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Abstract

:

The Fukushima Daiichi nuclear power plant accident happened after the devastating earthquake in the Pacific coastal area of Japan on 11 March 2011. After the accident, radioactive materials spread out over a wide area in Japan. Radioactive materials were retained on soil surfaces, causing environmental problems. Among the radioactive materials, cesium (137Cs) has a long half-life of 30.2 years, and it remains near the surface soil; therefore, it is necessary to remove soil contaminated by 137Cs. The contaminated soil layer of inhabited areas in Fukushima was already removed before April 2020. However, the remediation method of Cs with other radioactive materials needs further study, as the large quantity of contaminated soil is not easy to preserve. Electrokinetic (EK) treatment is one of the soil remediation technologies that utilizes EK phenomena at the interface between contaminated soils by transferring ions from the soil. We have developed a new type of EK method in which a cathode is placed on the surface of the soil and an anode is place inside the soil. By applying DC voltage in between the electrodes, the Cs ions can be removed from the contaminated soil. The removed Cs ions are gathered near to the cathode, and if the cathode can adsorb the Cs ions, then only the cathode needs to be preserved, solving the problem of storing a large amount of soil. We have been working to prepare a new type of cathode that can be effective in adsorbing Cs ions and at the same time easier to store and handle. We used natural zeolite and rice husk charcoal (kuntan) to prepare this electrode, which showed good potential for adsorbing Cs ions. The electrode showed flexibility, which is helpful for storing it in the same way as pasture rolls. However, the experiments were conducted in the laboratory with non-radioactive Cs; field experiments and observations are needed for practical applications of this method, as well as the new electrodes.
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1. Introduction


The accident at the Fukushima Daiichi nuclear power plant happened after the devastating earthquake on 11 March 2011 in the coastal area of Northern Japan, and spread radioactive materials (i.e., 131I, 137Cs, 134Cs, 90Sr, etc.) over a wide area [1,2,3,4]. Both 134Cs and 131I have a relatively short half-life of 2.06 years and 8.04 days, respectively, and show little impact on the environment [5]. The half-life of 90Sr is about 28.9 years, and it is highly reactive with aqueous solutions, so the deposition in the atmosphere is at the same level as before the Fukushima nuclear accident [4]. Kinase et al., (2020) estimated that it would take another 30 years for 137Cs to reach the same level of concentration in the atmosphere as before the accident. In addition, 137Cs is highly adsorbed in soil, so radioactive Cs does not reach deep into the soil [1,6]. Furthermore, 137Cs has a long half-life of about 30.2 years [1,2,6] and remains in the environment for a long time. Therefore, the remediation of soil contaminated with 137Cs is a major challenge [7,8]. Zhidkin et al. (2020) measured almost 89% of remaining Cs near a depth of ~25 cm from the surface soil in the Tulu region of Russia. Shcheglov et al. (2014) published their comparison data of 137Cs in vast pine forest areas and soil profiles in the years 1986 and 2011. They found that around 80% of remaining 137Cs were adsorbed within ~4 cm of the soil layer [9]. Yamasaki et al., (2016) discussed the adsorption of 137Cs in clay areas of sea soil where they found that more than 96% of 137Cs adsorbed in the soil layers of the sea as Cs is tightly bound to various sizes of soil particles [10]. Thus, it is clear that 137Cs is a clear threat to life in radioactive polluted areas.



Around the affected areas of Japan, a large amount of surface soil was removed and stored in an interim storage facility. The amount of removed soil was estimated at 14 × 106 m3 and the removal of the soil was performed before April 2018 [5] and the soil was stored before April 2022 [11]. The removal of soil polluted with radioactive materials and storing it for an indefinite number of years is definitely a dangerous and difficult job [6,8]. Moreover, there needs to be a lot of places to store the removed soil. Hence, effective methods are needed to purify the soil of pollutants, so that only the pollutants, not the soil, can be stored.



Electrokinetic (EK) treatment is one of the technologies for the remediation of contaminated soil [12,13,14,15,16]. This method deals with transferring the ions in soil using electrokinetic phenomena. Studies have been conducted on the recovery of Cs-contaminated soil by EK treatment, and the effectiveness of the treatment has been reported [13,14,15,16]. In EK treatment, electrodes are inserted into the soil and a DC voltage is applied between the electrodes. During the treatment, water is supplied from the anode side to cathode. The positive ions of metallic pollutants move to the cathode side from the anode side through the soil and thus, the soil is purified. This method can be applied in situ, almost unattended, except for the installation and recovery of the treatment equipment, and without the excavation of contaminated soil. However, it would be difficult to apply this method extensively because of the risk of secondary contamination from the wastewater generated during the EK process [8,12].



We have developed a new type of EK method to solve these drawbacks of EK treatment for soil remediation (Figure 1a conventional, Figure 1b new EK method). In this new method, a flat electrode is laid on the surface soil as cathode, and rod-type electrodes are inserted into the soil as anode electrodes [17,18]. This treatment process is called the FEM-EK (flat electrode method electrokinetic) process; it is easier to install in vast areas and it can even be installed in mountainous areas. The electric power consumption of this method was very low (i.e., 6.72 Wh) where the experiments were conducted for 7 days [17]. The cathode electrode should be able to adsorb metal ions that have been transferred to the soil surface by the EK treatment. Moreover, if the cathode electrodes are flexible enough to bend, then they can be installed on rough surfaces and after the treatment process is performed, only the cathode electrodes with the pollutants adsorbed in them need to be stored, and not the soil. Therefore, flexible ion adsorption electrodes have been fabricated for use as cathodes in the FEM-EK process [17]. Some attempts have been taken to fabricate this special type of electrode in the past by our research group, which showed the ability of Cs adsorption, but the flexibility of the electrodes was low [19,20]. However, the electrode lacks water resistance, and it was found to be difficult to maintain its shape when it was exposed to marshy soil for a certain period (around 10 days) and emitted the charcoal powder from it. Therefore, the fabrication of electrodes is necessary in order to achieve the remediation of pollutant soil using the FEM-EK process.



The purpose of this study is to improve the cathode electrode for the achievement of a better performance in FEM-EK treatment. We have used the burnt charcoal of rice husks (kuntan) as conductive materials and natural zeolite to ensure the Cs adsorption quality of the electrode. Moreover, we found that applying extra pressure to the electrode during the manufacturing process made the electrodes more flexible compared to previous reports [19,20].




2. Materials and Methods


2.1. Fabrication of the Electrode


The basic fabrication method is same as described in previous papers [19,20], but a new pressing process has been added to improve the properties of the electrodes. The main material used was burnt rice husk charcoal (kuntan) for the conductive and adsorbent material. Zeolite was also used as an adsorbent material. Abaca (plant tissues) and starch glue were used to prepare the electrode. The charcoal was dried at 75 °C for 12 h using a constant-temperature dryer (STAC P-50K, manufactured by AS ONE, Osaka, Japan). Zeolite was ground with a mixer (SKS-H, TIGER, Osaka, Japan) and sieved (SKH-01, AS ONE, Osaka, Japan) to adjust the particle size to 53 µm or less. The amount of material used in one electrode fabrication was 9.1 g of charcoal, 1.0 g of abaca, and an arbitrary amount of zeolite. The process is described below.



	(1)

	
2.0 g of starch glue, zeolite, and abaca were added to 150 mL of warm water and stirred at about 1000 rpm using a stirrer (SMT-102, AS ONE, Osaka, Japan).




	(2)

	
Kuntan is added and the mixture is stirred at 500 rpm using the stirrer.




	(3)

	
Water is aspirated using a suction-type electrode fabrication device to dehydrate and mold the mixture (Figure 2).




	(4)

	
The dehydrated electrodes are placed in a constant temperature dryer and dried at 75 °C for 12 h.




	(5)

	
The dried electrode is softened by soaking it in about 10 mL of water and placed in a press frame.




	(6)

	
Pressing is performed at an arbitrary pressure and time using a heat press machine (H300-01K, manufactured by AS ONE, Osaka, Japan).




	(7)

	
Again, the pressed electrodes are placed in the constant temperature dryer and dried at 75 °C for 12 h.







Starch paste dissolved in warm water was used to make the warm water viscous in order to uniformly disperse the zeolite on abaca. After the rice husk charcoal (kuntan) was added, the rotation speed was decreased to prevent the charcoal from being crushed.




2.2. Flexibility Evaluation


An evaluation method for flexibility was devised by referring to test examples of stress and the bending strength of the specimens and mechanical analysis methods for biofunctions, in accordance with the characteristics of the materials [21]. The dimensions of the electrodes used were 97 mm (length) and 68 mm (width), and the thickness varied with the pressing pressure. As shown in Figure 3, a 10 mm portion of the 97 mm length of the electrode was fixed, and a string with a 70 g weight was passed under the electrode. The electrode was lifted by releasing the weight naturally. The height of the lifted electrode was recorded using a height gauge (HDS-C, manufactured by Mitutoyo, Kanagawa, Japan). The maximum flexibility of the electrode was 100% when the lifted height was 87 mm (i.e., 97–10 mm). Thus, the flexibility (%) was calculated from the degree of the lifted height of the electrodes. It can be understood that in nature, the electrodes would be wetted with natural moisture during the FEM-EK treatment, so the measurements were performed in a dry state and wet state by adding tap water. Again, the change in flexibility was also evaluated with the amount of zeolite.




2.3. Evaluation of Conductivity


To measure conductivity, acrylic plates were used to hold the electrode sample, and two copper plates were used to sandwich the sample while measuring the conductivity of the electrodes under various conditions. One of the copper plate electrodes (ground electrode) was sufficiently large for the sample, and the upper electrode (source voltage) was a circular electrode with a diameter of 20 mm. A digital ultra-high resistance/micro ammeter (R8340/8340A, ADVANTEST, Tokyo, Japan) was used to apply voltage, and the resistance was measured when 100 V was applied to the electrode in the dry state and 10 V in the wet state. The conductivity was calculated from the measured resistance of the sample electrodes and the area of the upper copper plate using the following Equation (1).


  σ =  L  R S    



(1)







Here, σ is the electrical conductivity [S/m], R is the measurement resistance (Ω), L is the distance between the electrodes (i.e., the thickness of the electrode) (m), and S is the area of the electrodes (m2).



Tap water was dropped onto the center of the dry sample. The conductivity of the tap water was measured using a conductivity meter (B-771, HORIBA, Kyoto, Japan) and the value was 6900 µS/m. Considering the time required for the water to permeate the electrodes, measurements were carried out after three minutes of dropping water. The voltage application time was as short as possible to prevent a conductivity change due to electrolysis during the measurement.



Experiments were conducted to investigate the relationship between the zeolite mass ratio and the conductivity of the electrodes. Electrodes with zeolite mass ratios of 0, 5, 10, and 15 wt.% were pressed at 2.5 MPa for 1 min and then the tap water was dripped in amounts of 5 mL and 10 mL. Again, the resistance of these electrodes was also measured as previously described. The conductivity was calculated from the measured resistance using Equation (1).




2.4. Evaluation of Cs Adsorption


Cs adsorption experiments were conducted for fabricated electrodes cut into 2 cm in length and width. A 500 ppb Cs solution of 150 mL was prepared using a non-radioactive Cs standard solution (133Cs, 1000 mg/L, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and distilled water. The electrode was fixed in the Cs solution by a copper wire for 48 h. To prevent the evaporation of the solution, the container was sealed with plastic wrap and stored in a refrigerator. After, 48 h, the electrode was removed from the Cs solution, and the solution was centrifuged at 3000 rpm for 10 min using a centrifuge (H-19FMR, Kokusan, Kyoto, Japan) to remove impurities such as pieces of kuntan. The ICP mass spectrometer (Agilent7500series, Agilent Technologies, Santa Clara, CA, USA) was used to evaluate the adsorption of Cs in the electrodes. The decrease in the concentration of cesium solution after 48 h, was divided by the mass of the electrode to calculate the amount of adsorption per unit mass [mg/kg].





3. Results and Discussion


3.1. Fabrication of Electrodes


An example of an electrode made by pressing at 2.5 MPa for 1 min without adding zeolite is shown in Figure 4. The dimensions were 97 mm in length, 68 mm in width, and approximately 6 mm in thickness. The thickness of the electrode without pressing was approximately 10 mm, thus the thickness decreased to approximately 6 mm due to pressing.




3.2. Flexibility


The flexibility [%] was calculated by dividing the lifted height of the electrode by 87 mm, which is the maximum height at which the electrode can be lifted as described before. Figure 5 shows the flexibility of the electrodes with various zeolite amounts in different conditions. The zeolite amount was chosen as 0, 5, 10, 15, and 20 wt.% in mass ratio of the electrodes to fabricate the electrodes. The pressing pressure was 2.5 MPa and the pressing time was 1 min for all the electrodes. Then, the flexibility was measured for both a wet and dry system; the results are plotted in Figure 5a. In order to evaluate the pressing effect in manufacturing electrodes, another set of electrodes were prepared with the same conditions but without any pressing and their flexibility properties were also plotted on the same graph. In the dry state, the maximum flexibility was approximately 10% without any zeolite and a decrease in flexibility was observed as the zeolite mass ratio increased. This was due to the zeolite inhibiting the flexibleness of the abaca of the electrodes. On the other hand, in wet conditions, the flexibility was about 80% regardless of the change in zeolite mass ratio. Thus, for the wet conditions, the flexibility was about eight times higher compared to that of the dry conditions. In addition, the high flexibility of the electrodes in the wet state enabled them to adhere to the soil, making it possible to conduct the EK treatment effectively. Moreover, it also enabled them to be rolled and collected after EK treatment. The flexibility of the electrodes fabricated without any pressing showed the same trends, though the values of flexibility were clearly smaller compared to those electrodes made with the pressing effect. Again, the flexibility was 4.0% (dry state) and 12.7% (wet conditions) [20], so, it is clear that this new method has improved the flexibility of the electrodes 2.5 times in dry conditions and almost 6.3 times in wet conditions.



To investigate how the pressing effect resulted in an increase in the flexibility of the electrodes, similar experiments were conducted on the basis of pressing pressure. The electrodes were prepared with no zeolite so that the pressing effect could be evaluated without any complexity. The results are shown in Figure 5b. For both the wet and dry state, the flexibility of the electrodes tended to increase with increasing pressure of pressing. The values of the slope of pressing pressure were 2.45 in dry conditions and 3.95 in wet conditions.



From these experiments, the flexibility of the non-pressed electrode was found to be decreasing as the zeolite mass ratio increased, even in wet conditions. It indicates that the higher flexibility of the pressed electrode was not due to wetting, but to the effect of pressing. These results confirm that pressing improves the flexibility of the electrodes.




3.3. Evaluation of Conductivity


Figure 6a shows the relationship between the zeolite amount and the conductivity of the electrodes. The conductivity of the electrodes was measured in both dry and wet conditions (i.e., dripping 10 mL of tap water onto the electrode). The horizontal axis shows the amount of zeolite in terms of the mass ratio (wt.%) of the electrodes, and the values of conductivity (µS/m) are on the vertical axis. The pressure was the same (i.e., 2.5 MPa) for the electrodes in this experiment. In the dry state, the highest value of conductivity was found at 5000 µS/m, and it started to decrease as the zeolite mass ratio was increased. Zeolite is a dielectric material [8,22], thus an increase in zeolite in the electrodes decreased the conductivity of the electrodes. However, in wet conditions, the conductivity also decreased with an increase in zeolite, but due to the conductivity of tap water (6900 µS/m), a decrease in conductivity reduction was observed. We observed the effect of pressing during fabrication by changing the pressing pressure by 2.5, 5.0, and 10.0 MPa. These electrodes were made with no zeolite. An increase in conductivity was found for the electrodes in both dry and wet conditions due to the pressing pressure. The pressed electrode (in dry conditions) was approximately 6.25 times more conductive than the non-pressed electrode, as the conductivity of the electrode was approximately 800 µS/m fabricated without pressing pressure [20]. This indicates that the conductivity can be improved by pressing while fabricating the electrodes. Thus, an improvement in conductivity by pressing was confirmed. Since the previous studies have reported that EK treatment can be performed by electrodes with a conductivity as low as 10 µS/m [23], our electrodes will doubtless be eligible for EK treatment.




3.4. Cs Adsorption


The electrodes were made with three different pressing pressures (2.5, 5.0, 10.0 MPa) and their Cs adsorption capability was evaluated. Due to our understanding of the effect of pressing on fabricating these electrodes, no extra adsorption material was added to the electrodes (i.e., no zeolite was added). Figure 7a shows the relation of pressing pressure to the Cs adsorption capability, where the adsorption capability was shown by the per unit mass (mg/kg) of the electrodes. The amount of adsorption per unit mass was low at 2.5 MPa (21.9 mg/kg) and it increased to 29.4 mg/kg for 5 MPa. It increased further when the pressure was 10 MPa to 34.4 mg/kg. The adsorption of 133Cs was found to be 16.6 mg/kg without any pressing of the electrodes according to a previous report [20]. These results indicate that a higher adsorption rate can be obtained by pressing at a higher pressure. Furthermore, as zeolite is a good adsorbent, it can be understood that adding zeolite will make the electrodes more adsorbent.



Figure 7b shows how the Cs adsorption ability of the electrodes increased with the amount of zeolite. The horizontal axis shows the zeolite mass ratio (wt.%) and the adsorption amount per unit mass (mg/kg) is shown as the vertical axis. The results show that the amount of adsorption per unit mass increases as the zeolite mass ratio increases. This confirms that it is possible to increase the amount of Cs adsorbed from a solution by using zeolite. When the zeolite mass ratio was 40 wt.%, the amount of Cs adsorbed was 62.3 mg/kg, which indicates that approximately 90% of the cesium of the solution was adsorbed. Munthali et al. (2015) also found that more than 90% of Cs ions were adsorbed by zeolite from different electrolyte solutions in their research [22]. Moreover, Kumar et al. (2021) studied the effect of high pressure on synthesized zeolite, and they found no structural phase transition before 11.4 GPa [24]. Again, when the zeolite mass ratio was 0 wt.%, the adsorption amount was 34.4 mg/kg, which is equivalent to 50% of the Cs of Cs solution, indicating that the addition of zeolite improved the adsorption amount of Cs. It is, however, worth mentioning that adding zeolite made the electrodes brittle, and thus the conductivity was decreased, as we discussed in the previous section. The electrode with a zeolite mass ratio of 40 wt.% exhibited a high adsorption capacity, but after 48 h in the Cs solution, the electrode lost its shape and became very brittle. Therefore, it is difficult to increase the amount of zeolite when preparing electrodes.





4. Conclusions


In this study, cathode electrodes were developed using environmentally friendly materials including burnt rice husk charcoal (kuntan), zeolite, abaca, and starch glue, in order to achieve flexibility and a high adsorbing capacity of Cs ions for FEM-EK treatment. We used pressing on the electrodes while fabricating them and it improved the flexibility and conductivity, as well as the Cs adsorbing capability of the electrodes. The results are summarized as follows.



	(1)

	
Although zeolite is a good adsorbent, due to its dielectric properties and brittle nature, it is not easy to use in EK treatment as a material for fabricating electrodes, but we have used zeolite with other conductive material (kuntan, burnt rice husk charcoal) and prepared cathode electrodes which can be fully flexible and conductive and Cs adsorbent. Thus, this electrode can be used in FEM-EK treatment in order to purify polluted soil.




	(2)

	
Zeolite works as an adsorbent of Cs but adding zeolite to the electrodes showed a decline in conductivity and flexibility. The FEM-EK treatment is proposed for the treatment of a vast polluted area in conditions where the cathode electrodes will be exposed to the natural conditions of rain, moisture, etc. Considering this point, we evaluated the conductivity and flexibility of the fabricated electrodes by dripping with water and found an improvement in these characteristics, even after the addition of zeolite.




	(3)

	
Considering our results from this work, it is suggested that the appropriate zeolite mass ratio is ~15 wt.% of an electrode, or even less than that amount might be helpful for adsorbing Cs.







As described above, a pressing process was added to the electrode fabrication method for the FEM-EK treatment, and its performance was evaluated. The improved flexibility and conductivity enabled an increase in the zeolite mass ratio, which was thought to hinder its performance, and led to an increase in the adsorption capacity. However, the practical application of these electrodes in FEM-EK treatment should be considered, which will be our next focus of work.
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Figure 1. Diagram of electrokinetic (EK) remediation. (a) Conventional EK treatment. (b) FEM-EK treatment. 
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Figure 2. Schematic diagram of the electrode manufacturing apparatus (redrawn from Hatakeyama et al., 2017). 
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Figure 3. Schematic diagram of flexibility measurements (redrawn from Hatakeyama et al., 2017). 
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Figure 4. An example of an electrode fabricated with 2.5 MPa pressure. 
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Figure 5. Evaluation of flexibility. (a) Flexibility varies with the amount of zeolite. (b) Flexibility depends on the pressure applied during fabrication. 
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Figure 6. Conductivity evaluation of the electrodes. (a) Conductivity varies with the amount of zeolite. (b) Conductivity depends on the pressure applied during fabrication. 
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Figure 7. Adsorption of 133Cs. (a) Adsorption depends on the pressure applied during fabrication. (b) Adsorption varies with the amount of zeolite. 
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