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Abstract: The possibility of removal and controlling crystal formation from weathered biotite (WB) in 

clay minerals were investigated using molten salt electrochemistry (EC) in molten NaCl-CaCl2 under 

an electrochemical reductive reaction. Cyclic Voltammogram (CV) measurements were performed in 

the range of +0.5 V to −2.2 V. Several peaks were confirmed in the CV spectra. The peak at −1.4 V 

represents a reduction reaction of Fe in WB, so we conducted an experiment at −1.4 V for 2 h to reduce 

Iron (Fe). The Cs removal rate after EC treatment was determined by X-ray fluorescence analysis, and 

almost 100% Cs removal was confirmed. To understand the effect of the reductive reaction, we 

performed X-ray Adsorption Fine Structure (XAFS) analysis. Before EC treatment, the Fe in WB was 

present as a mixture of Fe
3+

 and Fe
2+

. After EC treatment, the presence of Fe
2+

 was confirmed by 

XAFS analysis. Based on this finding, EC treatment is effective for reducing Fe in WB. This result 

indicated that Fe2O3 formation was suppressed, and the reduction reaction was effective for controlling 

crystal formation. 
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1. Introduction  

A large quantity of radioactive nuclides was scattered by the Fukushima Daiichi Nuclear Power 

Plant accident (Hereinafter: 1F) that occurred in March 2011. More than 22 million m
3
 of radioactive 

contaminated soil was placed in temporary storage space during decontamination of the land. 

Therefore, volume reduction of the contaminated soil is an emergent challenge [1–8]. To overcome 

this challenge, several volume-reduction technologies have been developed thus far. The existing 

technologies are classified into three categories, namely, grading, chemical processing, heat 

treatment. These technologies have unique advantages and disadvantages. For example, the cost of 

grading is lower than the costs of the other techniques, but its radionuclide removal rate is not very 

high. Herein, we focus on heat treatment. Heat treatment is a highly efficient soil decontamination 

method [9]. The basic concept is the addition of an alkali chloride to the soil along with heat. 

However, the processing cost associated with this technique is higher than that of the other 

techniques. Therefore, to lower the total cost, it is essential to develop recycling technology. To 

solve this problem, we are promoting the research and development of a new heat treatment method. 

Cs adsorbs strongly on weathered biotite (hereinafter WB), as reported by Mukai et al. [10]. We 

demonstrated this using WB. We found that more than 99% of Cs can be removed by means of heat 

treatment [11]. After Cs was removed, the WB decomposed and four types of crystals were formed 

that were namely calcite, hematite, augite, and wadalite [12]. In addition, we recorded X-Ray 

Diffraction (XRD) patterns of WB after heat treatment at several temperatures. The pattern recorded 

at 400 °C was almost the same as that before heating. By contrast, several new peaks were observed 

in the pattern recorded at 500 °C. Additional new peaks appeared after heat treatment in the pattern 

recorded at 600 °C. Furthermore, the peak that appeared at 8° disappeared after heat treatment at 

700 °C. The disappearance of this peak indicates that the silicate structure in WB was decomposed 

completely. After the WB was decomposed, calcite, wadalite, hematite, and augite were formed, and 

it is known that these materials are effective for use in industrial applications. When we consider the 

effective use of these materials, further improvement of selectivity is necessary for the application as 

energy materials. Therefore, in this study, we attempt to establish a new heat treatment method called 

the molten salt electrochemical method (EC). Specifically, we focus on Fe in WB. Fe is one of the 

most important elements in WB. The proposed EC method can control the redox reaction in molten 

salt, and it is expected that by using this method, novel materials with unique functional properties 

can be synthesized. To verify the effectiveness of the EC method, we investigate Cs removal and 

structural changes in WB as a result of the proposed heat treatment scheme by using X-ray 

fluorescence (XRF), XRD, X-ray Adsorption Fine Structure (XAFS) analysis, and Scanning Electron 

Microscopy-Energy-Dispersive X-ray (SEM-EDX) spectroscopy. Accordingly, the purposes of this 

study are as follows. 

1. Can crystal formation be controlled using the proposed EC method? 

2. What changes can be found in the products owing to the reductive reaction? 

2. Experimental set up 

The apparatus used to execute the EC method was installed in a heat treatment system. The EC 

method is among the attractive methods available for fabricating metal and semiconductor films. 

Herein, we attempt to reduce Fe in WB, a clay mineral, by using the EC method. In general, clay 

minerals can be regarded as metal oxides. Fe is one of the most geologically important elements, and 
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it is often present in clay minerals. If we can reduce Fe by using EC method, we can alter the crystals 

formed after the decomposition of WB.  

 

Figure 1.  (a) Schematic diagram of electrochemical method in molten salt. (b) 

Photograph of electrochemical system and (c) Pt mesh electrode before and after reaction.  

The experimental setup is shown in Figure 1(a). “A” is Ar gas IN, “B” is Glassy Carbon counter 

electrode, “C” is Platinum working electrode, “D” is Ag/AgCl reference electrode, “E” is Ar gas 

OUT, “F” is quartz cell and “G” is molten NaCl-CaCl2. Figure 1(b) shows the photograph of 

electrochemical system. Figure 1(c) shows photographs of the Pt electrode before and after the 

reaction. In EC, three electrodes are used in molten NaCl-CaCl2. We used a Pt mesh electrode at the 

working electrode (W.E.), and its surface area was kept large to ensure effective reaction in molten 

salt. Glassy carbon rods were used as counter electrodes (C.E.). An Ag wire coated with Al2O3 was 

used as the reference electrode (R.E.). We prepared and compared three types of samples. Sample (1) 

is WB only. Sample (2) is WB with added mixed salt(NaCl-CaCl2) and heat-treated at 700 °C. 

Sample (3) is WB with added mixed salt (NaCl-CaCl2) and heat-treated at 700 °C under reductive 

potential treatment at −1.4 V. 40 mg of mixed salt NaCl-CaCl2 with molar ration 1:1 was added to 40 

mg of WB powder. After natural cooling, the sample was dispersed in 50 mL of distilled water by 

ultra-sonication. It was then subjected to centrifugal separation at 6000 rpm for 30 min. After the 

supernatant liquid was removed, the sediment was dried on a hot plate at approximately 100 °C. 

The electrochemical conditions were as follows: temperature = 700 °C for 2 h; scan range = 

−2.2 V to +0.5 V; and scan rate = 100 mV/s. The reductive potential was −1.4 V owing to the Fe 

reduction reaction. Composition of sample was conducted by XRF (Shimadzu EDX-8100), and 

structural analysis was conducted by XRD (Rigaku Smart Lab Ⅱ) using Ni-filtered Cu Kα radiation. 

XAFS measurement was conducted at BL-27B hard X-ray beamline at the Photon Factory of High 

Energy Research Organization (KEK-PF). 
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3. Results and discussion 

To control the reaction of Fe (Iron) in the clay mineral, cyclic voltammetry (CV) and 

chronoamperometry (CA) were conducted. Figure 2(a) shows the CV from +0.5 V to −2.2 V. It is 

recorded at the begging of the procedure. Several types of peaks were confirmed at a & a’, b & b’, 

and c. Peak a & a’ corresponding to the reductive potential around −1.4 V was considered with 

reduction potential of Si and Fe elements included in soil because WB was turned to augite, wadalite, 

and hematite in molten NaCl-CaCl2 at 700 °C. B and B’ peaks corresponding to the calcium redox 

reaction in molten salt were identified. Peak C represented the oxidation reaction during EC 

treatment because EC was conducted in atmosphere in this study. 

 

Figure 2. (a) Cyclic voltammogram for a Pt electrode in NaCl-CaCl2 at 700 °C. Scanning 

rate: 0.1Vs
-1

. (b) Chronoamperometry at 700 °C. 

The panel on the right in Figure 2(b) shows the chronoamperometry result. Chronoamperometry 

is a time-dependent technique. In this study, we checked only whether the potential of the working 

electrode was stepped at 700 °C and maintained for 2 h. To investigate the changes caused by molten 

salt EC, we performed XRF measurement. 

 

Figure 3. Cs/Si, K/Si, Ca/Si, and Cl/Si of three types of samples, as determined by XRF. 
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Figure 3 shows the result of XRF analysis. We confirmed the Cs removal ratio and the 

composition changes after the heat treatment and EC treatment. The initial composition of the WB 

sample and after heat treatment and EC treatment is also summarized in Table 1. The main 

components include Si, Al, and Fe. Ca is present in small amounts, and Cl is absent. We focused on 

changes in the quantities of Cs, K, Ca, and Cl. In case of EC treatment, Ni was slightly detected 

because a Ni wire is used for a part to connect a Pt electrode (shown as Figure 1(a)-(c). It is 

considered that Ni slightly melted in the process of EC treatment. 

Figure 3(a) shows the molar ratios of Cs and K in three types of samples, as obtained by XRF 

analysis. (1)The black bar shows the initial values about WB. (2)The red bar shows the results after 

heat treatment at 700 °C, and (3) the blue bar shows the molar ratios of Cs and K under application 

of −1.4 V. In these results, Cs is completely removed from WB (meaning Cs is under the detection 

limit) both sample (2) and (3). We confirmed that K shows the same tendency as Cs. By contrast, Ca 

and Cl show remarkably different behaviors. Figure 3(b) shows the molar ratios of Ca and Cl. Ca is 

initially present in small quantities in WB. Cl is absent. However, after the heat and EC treatment, 

the quantities of Ca and Cl increase drastically. This result seems to imply that Ca and Cl are 

involved in the silicate structure. 

 

Figure 4. XRD patterns of WB (black line), and WB+mixed salt/700 °C (red line), and 

WB+mixed salt/700 °C after EC treatment (blue line). 

To understand the structural changes in the three types of samples, we conducted XRD analysis. 

Figure 4 shows the XRD patterns of these samples. (1)The black line represents WB, and (2) the red 

line represents WB heat-treated at 700 °C, and (3) the blue line represents WB subjected to EC 

treatment (−1.4 V) heat-treated at 700 °C. First, we confirmed that the peak at 8° is due to XRD from 

silicate structure at WB [13]. Second, the silicate structure decomposed completely after heat 

treatment at 700 °C. In the case of EC treatment (−1.4 V), too, the silicate structure decomposed. In 

addition, a new XRD pattern appeared at 18° and 23°. This pattern is quite different from that 

recorded at heat-treated at 700 °C. These results indicate that different crystals were formed under 
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EC treatment (−1.4 V). This structural change was caused by electrolysis reduction of Fe at −1.4 V. 

Furthermore, to understand local structural changes in Fe, we performed XAFS measurement. 

To analyze the effect of EC treatment, we measured the Fe K-edge XAFS spectra. XAFS 

analysis is a powerful tool for local structural characterization. We briefly explain the principle of 

XAFS measurement. In XAFS, adsorption energy is measured from the core level to the valence 

unoccupied state. If the adsorption energy was changes, the positions and number of peaks will 

change as well. In other words, XAFS is sensitive to oxidation or reduction states and coordination 

of the local structure of Fe. In this study, we performed fluorescence yield detection. Because in 

general, mineral is an insulator, we could not obtain the total electron yield.  

 

Figure 5. (a) Fe K-edge XAFS spectra for WB (black line), WB+mixed salt/700 °C (red 

line), and WB+mixed salt/700 °C after EC treatment (−1.4 V) (blue line). (b) The 

expanding pre-edge region at Fe K-edge XAFS spectra. 

Figure 5(a) shows the Fe K-edge XAFS spectra of the three types of samples. Herein, we 

focused on the pre-edge region from 7108 eV to 7118 eV because it is sensitive to oxidation and 

reduction changes of Fe. The expanding this pre-edge region is shown in Figure 5(b). The black line 

shows the WB alone before heat treatment. The red line shows represents the sample heat-treated at 

700 °C, and the blue line represents the sample subjected to reduction at EC treatment at −1.4 V 

reductive potential. In the case of WB, the pre-edge peak was identified at 7110.6 eV. The Fe
2+

 

pre-edge can be observed at the center position of 7112.2 eV and that of Fe
3+

 can be observed 

approximately 1.5 eV higher at 7113.5 eV. These data was reported by Wilke et al. [14]. Notably, 

this peak is slightly broad. This result indicates that two states exist, that is, in WB, Fe
2+

 is dominant, 

but is mixture of Fe
2+

 and Fe
3+

. In the case of 700 °C treatment, the pre-edge peak is shifted upward 

by approximately 3 eV. This peak shift indicates that Fe changes to Fe
3+

 after heat treatment alone. 

This result is consistent with the results of Westre et al [15]. Finally, in the case of EC treatment 

(−1.4 V), the pre-edge peak was identified at 7110.1 eV. In this result, the pre-edge peak did not shift 

compared to that of WB. However, the shape of the peak changed slightly. This result indicated that 

Fe appears as Fe
2+

 after EC (−1.4 V) treatment. In other words, Fe is initially present as a mixture of 
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Fe
3+

 and Fe
2+

. Owing to heat treatment at 700 °C, Fe changes to Fe
3+

 as Fe2O3. By contrast, owing to 

EC (−1.4 V) treatment, Fe changes to Fe
2+

 Due to electrolytic reduction using molten salt 

electrochemical method. 

 

Figure 6. SEM image of (1) WB, (2) WB + mixed salt / 700 °C, and (3) WB +mixed salt 

/ 700 °C after EC treatment. 

Table 1. Components of WB, WB+mixed salt/700 °C, and WB+mixed salt/700 °C after 

EC treatment as determined by XRF. 

Element SiO2 Al2O3 Fe2O3 MgO K2O CsO2 TiO2 CaO Cl Ni 

WB 43.0 18.9 16.9 7.4 5.1 4.9 2.3 0.9 n.d n.d 

WB+mixed salt 

/ 700 °C 

34.1 16.1 11.2 6.7 0.47 n.d 2.2 25.5 3.4 n.d 

WB+mixed salt 

/ 700 °C after 

EC treatment 

33.0 10.9 11.3 4.8 0.34 n.d 1.4 32.5 0.35 2.6 

 

We understood that we were returned to Fe
2+

, and then what kind of compound will Fe form 

from this result. As further investigation, we performed surface observation and composition analysis 

by using SEM-EDX. Figures 6 shows the SEM image of three types of samples. The panel of the left 

shows the WB only sample, the panel of the middle shows WB and mixed salt with heat-treated at 

700 °C, and the panel on the right shows the sample WB and mixed salt with heat-treated at 700 °C 

after it was subjected to EC. At first, the SEM image of Figure 6(1) was observed on standard 

structure for WB. Then, after heat-treated at 700 °C shown in Figure 6(2), structure was changed but 

we could not observed characteristic crystal formation though a structural change was confirmed by 

the XRD pattern shown in Figure 4 (red line). Finally, after the EC treatment at Figure 6(3), the 

structure of the sample showed obvious changes. Large CaCO3 crystals were as formed. However, 

we could not observe Fe2O3 crystals because Fe was reduced by EC. This means hematite (Fe2O3) 

formation was suppressed. In addition, the formation of augite and wadalite crystals was confirmed. 

These observations imply that only Fe2O3 formation was suppressed, and the reduction reaction was 
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effective for controlling crystal formation. Therefore, the EC treatment can be an important method 

in designing a new crystal formation. 

4. Summary 

In this work, we used the EC method in addition to heat treatment and achieved almost 100% 

Cs removal. We succeeded in effectively controlling the formation of a product by using the EC 

method. Furthermore, we found by means of XAFS analysis that Fe was reduced by electrolytic 

reduction. In addition, suppression of Fe2O3 formation was confirmed. In future, we intend to 

investigate potential dependence by using EC treatment. 
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