high surface areas and large pore sizes and volumes. 

 

Fig. 2. SEM images of the mesoporous silica prepared by instant direct–templating method 

(A, B); TEM images representative of ordered nanostructures along with uniformly arranged 

pores in all direction (C, D) and STEM images of conjugate adsorbent (E, F).  

 

Fig. 3. (A) Effect of solution pH for Cs sorption by conjugate adsorbent. The equilibrated 

individually at different pH area with 0.15 mM of  Cs ions at 25°C in 10 mL volume for 1 h 

contact time; (B)  effect of contact time in the evaluation of sorption efficiency. Initial Cs 

ions concentration was 0.015 mM in 10 mL volume, and the amount of adsorbent was 10 mg 

each. The RSD value was ~4.0%. 

 

Fig. 4. Langmuir sorption isotherms of Cs ions and the linear form of the Langmuir plot 

(initial Cs ion concentration range 0.038 – 0.75 mM; solution pH 7.0; dose 10 mg; solution 

volume 10 mL and contact time 3 h).  

 

Fig. 5. STEM image (A) and EDS mapping (B-D) of conjugate adsorbent after sorption of 

Cs; (E) the EDS analysis demonstrated the presence of Si, O and Cs in the conjugate 

adsorbent compositions with Cs sorption. 

 

Fig. 6. Evaluation of Cs selectivity by the conjugate adsorbent in the presence of K and Na 

ions. The Cs selectivity evaluated in the presence of K (A) and Na (B). The Cs concentration 
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was 0.015 mM in fixed while the K and Na concentration was varied from 0.22 to 4.35 mM 

at pH 7.0. 

 

Fig. 7. The 137Cs removal performances by prepared conjugate adsorbent (A) and 137Cs 

removal efficiency in the presence of K/Na (B) (Radioactive 137Cs concentration was 112 Bq. 

while the K concentration was 1.02-2.05 mM and Na concentration was 3.48 mM). 

 

Fig. 8. Evaluation of the efficiency changes in the sorption properties of 0.015 mM of Cs by 

using 20 mg of conjugate adsorbent after seven sorption–elution–regeneration/reuse cycles. 

The RSD values were ∼3.5%. 
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Table 1 

Comparison of sorption capacities towards Cs by using various adsorbent materials 

 

 

 

 

 

 

 

 

 

 

 

 

Used adsorbent materials 

Capacity 

(mg/g) 

 

References 
 

Prussian Blue 

CHCF–PAN composite 

AMP–PAN  

NH4PMA  

Inorganic adsorbent 

Conjugate adsorbent 

CNT–reinforced PB–encapsulated beads 

Conjugate  adsorbent 

 

25,52 

12.5 

81.31 

97.23 

27.40 

50.23 

142.85 

77.70  

 

[4] 

[13] 

[16] 

[18]  

[23] 

[23] 

[29] 

This study 
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Fig. 2.  
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Fig. 3.  
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Fig. 4.  
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Fig. 5.  
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Fig. 6.  
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Fig. 7.  
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Fig. 8.  
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Scheme 1. The structure of macrocyclic ligand of dibenzo–24–crown–8 ether (DB24C8). 
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