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Abstract 1 

The electrochemical reduction behavior of borosilicate glass, which is the main 2 

component of vitrified radioactive waste, was investigated in molten CaCl2 at 3 

1123 K to establish a new nuclear waste disposal procedure. Cyclic voltammetry 4 

of borosilicate and silica glasses suggested that the reduction of B2O3 in 5 

borosilicate glass occurred at a more positive potential than that of SiO2. X-ray 6 

photoelectron spectroscopy confirmed that the B2O3 component was reduced to 7 

B or a B-Si compound at 0.9 V vs. Ca2+/Ca. The reduction products prepared by 8 

the potentiostatic electrolysis of borosilicate glass at 0.9 V had granular 9 

morphology and consisted of crystalline Si. The Al2O3 component was not 10 

reduced at 0.9 V and the Na2O component was suggested to be dissolved in 11 

molten CaCl2 during electrolysis. 12 

 13 
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1. Introduction 1 

Nuclear power was responsible for generating more than 11% of the world’s 2 

electricity in 2015.1 Since the life-cycle of greenhouse gas emissions from nuclear 3 

power is much lower than that of other conventional base load energy sources,1 4 

nuclear power has the potential to mitigate global warming by replacing fossil fuels in 5 

power generation. 6 

On the other hand, nuclear power generation has challenges, particularly in the 7 

disposal of radioactive wastes. Currently, high-level nuclear wastes are confined in 8 

borosilicate glass to prepare them for ultimate disposal, i.e., they are isolated until 9 

they lose enough radioactivity in a process called deep geological disposal. A typical 10 

composition of the vitrified waste is 43-53 wt% SiO2, 7-17 wt% B2O3, 3-5 wt% Al2O3, 11 

6-24 wt% Na2O, and ≦25-35 wt% nuclear wastes.2 By 2000, the vitrification 12 

facilities of the French company COGEMA (presently Areva) had produced over 13 

10,000 canisters containing about 4,000 tons of vitrified high-level waste.3 Globally, a 14 

significant amount of radioactive wastes have been produced in the past and even 15 

larger amounts will be produced in the future. The International Atomic Energy 16 

Agency (IAEA) reported that the total amount of spent fuel generated worldwide was 17 

about 276,000 tHM (tons of heavy metal) at the end of 2004.4 Among them, 90,000 18 

tHM had been reprocessed and 186,000 tHM were being stored for reprocessing.4 19 

However, in many countries including Japan, the places for ultimate disposal have not 20 

been determined yet. Among the difficulties in earthquake prone nations like Japan is 21 

finding stable geological layers. 22 

To address this situation, a new disposal process has been proposed in Japan: 23 

Long-lived fission products (LLFPs) such as 135Cs, 79Se, 93Zr, and 107Pd, whose half-24 

lives are 2.3 million, 327 thousand, 1.53 million, and 6.5 million years, respectively, 25 

in the high-level nuclear waste are separated and converted into short-lived or stable 26 
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nuclides by nuclear transmutation.5 Since the amount of radioactive wastes is 1 

significantly decreased, the need to prepare ultimate disposal locations is eliminated. 2 

Moreover, some elements found in the waste, e.g., platinum group metals, are 3 

expected to be utilized for various applications such as automobile catalysts and fuel 4 

cell catalysts. 5 

The LLFPs in vitrified wastes must first be recovered and then separated from 6 

each other before the transmutation process. Since the vitrified wastes are originally 7 

prepared to confine the LLFPs stably for a long time, the recovery of the LLFPs is 8 

challenging. First, a pretreatment process that can destroy the glass structure of the 9 

vitrified wastes is required. While glass can be dissolved by hydrofluoric acid, wet 10 

processes using hydrofluoric acid cannot be used in pretreatment without producing a 11 

large amount of secondary radioactive waste. In contrast, dry processes, although not 12 

studied so far, have the potential advantages of decreasing the amount of secondary 13 

wastes and providing a high processing rate. Among several conceivable dry 14 

processes, electrochemical reduction in molten salt is worth investigating because 15 

electrochemical reductions of solid metal oxides including SiO2 in molten salts have 16 

already been established.6,7 Furthermore, the behaviors of many fission products (FPs) 17 

in molten salts have been widely studied in the field of nuclear fuel reprocessing. 18 

Thus, it is possible to design a separation process for LLFPs in molten salts that 19 

follows a pretreatment process relying on electrochemical reduction. 20 

To this day, many studies have been conducted on the electrochemical reduction 21 

of solid metal oxides in CaCl2-based molten salts for the development of new 22 

production processes for valuable materials.6,7 Chen et al.8 firstly reported the direct 23 

electrochemical reduction of TiO2 to Ti in molten CaCl2. After their report, 24 

electrochemical reduction of various ionic metal oxides have been studied in molten 25 

salts on a laboratory scale (e.g. Ti8, Cr9, Ce10, Nb11, Ta12, W13, Ni14, Zr15, Dy16, U17). 26 
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In addition to ionic oxides, electrochemical reduction of covalent oxide SiO2 in 1 

molten CaCl2 was also reported.
18 Since SiO2 is an insulating material even at high 2 

temperatures, the reduction requires a special structure of electrodes called 3 

“contacting electrode”. The SiO2 contacting electrode is prepared by direct contact of 4 

the conducting material, typically a molybdenum wire, to an SiO2 plate.18 The 5 

reduction starts at the three-phase zone consisting of an oxide, a conductor, and a 6 

molten salt. The reaction zone spreads throughout the SiO2 because the produced 7 

silicon has a high electric conductivity at high temperatures that generates additional 8 

electron pathways accompanied by a penetration of the molten salt into the porous Si 9 

layer.19 10 

Cathode:  SiO2 (s) + 4e− → Si (s) + 2O2−         (1) 11 

Anode   :  C (s) + xO2−    → COx  (g) + 2xe−      (2) 12 

Our group and other groups have proposed to apply the above reactions for the 13 

production of solar grade silicon,19–38 the preparation of silicon nanowires,25,39,40 and 14 

the preparation of negative electrode material for lithium ion batteries.41 In these 15 

electrochemical methods, CaCl2-based molten salts have been typically used as the 16 

electrolytic bath because of their high solubility of O2− ions.42  17 

The current state of the research concerning direct electrolytic reduction of other 18 

oxide components typically found in vitrified wastes is outlined below. For the second 19 

largest waste component – B2O3 – the direct electrochemical reduction in molten salts 20 

has not been reported. Incidentally, the production of elemental boron by molten salt 21 

electrolysis has been studied for almost one century. B(III) ions prepared by the 22 

dissolution of B2O3 have been reduced to elemental boron in a single step in KF, KCl, 23 

KCl-KF, NaCl-KCl, and NaCl-KCl-NaF molten salts.43 Also for alkali oxides such as 24 

Na2O, no direct electrochemical reduction study has been reported. With respect to 25 

Al2O3, Yan and Fray investigated the electrochemical reduction behavior in CaCl2-26 
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based molten salts and reported potential-pO2− diagrams.45 As previously reported, 1 

Al-rich Al-Ca alloys have been obtained with calcium aluminates as intermediate 2 

reduction products.  3 

In this study, we investigated the electrochemical reduction of borosilicate glass 4 

in molten CaCl2 with the aim of developing a new pretreatment method for the 5 

vitrified radioactive wastes. Since the reduction behavior of the actual vitrified 6 

radioactive wastes is expected to be complicated, borosilicate glass was selected as 7 

the study object. Specifically, Pyrex® glass was chosen from among the many kinds 8 

of borosilicate glass because it is the most typical one. The electrochemical behavior 9 

of Pyrex® glass was studied by cyclic voltammetry and the results were compared to 10 

those of SiO2. Here, glass-seal electrodes,24,30,39,44 which give good reproducibility for 11 

the geometry of the glass/conductor/CaCl2 three-phase zone, were employed. 12 

Potentiostatic electrolysis was conducted at several selected potentials to prepare the 13 

samples for instrumental analysis. Based on these results, the electrochemical 14 

reduction behavior of borosilicate glass was determined. 15 

 16 

2. Experimental 17 

 Figure 1 shows a schematic of the experimental apparatus. 500 g of CaCl2 (> 18 

95.0 %, Wako Pure Chemical Industries, Ltd.) crushed in a mortar was placed in an 19 

alumina crucible (outer diameter: 90 mm, height: 140 mm, purity 99%, As One Corp.) 20 

and put in an open dry chamber (HRW-60AR, Daikin Co. Ltd.). Then, the CaCl2 was 21 

dried at 453 K in a vacuumed oven for more than 72 h, transferred to a quartz glass 22 

vessel, and vacuumed at 773 K for 24 h to further remove moisture. The subsequent 23 

electrochemical experiments were conducted inside the quartz glass vessel at 1123 K 24 

under a dry Ar atmosphere. 25 
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 Electrochemical measurements and potentiostatic electrolysis were conducted 1 

with a three-electrode method using an electrochemical measurement system (HZ-2 

3000, Hokuto Denko Corp.). Glass-seal electrodes (Fig. 2a) and wire-wound 3 

electrodes (Fig. 2b) were used as the working electrodes. In the glass-seal electrodes, 4 

a tungsten rod (> 99.95%, diameter: 2.0 mm, Nilaco corp.) was sealed in a 5 

borosilicate glass tube (Pyrex®, SiO2 80.8 wt%, B2O3 12.5 wt%, Al2O3 2.3 wt%, Na2O 6 

4.0 wt%, K2O 0.4 wt%, o.d. 8 mm) or a silica (SiO2) glass tube (o.d. 6 mm). In the 7 

wire-wound electrodes, a borosilicate glass plate (Tempex®, SiO2 81 wt%, B2O3 13 8 

wt%, Al2O3 2 wt%, Na2O 3.3 wt%, K2O 0.7 wt%, 5 mm × 15 mm × 1.1 mm) or a 9 

silica glass plate (5 mm × 15 mm × 1 mm) was wound by a Mo wire (diam. 0.2 mm, > 10 

99.95%, Nilaco Corp.).37 The counter electrode was a graphite square rod (4 mm × 4 11 

mm × 50 mm) and the reference electrode was an Ag+/Ag electrode.36 All potentials 12 

in the present paper have been calibrated by the redox potential of Ca, which was 13 

obtained by electrodepositing calcium metal on a Mo wire electrode (diam.1mm). A 14 

chromel-alumel thermocouple inserted in an alumina tube was used for the 15 

temperature control.  16 

Following potentiostatic electrolysis, the glass-sealed electrodes were rinsed with 17 

distilled water to remove residual salts, dried at room temperature, and cut by a 18 

diamond cutter into ~5 mm long sections. The prepared samples were evaluated using 19 

an optical digital microscope (Dino Lite PRO Polarizer DILITE30 AM-413ZT, Sanko 20 

Co., Ltd.) and a scanning electron microscope (SEM; VE-8800, Keyence Corp.). They 21 

were also characterized by energy dispersive X-ray spectroscopy (EDX; EDAX 22 

Genesis APEX2, AMETEK Co. Ltd.), X-ray diffractometry (XRD; Ultima IV, Cu-Kα 23 

line, Rigaku Corp.), and X-ray photoelectron spectroscopy (XPS, JPS-9010MC, JEOL 24 

Ltd.). For the XPS measurement, potentiostatic electrolysis was conducted at 0.9 V vs. 25 

Ca2+/Ca for 60 minutes, and the samples were rinsed with distilled water, 8 % HCl 26 
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aqueous solution, and 10 % NaOH aqueous solution. The powdery products recovered 1 

from the reduced glass-sealed electrodes were fixed evenly on carbon tape and then 2 

etched by Ar ion irradiation to remove the natural oxide from the surface. The spectra 3 

were calibrated by the C 1s peak at 284.8 eV for the reduced sample and by the Si-O 4 

peak at 103.3 eV for the unreduced sample. 5 

 6 

3. Results and Discussion 7 

3.1 Thermodynamic calculations 8 

Prior to the experiments, the reactions were estimated by Ellingham diagrams for 9 

oxides and chlorides. Figure 3(a) shows the Ellingham diagram for the oxides in the 10 

reaction system (MOx, M=Si, B, Al, Na, K, and Ca). Among the components of 11 

borosilicate glass, K2O, Na2O, and B2O3 are less stable than SiO2. These oxides are 12 

expected to be reduced at more positive potentials than the reduction potential of SiO2 13 

(1.25 V37). On the other hand, the diagram shows that the reduction of Al2O3 proceeds 14 

at a more negative potential. In the case of pure Al2O3, the formation of calcium 15 

aluminate depended on the conditions.45 Moreover, there is a possibility of the 16 

formation of complex oxides such as CaSiO3 and CaB2O4. Since the stability of these 17 

oxides in molten CaCl2 depends on the concentration of O2− ion, the construction of 18 

E–pO2− diagram for boron is also required for the detailed discussion in the same 19 

manner with the reduction of SiO2.36 The construction of E–pO2− diagrams will be 20 

reported in a separate full paper.  21 

Figure 3(b) shows the Ellingham diagram for the related chlorides (MClx, M=Si, 22 

B, Al, Na, K, and Ca).46 While the Gibbs formation energies for Na2O and K2O are far 23 

more positive than that of CaO, those for NaCl and KCl are as negative as that for 24 

CaCl2. Thus, as outlined below by Equations 3 and 4, the reaction of Na2O or K2O 25 

with molten CaCl2 is thermodynamically favorable. 26 
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 1 

Na2O (s) + CaCl2 (l) = CaO (s) + 2 NaCl (l)    

  ΔGº1123K =  −246.5 kJ mol−1 (Ref. 46) 

(3) 

K2O (s) + CaCl2 (l) =  CaO (s) + 2 KCl (l)       

  ΔGº1123K =  −347.7 kJ mol−1 (Ref. 46) 

(4) 

 2 

Namely, the components of Na2O and K2O in the glass are expected to dissolve to 3 

molten salt as NaCl and KCl. On the contrary, for SiO2, B2O3, and Al2O3, the 4 

reactions with molten CaCl2 are unfavorable, as seen below in Equations 5-7.  5 

SiO2 (s) + 2 CaCl2 (l) =  2 CaO (s) + SiCl4 (g)       

  ΔGº1123K =  409.5 kJ mol−1 (Ref. 46) 

(5) 

B2O3 (l) + 3 CaCl2 (l) = 3 CaO (s) + 2 BCl3 (g)    

  ΔGº1123K =  623.2 kJ mol−1 (Ref. 46) 

(6) 

Al2O3 (s) + 3 CaCl2 (l) =  3 CaO (s) + 2 AlCl3 (g)       

  ΔGº1123K =  666.2 kJ mol−1 (Ref. 46) 

(7) 

 6 

3.2 Cyclic voltammetry 7 

 Fig. 4 (a) and (b) show the cyclic voltammograms for sealed borosilicate glass 8 

and silica glass electrodes in molten CaCl2 at 1123 K, respectively. The 9 

voltammograms were recorded for five consecutive cycles. The apparent current 10 

density is expressed with respect to the bottom area (the exposed area) of the tungsten 11 

rod. In the voltammogram for borosilicate glass (Fig. 4 (a)), a small cathodic current 12 

is observed from 1.8 V vs. Ca2+/Ca. Since the potential is more positive than the SiO2 13 

reduction potential (Fig. 4(b)), this cathodic current is interpreted as the reduction of 14 

some oxides that are less stable than SiO2. A larger cathodic current flows from 1.3 V, 15 

which corresponds to the reduction of SiO2 to Si.37 Moreover, a sharp increase of 16 
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cathodic current at 0.5 V is explained by the formation of Si-Ca alloys.28, 37 After the 1 

reversal of scan direction to positive, an anodic current peak is observed at 0.7 V, 2 

which corresponds to the dissolution of Ca from Si-Ca alloys. Then, anodic current 3 

rising from 1.3 V is regarded as the reoxidation of Si to SiO2. Finally, a small anodic 4 

current is observed from 1.8 V. This current is the reoxidation of reduction product 5 

which has been produced in the negative scan. 6 

 In both cyclic volrammograms for borosilicate and silica glass, the currents 7 

increase as the cycles are repeated. For pure SiO2, this behavior has been explained by 8 

the increase of the reaction zone due to the formation of conductive Si from insulating 9 

SiO2.
19 A similar mechanism is possible for the reduction of borosilicate glass. 10 

 11 

3.3 Potentiostatic electrolysis 12 

 To confirm the reduction reaction results, potentiostatic electrolysis was 13 

conducted using borosilicate glass-sealed electrodes at 0.6 V (B-1), 0.9 V (B-2), and 14 

1.4 V (B-3), and silica glass-sealed electrodes at 0.6 V (S-1), 0.9 V (S-2), and 1.4 V 15 

(S-3) for 30 minutes in molten CaCl2 at 1123 K. Figure 5 shows current-time curves 16 

during the potentiostatic electrolysis and Figure 6 shows the microscope images of the 17 

reduced glass-sealed electrodes. In the electrolysis at 0.9 V and 0.6 V, the reduction 18 

currents for borosilicate glass are larger than those for silica glass. In addition, the 19 

current oscillations suggest the periodic change of three phase zone, which might have 20 

occurred by the generation of H2 by reduction of hydroxyl groups in the glass. On the 21 

other hand, in Fig. 6(a), the reduced area looks smaller for borosilicate glass 22 

compared to that of silica glass. This outcome is confirmed by Fig. 6(b), where the 23 

surface reduction progressed to the side of the tube in the case of silica glass at 0.6 V. 24 

These results indicate the smaller surface reaction rate for borosilicate glass. The 25 

observed larger current and slower surface reaction for borosilicate glass are 26 
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explained by its faster inner direction progress As shown in the cross-sectional image 1 

for sample B-2 (Fig. 6(c)), the depth of the reduced portion for borosilicate glass is 2 

almost the same length as the reduced portion on the surface. At 1.4 V, the observed 3 

current is larger for borosilicate glass compared to that of silica glass, which is 4 

consistent with the cyclic voltammetry results. However, the current value is much 5 

smaller compared to the electrolysis at more negative potentials. Since noticeable 6 

change is not observed in the microscope images, the reduction did not proceed in 7 

bulk for either borosilicate glass or silica glass.  8 

 9 

3.4 Characterization of the products 10 

 Figure 7 shows the XRD patterns for the reduced (a) borosilicate glass plate and 11 

(b) silica glass plate at 0.9 V in molten CaCl2 at 1123 K. The formation of crystalline 12 

silicon was confirmed for both samples. Considering the full widths at half maximum 13 

for the peaks in two patterns, the crystallinity of produced silicon obtained from 14 

borosilicate glass was lower than that from silica glass. 15 

 Figure 8 shows XPS spectra for (a) B 1s and (b) Si 2p before and after the 16 

reduction of borosilicate samples. In Fig. 8 (a), a weakened B-O peak and a 17 

strengthened B-B or B-Si peak are observed for the reduced sample, which confirm 18 

the reduction of boron oxide to its metallic state. In the same manner, the reduction of 19 

silicon oxide to its metallic state is confirmed in Fig. 8(b), agreeing with the XRD 20 

analysis. 21 

 Figure 9 shows (a) a SEM image of the unreduced borosilicate glass, (b) SEM 22 

image and EDX mapping results for the reduction products obtained by the 23 

electrolysis at 0.9 V for 30 minutes, and (c) the EDX analysis results for the two 24 

specified points in the figure. Following electrolytic reduction, the flat morphology of 25 

the original borosilicate glass changes to a granular one with a diameter of 1~10 μm. 26 
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The different morphology from the previously reported result for silica glass, in which 1 

Si wires or Si columns with a diameter ~1 μm were observed18, 19, might be attributed 2 

to the presence of boron oxide and aluminum oxide. As shown from EDX mapping 3 

results, the areas with high O concentration always contain Al, Ca, and Cl, suggesting 4 

that aluminum oxide is not reduced at 0.9 V, and that calcium aluminate forms via the 5 

reaction with CaO in the molten salt. This explanation is consistent with the potential-6 

pO2- diagram for the Al-Ca-O-Cl system.45 Here, the detected Cl is likely due to the 7 

complex compounds with calcium aluminate and CaCl2. As for Na content, the 8 

dissolution of Na2O into molten CaCl2 is suggested because the Na concentration 9 

largely decreased both in the reduced area (point 1) and unreduced area (point 2) 10 

relative to the original value. Incidentally, the concentration of K in the original 11 

borosilicate glass was below the detection limit of EDX. Considering the 12 

thermodynamic calculation and the chemical similarity with Na, the behavior of K is 13 

believed to be the same as that of Na. 14 

 15 

4. Conclusions 16 

The electrochemical reduction behavior of borosilicate glass, whose components 17 

were 80.8 wt% SiO2, 12.5 wt% B2O3, 2.3 wt% Al2O3, 4.0 wt% Na2O, and 0.4 wt% 18 

K2O, was investigated in molten CaCl2 at 1123 K. Based on cyclic voltammogram 19 

comparisons between borosilicate and silica glasses, the reduction of oxides other 20 

than SiO2 was determined for borosilicate glass. From the Ellingham diagrams for 21 

oxides and chlorides, B2O3 was expected to be reduced at a more positive potential 22 

than SiO2. In the potentiostatic electrolysis at 0.6 V (vs. Ca2+/Ca) and 0.9 V, the 23 

reduction currents were larger for borosilicate glass compared to those of silica glass. 24 

The larger currents were explained by the faster reaction toward the inner glass, 25 

though the reduction rate in the surface direction was smaller than that of silica glass. 26 
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The reduction of SiO2 to crystalline Si and the reduction of B2O3 to B or B-Si 1 

compound were confirmed by XRD and XPS analyses. The granular morphology with 2 

1~10 μm diameter was observed in the reduced area by SEM and the main component 3 

of granules was Si. According to the EDX analysis, Al2O3 was not reduced and 4 

calcium aluminate was formed. The EDX results suggested that the Na2O component 5 

dissolved into the molten salt during electrolysis. The behavior of the K2O component 6 

was considered to be the same as that of Na2O, although the analysis could not be 7 

completed because of its low concentration. 8 
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 1 

Figures captions 2 

 3 

Fig. 1 Schematic of the experimental apparatus. (A) Working electrode, (B) 4 

graphite counter electrode, (C) Ag+/Ag reference electrode, and (D) 5 

thermocouple. 6 

 7 

Fig. 2 Photographs of (a-1) the side view and (a-2) the cross-sectional view of a 8 

glass-seal electrode and (b) a wire-wound electrode.  9 

  10 

Fig. 3 Ellingham diagrams for selected (a) oxides and (b) chlorides 46. 11 

 12 

Fig. 4 Cyclic voltammograms for sealed (a) borosilicate and (b) silica glass 13 

electrodes in molten CaCl2 at 1123 K. Scan rate: 100 mV s-1. 14 

 15 

Fig. 5 Current-time curves during the potentiostatic electrolysis of the sealed 16 

borosilicate glass electrodes at (B-1) 0.6 V, (B-2) 0.9 V, and (B-3) 1.4 V 17 

and the sealed silica glass electrodes at (S-1) 0.6 V and (S-2) 0.9 V vs. 18 

Ca2+/Ca for 30 minutes in molten CaCl2 at 1123 K. 19 

 20 

Fig. 6 (a) Microscope images of the sealed glass electrodes following 21 

potentiostatic electrolysis at 0.6 V, 0.9 V, and 1.4 V vs. Ca2+/Ca for 30 22 

minutes in molten CaCl2 at 1123 K. White circle shows the boundary 23 

between the tungsten rod and the glass. (b) A surface side view of sample S-24 

1. (b) A cross-sectional view of sample B-2.  25 

 26 

Fig. 7 XRD patterns for the reduced (a) borosilicate glass plate and (b) silica glass 27 

plate following electrolytic reduction at 0.9 V vs. Ca2+/Ca for 30 minutes in 28 

molten CaCl2 at 1123 K.  29 
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Fig. 8 XPS spectra for (a) B 1s and (b) Si 2p for the borosilicate glass samples 1 

before and after the electrolytic reduction at 0.9 V vs. Ca2+/Ca for 60 2 

minutes in CaCl2 at 1123 K. 3 

Fig. 9 (a) SEM image of unreduced borosilicate glass. (b) SEM image and EDX 4 

maps for Si, (Si + O), (Si + Al), (Si + Cl) and (Si + Ca) of sample B-2 5 

reduced at 0.9 V vs. Ca2+/Ca for 30 minutes in molten CaCl2 at 1123 K. (c) 6 

EDX analysis result for the unreduced borosilicate glass and the reduced 7 

borosilicate glass at point 1 and 2 indicated in (b). 8 
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