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Abstract: Salt cake radioactive waste is a remnant solid salt concentrate after deep evaporation of radioactive evaporator concentrate at WWER NPP’s. The traditional cementing of borate-containing liquid radioactive waste, to which the salt cake belongs, leads to a significant increase in the volume of the final product. This work describes borosilicate vitreous wasteforms developed to immobilize radioactive salt cake waste and comprises data on both glass synthesis and characterization. The composition of glass selected for the purpose of immobilisation of the salt cake radioactive waste allows to include up to 40 wt. % of the oxides contained in the salt cake and to reduce the volume of the final product by more than 2 times compared with the cement compound. The batches were melted in a cold crucible melter at 1200 ℃. The normalized cesium leaching rate of the vitrified wasteform product was within range 3.0·10-5 – 3.7·10-6 g/(cm2·day). 

INTRODUCTION

Vitrification is one of the best solutions in providing safety of nuclear waste storage, transportation and final disposal [1-3]. France, India, Japan, Russia, Slovakia, South Korea, the UK and USA have currently vitrification facilities in operation for the immobilisation of high level nuclear waste (HLW) and low and intermediate level nuclear waste (LILW), with Germany having recently completed their HLW vitrification program [1-6]. Borosilicate glasses have been universally selected as the vitreous wasteform to immobilize HLW apart from Russian Federation that continues using alkali-aluminophosphate glasses [5, 6]. However, LILW wastes such as radioactive ashes from incinerators, contaminated soils and some legacy waste streams accumulated from various nuclear development programs are preferable immobilized using specifically designed selected alumina-silicate or phosphate systems which are better suited for particular waste compositions. During operation of nuclear power plants with WWER-type (Russian-design analogue of PWR) reactors, a significant amount of operational liquid radioactive waste (LRW) is generated. This type of radioactive waste consists of saline solutions contaminated with fission products, radionuclides of corrosive origin, and various substances used to maintain the water chemistry and decontamination of equipment [1, 7, 8]. To reduce the volume of LRW at a number of operating nuclear power plants with WWER-type reactors including Zaporizhzhya, Armenian, Kola, Novo-Voronezh, Khmelnitsky NPP’s deep evaporation units (most often termed as UGU) are in operation. The UGU apparatus is a tube-in-tube evaporator which heated by steam (Figures 1a and 1b).
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Figure 1. Schematic of deep evaporation units termed UGU. A – the view of a direct evaporation line through UGU; B – the main module UGU-500 used at NPP’s. 
The UGU apparatuses allow significantly to reduce the volume of evaporator concentrates by evaporating the water and producing a semi-dry radioactive material which retains all radioactive contaminants. The semi-dry material produced by UGU has the salinity of 1300 - 1500 g/L and is poured into metal containers (cans, drums) typically having a a capacity of 200 L. In the containers the semi-dry material cools down forming a solid product which is termed salt cake. To date, tens of thousands of containers with salt cake radioactive waste are stored at NPP’s that use the UGU deep evaporation method for concentrating LRW in the solid form of salt cake. 
The salt cake waste obtained by UGU treatment is characterized by a smaller volume compared to the initial LRW, however it is a highly soluble and corrosive substance. Moreover, during salt cake storage it is necessary to periodically check the integrity of the cans (drums), and in case of their corrosion destruction, the salt cake shall be reloaded into new containers. That inevitable leads to the formation of secondary waste such as used defective cans. Therefore, this method is potentially dangerous and should be considered as a temporary stage before the final disposal of waste. A more reliable way to localize radioactive waste is to transform it into solid and insoluble form. The aim of this work is to develop a technology that allows to obtain a final product that ensures the stability of properties for a long period of time and meets the safety criteria for solidified radioactive wasteforms.
Salt CAKE IMMOBILISATION METHOD 
The salt cake radioactive waste produced by UGU is explosion and fireproof and does not generate any gaseous emissions during storage. Its main characteristics are as follows:
• melting temperature (the temperature above which it passes into a fluid state) – 120 °С;

• content of crystalline hydrate moisture 5 – 10 wt. %;

• density from 1500 to 1800 kg/m3;

• hygroscopic, soluble in water;

• basic radioactive contaminants – 134Cs; 137Cs; 60Co;

• specific radioactivity within 10 – 100 MBq/kg;

• salinity (salt contents) – 1300 - 1500 g/L. 
The average chemical composition by macroscopic components of salt cake is as follows (g/kg):
Н3ВО3 – 280 - 350; 

Na+ - 180 - 220;

K+ - 30 - 55;

Cl- - 2 - 5;

SO4-2- - 10 - 15;

NO3- - 200 - 350;

Phosphates – 20 - 30.

The well-known methods for the conversion of radioactive waste into insoluble wasteforms are bituminization, cementing and vitrification [1]. The most effective is the use of vitrification technology, which is successfully used in Russia and other countries with developed nuclear energy for solidification of liquid high-level waste. The vitrification technology allows minimizing the amount of radioactive waste and significantly improving environmental safety during subsequent storage and disposal (Figure 2).
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Figure 2. Comparison of vitrification technology with bituminization and cementation technologies. A – the volume of wasteform produced; B – the coefficients of reduction of potential hazard (see [1] for definition) to the biosphere on disposal of solidified radioactive waste. 

Glass composition selection

One of the main criteria for choosing the chemical composition of glasses for nuclear waste immobilization is the production temperature where the viscosity of the glass melts plays a crucial role as well as the hydrolytic stability of the final product obtained as a result of vitrification [1-7]. Based on studies conducted by VNIINM JSC on properties of glass matrices [9, 10], a diagram (Gibbs triangle) was constructed that determines the chemical composition of borosilicate glasses suitable for immobilizing LRW generated at nuclear power plants with WWER-type reactors (Figure 3).
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 Figure 3. The Gibbs concentrations diagram.
Borosilicate glasses in the selected area of chemical compositions can immobilize up to 50 wt. % of oxides contained in the waste. In this case, the 137Cs leach rate from these glasses will not exceed 1.0 10-5 g/cm2·day, and the production temperature is not more than 1150 ℃. 
GLASS FORMING ADDITIVES SELECTION
The main components of salt cake waste, as shown above, are compounds of boron and sodium. Moreover, their concentrations, in terms of the corresponding oxides, suffice to obtain a durable borosilicate glass (Table 1).
Table 1. Averaged chemical composition of salt cake waste on oxide basis, wt.%.

	Oxide
	B2O3
	Na2O
	K2O
	Na2SO4
	NaCl
	NaPO3

	Content
	29.1
	54.3
	8.7
	3.1
	0.9
	3.9


Therefore, bentonite was chosen as one of the possible fluxes for producing borosilicate glasses for immobilisation of waste from nuclear power plants with WWER-type reactors     (Table 2).
Table 2. Chemical composition of bentonite on oxide basis, wt.%.

	Oxide
	SiO2
	Al2O3
	CaO
	MgO
	K2O
	Fe2O3
	Na2O

	Content
	68.4
	19.7
	2.0
	3.4
	1.3
	4.3
	0.9


Additionally, the choice of bentonite as a glass-forming flux is due to the following circumstances:

- bentonite is an affordable and not expensive raw material;

- the oxides contained in bentonite necessary for glass production are in a chemically bound form, which accelerates the process of glass formation in melters, in comparison with the flux prepared from a mixture of individual oxides;

- when mixing bentonite with LRW solutions, a homogeneous and stable to delamination suspension is formed.
EXPERIMENTAL
Technological experiments on vitrification of salt cake waste simulant were carried out at pilot industrial vitrification unit at JSC VNIINM. This unit uses a cold crucible induction melter (CCIM) as main apparatus to produce vitreous wasteforms. A fragment of technological scheme used in current experiments is shown in Figure 4, whereas Table 3 shows technical parameters of CCIM used. 

Fig.. 4. JSC VNIINM technological scheme of salt cake waste vitrification. 1- heated tank for batch preparation, 2 – dosing pump, 3 – CCIM, 4 – bubbler. 
Table 3. Vitrification unit characteristics. 
	Capacity by melt, kg/h
	Not less than 25

	Diameter, mm
	550

	Height, m
	950

	Temperature of melt, oC
	Up to 2000

	Cold crucible volume, L
	30

	Inductor power, kW
	Not higher than 160

	Current frequency, kHz
	880 – 910 

	Glass container volume, L
	200


A salt cake simulator was used for experiments, which was obtained by evaporation of a solution simulating the averaged chemical composition of the LRW. Table 4 gives main technological parameters of vitrification process performed at CCIM unit. 
Table 4. Main parameters of salt cake waste vitrification process.

	Mass of glass produced from 1 dm3 of salt cake waste at salt content 1 kg/L, kg
	Volume reduction factor for salt cake with salt content 1.3 kg/L
	Malting ratio by glass, kg/dm2· h
	Carry over, mass %
	Specific power consumption on melting, kW·h/kg

	1.4
	1.5
	1.5
	Aerosols – 1.4; Cs – 3.7
	7.5


The volume of glass produced from 1 dm3 of salt cake waste is 0.5 L. Glass melting process in the CCIM is shown in Figure 5.
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	                       B


Fig. 5. Stages of the CCIM vitrification process. A – batch melting stage. B – glass melt pouring stage.
The viscosity of melt produced varied within 90 to 35 dPa·s at temperatures change from 1000 to 1150 ℃. In total more than 30 kg of glass was produced during experiments. The composition of glass obtained is shown in Table 5. 
Table 5. Chemical composition of vitreous wasteform produced, wt.%.

	Oxide
	SiO2
	B2O3
	Al2O3
	Fe2O3
	CaO+MgO
	Na2O
	K2O
	Cs2O
	Misc.

	Content
	41.0
	11.6
	11.8
	2.6
	3.2
	22.3
	4.3
	0.1
	3.1


VITREOUS WASTEFORM   
SEM analysis of glass produced in CCIM was dome using scanning electron microscopy of thin glass sections with a CROSS BEAM NVision 40 electron microscope (Carl Zeiss). It showed a uniform glass composition and absence of crystalline phases (Figure 6).
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Fig. 6. SEM image of glass produced. 

The micrograph shows that the surface of the glass sample is homogeneous and does not contain foreign (unmelt) inclusions and crystalline phases. The hydrolytic durability of glass analyzed using standard IAEA test protocol for monolithic samples [1]. The results of tests for normalized leaching rates (NR) of Na and 137Cs from the glass are shown in Figure 7.



Fig. 7. Hydrolytic resistance (NR) test results. 
CONCLUSIONS

The use of vitrification technology allows to significantly reduce the final volume of radioactive waste and to obtain a final product that provides stability properties for a long period of time which meet the safety criteria for solidified forms of radioactive wastes. We have performed a technological experiment on vitrification of salt cake waste at the CCIM pilot plant demonstrating the feasibility of process. These experiments provided main technological parameters of salt cake waste vitrification process using induction melting technology. The results obtained show a further reduction of wasteform volume at a high hydraulic stability of vitreous wasteform produced. 
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