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Many kinds of clay minerals consist of layered silicates, and cations exist in the inter-layer clearance. Some of them are tightly fixed in them, because they are bound due to the electrostatic force. Especially, ion radius of Cs fits the size of some sites on the layer crystal. Therefore, Cs ions, once contained in clay minerals, they are not dissolved into water. One of the possible methods for the Cs removal is to exchange it with some other cations. In this study, vermiculite was selected as an example of clay minerals. The vermiculite particles were suspended in water and doped with Cs. After separating the sediments (doped vermiculite) from the water and dried, microwave irradiation of the doped vermiculite was performed with addition of some chloride compounds (salts) in a powder state (solid state). Degree of the ion exchange was determined by measuring the amount of Cs re-dissolved into water. It was observed that microwave heating of vermiculite with KCl and/or CaCl 2 addition enhanced the ion exchange reaction, comparing with the electric heating cases. On the other hand, addition of the chlorides improved the microwave heating ability, although KCl and/or CaCl 2 itself is not heated well by microwave. In this study, influence of KCl addition was mainly investigated. Electric conductivity of the mixture up to 5MHz was measured and shown to be higher than that of vermiculite. Dielectric loss factor (ε r ") of the mixture increased as the temperature increase more in the mixture than vermiculite alone. Increase in both parameters indicates the improved microwave heating characteristics.

Introduction

Clay minerals consist of layered silicates [1], which are bound together by Van der Waals force, and there are interlayer clearances. In the clearance, interlayer water exists and also there are some cations which are bound to the layered crystals by electrostatic force. Among them, ion radius of cesium (Cs) is known to fit size of some sites on the layer crystal and hence tightly bound to the silicate layers. Therefore, once Cs ions are incorporated into clay minerals, they are not easily removed out. Radioactive Cs (especially Cs 137 ) causes a serious problem.

Ion exchange reaction is one of the methods to remove Cs from clay minerals via substituting the intercalated Cs ions with some cation. Microwave application is attempted to enhance the reaction, as it is expected microwave has some interaction with the inter-layer water, and promote the ion exchange.

This study is performed to examine the possibility of removing of Cs from the Cs-doped clay soil by iron exchange. Microwave processing is attempted to apply to this process, because the objects can be treated in a short time due to the rapid heating characteristics. It is also attempted to investigate the possibility to take advantage of microwave processing to promote exchanging reaction of the Cs ions with other cations, as indicated by previous reports [2,3]. The clay particles and the chlorides (and some compounds) are mixed in powder (solid) states and they are treated by microwave irradiation.

In this study, vermiculite is selected for the model material of the clay minerals, and exchange reaction of ions by microwave irradiation is investigated. Non-radioactive Cs was used for doping with the vermiculite. In order to interpret the microwave heating behavior, the permittivity (high temperature) and the conductivity measurement (room temperature) are performed.

Experimental part

Specimen used for this study is a commercial vermiculite for gardening. Chemical composition of vermiculite is expressed as follows [START_REF]Handbook of Clay[END_REF]: (Na,K,Ca 0.5 Mg 0.5 ) 0.6-0.9 (Mg,Fe 3+ ,Al) 2-3 (Si,Al) 4 O 10 (OH) 2 nH 2 O Well-defined initial state of the specimen was setup for the experiments, as follows: as-received vermiculite was gently ground with an agate mortar, then dispersed in purified water. Standard cesium solution (CsCl, 1000ppm, Wako, Tokyo, non-radioactive) for ICP analysis was diluted with purified water and doped. The Cs-doped suspension was filtrated and the sediments were dried at 60 o C for 24hrs. The amount of the doped Cs in vermiculite was estimated measuring the Cs concentration of the aqueous solution separated from the suspension by filtration. Concentration of the doped Cs was of the level of less1000ppb or less depending on the specimens. The reagent grade (assay 95%, Wako) of KCl and/or CaCl 2 salts were used by mixing with the Cs-doped vermiculite in powder state for the microwave heat treatment.

Chemical analysis

Cs concentration in aqueous solution was measured with ICP-MS (Agilent Technologies 7500 Series) for the purpose of detecting the very little amount of Cs. This analytical method was undertaken for the re-dissolution test of Cs into water (to examine the degree of ion exchange) from the heat treated powder specimens.

Microwave apparatus

Microwave heating was performed with a 5.8GHz single mode applicator (Maikuro-Denshi, MMG-607V) of TE103 cavity, at an input power less than 200W. The specimen powder (mixture) was contained in a fused silica cell having dimension of 10mm in diameter and 50mm in length (vermiculite weight, 0.1g), it was placed at the position of electric field maximum in the microwave cavity, and the resonance of the cavity was obtained tuning the movable plunger and adjusting the system impedance with a E-H tuner. The temperature of the specimen was measured with an optical method using sapphire rod above 350 o C (PhotriX / Luxtron Corp.), and with fluorescent sensor below 450 o C (Anritsu-Keiki, FS400-2W).

Dielectric properties of materials

In this study, permittivity measurement of the specimen was performed using co-axial wave guide method [START_REF] Kawahira | [END_REF] and cavity perturbation method at 2.45GHz. Temperature variation of the permittivity was recorded. The permittivity values are expected not different too much from the range around 3GHz up to 6GHz. On the other hand, impedance measurement was also made in a frequency range less than 5MHz down to 4Hz. The measurement was conducted at room temperature.

Results

Cs re-dissolution into water (Removal ratio) Fig. 1 illustrates comparison of the Cs removal ratio (vermiculite with addition of CaCl 2 and CaCO 3 ) by microwave and by electric furnace heating at different heating temperature. After heating, they were suspended in water. Re-dissolved amount of Cs in water was measured and the removal ratio of Cs was evaluated comparing with the doped amount of Cs. It can be seen that by microwave heating below 670 o C, the removal ratio larger than the electric furnace cases. At 1000 o C, the ratio becomes less. Probably, thermal effect becomes overwhelming at this condition and/or by the enhanced sintering kinetics to be shown later. Vermiculite and its mixture with 67wt%KCl were heated at different temperatures by microwave in powder states. The results are plotted in Fig. 2. The dissolution (removal) ratio increased by mixing with KCl, which is evident even without microwave heating (room temperature plots). On the other hand, highest ratio was obtained when heating to 670 o C (Cs melting point), and it decreased in the specimens heated to 1000 o C. The reason in this case was considered to be related with the fact that sintering of the vermiculite was promoted as the photographs shown in Fig. 3. Microwave heating behavior Microwave heating behavior of vermiculite and its mixture with KCl was investigated. The attained maximum temperature by application of 140W microwave input was compared among various specimens. The results are listed in table 1. The maximum temperature rather depends on the skill of manipulation of movable plunger and E,H tuner, however, this results provide a good measure of microwave absorbability of each specimen. Although higher temperature can be attained if larger microwave power is applied, it is evident that addition of KCl improves the microwave absorbability very much. On the other hand, however it was found that KCl itself is not a good absorber, as mentioned before.

Table 1: Temperature attained by microwave heating of various specimens at the input power of 140W (measured with a sapphire rod).

Permittivity and high frequency impedance of powder mixture Microwave energy (power) is absorbed in substances according to Eq. 1, where E and H are electric and magnetic field, respectively, µ is a magnetic permeability. As the present case, the materials are non-magnetic, therefore, the third term can be neglected. So, the heating mechanisms are ascribed to the first (dielectric) and the second (induction current) heating mechanisms.

P = 1 2 ωε " E 2 + 1 2 σ E 2 + 1 2 ωµ " H 2 (1)
For the purpose of interpreting the heating behavior of the above listed specimens, permittivity and impedance measurement were performed, and comparison was made among vermiculite, vermiculite mixing with 30mass%KCl (mixture) and KCl. The heating ability increased by addition of cations as listed in Table 1, which might be partially related with the increase in the electric conductivity (σ) and partially with the dielectric loss factor (imaginary part of permittivity (ε")). Dependence of the conductivity on frequency below 5MHz is shown in Fig. 4. The conductivity becomes higher by addition of KCl to vermiculite and much higher than that for KCl. Next, high temperature measurement of permittivity is performed and ε" values at different temperature are shown in Fig. 5. The dielectric loss factor increased as an increase of temperature [START_REF]Microwave Processing of Materials[END_REF], indicating the promoted (accelerating) microwave heating, as an increase of temperature. Though it is not possible to measure the conductivity at GHz, the electric conductivity can be estimated using a value of imaginary part of permittivity (ε r ") to be ~3[S/m] at 800 o C using a relation (σ =ωε 0 ε r ", ω =2π⋅2.45⋅10 9 , ε 0 is a permittivity of vacuum). The dielectric conductivity is much lower comparing with the metals. The mixed powder was shown to increase as the heating temperature (shown in Fig. 5). Therefore, it is inferred that contribution of the conduction loss due to long ion transport is not large. However, the dielectric interaction resulted in stimulating the exchange reaction and might be related to the dielectric loss. The detailed mechanisms are required to be investigated in the future study. vermiculite and with 33wt% KCl addition.

Discussion on ion exchange kinetics

Removal of Cs was caused by ion exchange with the additive cations (Ca 2+ in Fig. 2 case). The lower temperature enhancement of the exchange reaction by microwave is noticeable and its mechanism has to be discussed. The same tendency was obtained in the case of KCl addition.

According to the dissolution ratio (removal ratio) of Cs into water (Fig. 1, 2), it is supposed that ion exchange occurred between the intercalated Cs and K. In discussing the possibility of the exchange reaction, the followings are taken into consideration:

It is known well that the interlayer clearance of vermiculite contains water and some cations. The capacity of cation incorporation is characterized in terms of Cation Exchange Capacity (CEC). Vermiculite is known to have large CEC among various minerals, having a value above 100 cmol c kg -1 , which is favorable to hold fertilizing ions such as NH 4+ etc. Among various cations, K ion is known to have the highest CEC, indicating the possibility of very large amount of K intercalation in vermiculite.

Although it is reported [START_REF] Maes | [END_REF] that the exchange selectivity of K + is not higher than Cs + , K + has the largest uptake among the foreign cations competed with Cs in the report [8], on the other hand. As it has to be considered that the degree of the exchange reaction depends on the minerals tested (as the naturally occurring matters), it was demonstrated that the ion exchange occurred in the vermiculite by KCl addition effectively. And the exchange ratio increased by heating to the high temperature. (There are much less attempts reported at the elevated temperature above 300 o C.) The removal ratio (up to 30% in Fig. 3) is still low for the actual operation, however, it is believed that the ratio could be improved by further exploring the experimental conditions. In addition, the enhanced kinetics will be discussed in terms of microwave effect by comparing with that of the conventional heating in future studies.

Conclusion

This study was conducted to remove intercalated Cs ions from vermiculite by ion exchange with Ca and K. CaCl 2 and KCl was mixed with Cs incorporated vermiculite and heated by microwave. Cs removal ratio increased by the ion exchange, the reaction of which was enhanced by microwave heating. On the other hand, it was shown that microwave absorbability was enhanced with mixing of KCl. Imaginary part of permittivity (loss factor) was altered by mixing with KCl in GHz range, the conductivity and permittivity increased at the lower (MHz) range at room temperature. Temperature dependence of permittivity is suggested to be important. Dissociation experiments of Cs indicated that treatment of heating to higher temperature of vermiculite mixture enhanced the removal of Cs. 
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 1 Fig. 1: Comparison of Cs removal rate between Fig. 2: Cs removal rate with and the microwave and conventional heating without addition of KCl (with addition of CaCl 2 and CaCO 3 )
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 3 Fig. 3: Photographs of vermiculite + 67wt% KCl mixture (a) before and (b) after heated by microwave at 1000 o C.
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 45 Fig. 4: Conductivity dependence of vermiculite Fig. 5: Temperature dependence of ε r " and with KCl additions on frequency.vermiculite and with 33wt% KCl addition.
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