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Abstract
IPPE JSC has developed and applied new safe technologies for processing radioactive waste (RW) of spent alkaline liquid metal coolants (Na, NaK, NaKHg) at the research reactor BR-10 (RR BR-10): the technology of solid-phase oxidation (SPO) with the slag from copper smelting production sites for drained alkali metals; the technology of gas-phase neutralization (GPN) of nondrainable alkali metals; the technology of liquid metal chromatography (LMC) for separation and neutralization of mercury from alkali metals.

New equipment has been developed and put into operation for their practical implementation – the MAGMA-SPO module, the LUIZA-RW module, the GETTER module as part of a pilot plant. The safety of technologies and equipment is ensured by the virtual absence of hydrogen release during alkali metal RW processing.

INTRODUCTION
Decommissioning of a nuclear power plant is the final stage of its life cycle after its final shutdown. The decommissioning stage itself, by the nature of the work performed, depends very little on the reactor type, since in the period of final shutdown, the spent nuclear fuel must be unloaded and removed from the site, the primary circuit must be decontaminated, the radioactive media and equipment must be processed and conditioned for the purpose of their transfer for long-term safe storage or disposal at the national operator for radioactive waste management. For a fast reactor, the period of final shutdown is more complicated and prolonged due to the need for the maximum safe handling of spent radioactive (in 137Cs) alkaline coolants, which, in addition to radioactivity, are fire and explosion hazardous substances, unlike other coolants. If there are no safe technologies for alkaline coolants processing and conditioning, a nuclear power plant with a fast reactor becomes a “nuclear legacy” for three centuries, which contradicts the current legislation of the Russian Federation in the field of atomic energy.

The RR BR-10 (IPPE JSC, Obninsk) was finally shut down in December 2002, after 43 years of operation. In accordance with the decision of the Ministry of Atomic Energy of 1997, on the basis of the shutdown RR BR-10, it was ordered to create the scientific and technical testing ground with the aim of “testing technologies for fast reactor decommissioning”.
Currently, the RR BR-10 is operated in the final shutdown mode (a preparatory stage for decommissioning). Figure 1 shows the view of the central (reactor) hall.
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Figure 1. Research reactor BR-10
In 2003, the last core of the reactor was unloaded, all spent fuel assemblies (SFA) (fuel - uranium mononitride (UN)) were placed into canisters, filled with sodium, and transported to the SNF storage facility at the IPPE JSC site. The sodium of the primary and secondary circuits was drained into drain tanks. A schematic flow diagram of the equipment of the BR-10 reactor primary and secondary circuits is shown in Figure 2. Because of a very advantageous design of the reactor and the primary circuit, there were no “pockets”, dead ends, horizontal sections of pipelines, etc., which ensured almost complete drainage of sodium. The residues of sodium were contained only in its film on the inner surfaces of the equipment, and the film was removed by vacuum distillation at 400-450°C, and the “film” sodium residues were neutralized by steam-gas purging. Then the entire primary circuit was chemically decontaminated. In the period from 2012 to 2016, more than 600 BR-10 spent fuel assemblies (5 cores) were cleaned from sodium and sent for reprocessing to the PA MAYAK [1].
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Figure 2. Diagram of the main equipment of primary and secondary circuits of RR BR-10
1. VOLUME AND COMPOSITION OF ACCUMULATED RADIOACTIVE ALKALINE coolants
Over the years of operation at the RR BR-10 (from 1959 to 2002), approximately 18-19 m3 of alkali metal (Na, Na-K alloy with mercury admixture) were accumulated, this metal was used as a liquid metal coolant in the primary and secondary circuits of the reactor and in individual components: a drain tank of the primary circuit, long-term storage tanks No. 1 (Na-K alloy with 7.5 wt.% mercury admixture) and No. 2 (Na-K alloy with 0.2 wt.% mercury admixture), drain tanks of the 1st loop of the secondary circuit, the 2nd loop of the secondary circuit, sodium transport tanks, experimental devices, canisters for spent fuel assemblies storage (SFA), spent cold traps of oxides (CTO) of the primary and secondary circuits (18 pcs. filled with sodium), etc. This alkali metal waste was formed as a result of three replacements of coolants in the reactor. The chemical and radionuclide composition of the spent alkaline coolants is shown in Figure 3.

Figure 3. Composition of alkaline coolant waste at RR BR-10
25 years ago, when the BR-10 decommissioning project was being developed, processing and conditioning of the accumulated spent alkaline coolants appeared to be a challenge. Therefore, a technological part concerning alkali metal management was lacking in the project. In addition, negative experience had been gained at the reactor involving neutralization of equipment with sodium residues using steam-water technologies, which seemed simple, cheap and manageably safe, since they were tested and applied at sodium test facilities. But in November 1979, in the course of cleanup of the sodium residues of a spent non-radioactive CTO (in the course of cleaning a spent non-radioactive CTO form sodium residues) with the use of steam-water medium, in a separate equipment cleaning box, an explosion of released hydrogen occurred and the box building was almost completely destroyed, see Figure 4. Fortunately, the people were not injured, but the roof of the building was carried away by the explosion to more than 100 meters [2, 3].
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Figure 4. Hydrogen explosion aftermath when using the steam-water method of sodium residues neutralization in CTO (photo 1979)
2. TECHNOLOGY OF SOLID-PHASE OXIDATION OF ALKALINE coolants
Therefore, IPPE JSC began a search for safer methods and techniques for neutralization and processing of radioactive alkaline coolants for the RR BR-10, which ended in 1999 with the choice of the solid-phase oxidation (SPO) method for processing sodium and sodium-potassium alloy with granulated slag from the copper smelting production sites of the Karabash Abrasive Plant (Chelyabinsk Region, RF). To create and test the technology based on the SPO method, the MINERAL-30 test facility was developed. A decision was made not to use the alternative proposals where aqueous solutions were applied (including alkaline ones) or various alcohols (ethyl, propyl, glycols, butyl cellosolve, etc.) due to the inevitable release of explosive hydrogen in case of their reaction with alkali metals.
In addition, the alternative proposals required multi-stage handling of intermediate liquid radioactive waste and sophisticated equipment for their subsequent processing into a final solid product, for example, into cement stone. As a result, the volume of the final product increased 10-15 times or more in comparison with the initial volume of the alkali metal, since the resulting concentrated alkaline solution (10-11 mol NaOH/l) cannot be subject to direct cementation and requires either dilution or acid neutralization. And to ensure hydrogen safety, it was necessary to dilute the released hydrogen with an inert gas (for example, nitrogen) to an acceptable level (about 1% by volume), i.e., 100 times. When 1 kg of Na is dissolved in water, 0.5 m3 of H2 is released, therefore, 50 m3 of N2 have to be consumed to dilute it and discharge it into the atmosphere. And this implies significant additional material and capital costs (a nitrogen-oxygen station (NOS) is needed), despite relatively small volumes of alkali metal radioactive waste at the RR BR-10 (18-19 tons); it will require about a million m3 of N2. The authors of these alternative proposals neglected this technical circumstance when considering the “issue price”.
Experimental testing of the selected method of sodium and sodium-potassium alloy SPO at the MINERAL-3 and MINERAL-30 test facilities has demonstrated that the positive characteristics of the SPO technology are as follows:
· virtual absence of hydrogen release into the cover gas (argon);
· one-stage process of obtaining the final solid product, i.e. without the formation of intermediate liquid RW requiring further processing;
· alkali metal is completely processed, the processed product contains no traces of free alkali metal, possible metal vapors are absorbed and neutralized by the upper layer of excess slag;
· no need to use devices for mixing the reagents - granulated slag and alkali metal;
· the final product represents a solid mineral-like stone, insoluble in water, in a reaction vessel it can be placed in the NZK-1.5 container and then transferred for long-term safe storage and disposal;
· the volume of the solid final product of alkali metal processing is only 3 times as much as the initial volume of the alkali metal;
· no further purification of the alkali metal from the 137Cs radioisotope is required, since it forms the same nonvolatile aluminosilicates as sodium (potassium) as a result of reaction with the components of the slag, and is immobilized in the final product matrix;
· the original granulated slag requires no additional chemical adjustment of the original composition, in order to remove volatile impurities including crystallization water only the preliminary heat treatment in an inert atmosphere is needed; 
· the duration of the alkali metal SPO process itself is 10-15 minutes, and over the rest of the time, natural cooling of the resulting product in the reaction vessel goes on [4,5].
The physicochemical basis of the SPO technology consists in the exothermic interaction of the alkali metal and the principal components of the copper smelting slag. This slag is a granulated amorphous body similar to glass. The slag composition is shown in Table 1. The scheme of the exothermic reaction of the slag with sodium, according to the authors, is as follows:
38Na + [(FeO)20∙(Fe2O3)∙(SiO2)24∙(CaO)12∙(Al2O3)∙(ZnO)] → [19Na2O∙SiO2] + 17Fe + 5FeO + Zn+ 5SiO2 + [(CaO)12∙(Al2O3)2] + Q (3 megajoule /kg Na)
TABLE 1.
CHEMICAL COMPOSITION OF COPPER sMELTING SLAG
	Chemical compound
	Content, %

	FeO
	36-38

	Fe2O3
	1-2

	SiO2
	36-40

	CaO
	6-14

	Al2O3
	5-7

	ZnO
	Up to 1.5

	CuO
	Less than 0.5


As a result of the SPO exothermic reaction, a significant amount of thermal energy (3 MJ/kg Na) is released, therefore, the reaction product reaches a liquid-melting state at 1100 - 1200°C, and after cooling it is virtually a non-porous monolithic stone. The product hardness corresponds to Grade 7 on the Mohs scale of mineral hardness (11.2 GPa). The typical appearance of the resultant solid mineral-like product of sodium SPO is shown in Figure 5.
In the course of testing the technology, the hydrogen fire and explosion safety of the SPO process was experimentally proved, safe initial temperature ranges of the reagents were established, and the feasibility of carbon steel application for the reaction vessel shell instead of austenitic stainless steel which turned out to be unstable, was justified. Based on the results obtained, the MAGMA-SPO module with a processing capacity of 50 liters of radioactive sodium per load was developed, manufactured and put into operation [6, 7].
[image: image4.png]0]

T MOHOITHBI MPOVKT NEpEpAGOTRH HATPHA 2-70 KOHTYA HCXORHBIN OGbénoM 50
THTPOB OTEATLHAM ILTAKOM MEACTIASHIHOTO TIPOHSSOACTSR TIOCTE TEDETIABKI B e TP
12000C. Koprye peasuonsoft kocTy yaaaén. Macca npoayTa oxoro 400 vt 05
mpoxyiTa 100-120 nerpon.





Figure 5. Appearance of the sodium SPO product (the steel shell of the reaction vessel is removed)
3. the PROBLEM OF nonDRAINABLE RESIDUES OF ALKALINE coolants AND ITS SOLUTION with the use of TECHNOLOGY OF GAS-PHASE OXIDATION by dinitrogen OXIDE.
Another problem the RR BR-10 was faced with was the need to neutralize sodium residues in individual components after the bulk of the alkali metal has been drained. First of all, it concerns the spent cold traps of oxides (CTO), 16 CTOs of the primary circuit and 2 CTOs of the secondary circuit were accumulated at the RR BR-10, which were stored filled with sodium over their entire internal volume (200 liters). If the bulk of sodium from CTO could be drained into the storage tanks, then the nondrainable residue (the amount of which is not known in advance) must be chemically completely neutralized, safely dissolved in water and drained into montejuses, and further pumped for evaporation in a special installation. Only in this case the radioactive metal of CTO can be transferred for long-term storage or disposal in the SRW storage facility. Taking into account the previous negative experience of CTO management, the decision was made not to use aqueous or organic solvents. Instead, the use of gaseous dinitrogen oxide N2O (“laughing gas”) was proposed at the IPPE JSC. The laboratory studies of the interaction between Na and N2O showed that starting from 200°C, a slow reaction takes place with the formation of gaseous N2 and a dry powder consisting of a mixture of Na2O, NaNO2, NaNO3 - all these substances are well known and soluble in water, there was no hydrogen release. It was found that neutralization of Na by dinitrogen oxide proceeds according to the following reactions:
2 Na + N2O >> Na2O + N2 +ΔQ1;

Na2O + N2O >> Na2N2O2 – ΔQ2;

4Na2N2O2>>3Na2O+NaNO2+NaNO3+3N2+ΔQ3
The reactions of dinitrogen oxide with the NaK alloy are similar, but they take place at a lower temperature and with a lower thermal effect. In addition, the laboratory studies have shown that sodium hydride (one of the impurities accumulated in CTO) also interacts with dinitrogen oxide and is neutralized with the release of nitrogen according to the reaction:
NaH + N2O >> NaOH + N2 + ΔQ4 (reaction with sodium tritide NaT is similar).

Thus, chemical fixation of tritium in the form of a stable substance - solid alkali NaOT can be achieved, and its release into a protective carrier gas can be prevented.
To solve the problem of sodium hyponitrite Na2N2O2 accumulation (which can decompose spontaneously with a significant thermal effect) in the reaction products, it was proposed to add CO2 to the reagent gas (N2O) to neutralize sodium hyponitrite at the moment of its formation. The experimental verification has shown that the process of sodium neutralization with impurities in the CTO becomes simple with the formation of safe sodium carbonate:
2 Na + N2O + СO2 >> Na2CO3 + N2
The main technological parameters of the Na interaction with N2O were tested experimentally at the LUIZA and LUIZA-T test facilities (RR BR-10). Thus, the scientific and technical justification was developed for the safe neutralization of nondrainable alkali metal residues in individual components of the RR BR-10 (CTO, tanks, bellows, pipelines). Further, in 2006, N2O-based gas mixtures were successfully used to neutralize sodium residues in the 2nd loop of the secondary circuit without dismantling and disassembling the loop into separate elements of equipment.
Based on the experience gained and the results achieved, the LUIZA-RW module was developed, manufactured and put into operation in the reactor hall of the RR BR-10 for neutralization of nondrainable residues of radioactive sodium in the spent CTO of the primary circuit and in the drain tanks of the secondary and primary circuits [8-10].
4. REMOVAL OF MERCURY FROM ALKALINE METAL WASTE
However, the major and most complicated problem for the RR BR-10 was preliminary removal of Hg from the NaKHg alloy in LTST-1 (Long-Term Storage Tank), the content of which is 7.5% (wt.). In LTST-2, its content is 0.2% (wt.). Mercury in the alkali metal appeared as a result of a failed experiment - the destruction of a test double-walled-tube steam generator with a mercury contact layer, resulting in an ingress of all the mercury into the NaK coolant, which was drained into LTST-1. Preliminary studies of the LTST-1 and LTST-2 contents have demonstrated that the mercury is uniformly distributed in the alloy, since it forms amalgams (intermetallic compounds) with the alkali metals.
The chemistry of double alkali amalgams is sophisticated, but thoroughly studied - there are diagrams of the state of all alkali metals with mercury, including a diagram of Na-K-Hg ternary alloy. From the analysis of these diagrams, it was concluded that mercury is bound in an amalgam with sodium, and its excess is present in the form of an alloy with potassium in a noneutectic composition. Experiments with attempts of thermal distillation of the mercury from the NaKHg ternary alloy confirmed this assumption – the mercury was distilled into the vapor phase (then condensed in the cooler) in the form of an amalgam with sodium, but not completely, maximum by 30%. Therefore, the idea of applying this method of mercury removal from an alkali metal was rejected.

The solution was found in the area of liquid metal chromatography - magnesium metal was proposed as a mercury-selective sorbent at a temperature of 360-380°C for NaKHg ternary alloy pumping through it. In this case, the following irreversible reaction takes place [11]:
NaKHg (l.) + 4 Mg (s.) >> Mg4Hg (s.) + NaK (l.)
The laboratory studies have demonstrated the fundamental correctness of the choice of this method, and the bench tests at the RR BR-10 gave a very encouraging practical result: with a single filtration of the NaKHg alloy through magnesium sorbent, the degree of alloy purification from mercury reached 96-98%.
The further studies have shown that a magnesium sorbent saturated with mercury can be safely disposed of by separating mercury from it in the form of insoluble solid precipitate consisting of cinnabar HgS (a natural mineral).
Based on the results obtained, the GETTER module has been developed, manufactured and installed at the RR BR-10.
5. A PILOT plant FOR PROCESSING THE WASTE OF ALKALINE coolants accumulated AT the research reactor BR-10
The pilot plant (PP) was manufactured and put into operation in 2015 as part of the GETTER, MAGMA-SPO and LUIZA-RW modules. Processing of alkaline liquid metal coolants (ALMC) started in 2016. The sequence of alkaline coolant processing is shown in the diagram (Figure 6).




Figure 6. The diagram and sequence of ALMC treatment
First, the secondary sodium is processed at the MAGMA-SPO module, and at the LUIZA-T test facility both spent CTOs of the secondary circuit as the least radioactive media are neutralized (137Cs is absent). Then, at the LUIZA-RW module, the primary circuit CTOs are neutralized, and the radioactive sodium drained from them is directed for interim storage to the drain tanks of the primary circuit. At the next stage, the primary sodium from the drain tanks of the primary circuit is processed at the MAGMA-SPO module (Figure 7). At the final stage, at the GETTER module, mercury is sequentially removed from the alkali metal from LTST-2, and then from LTST-1. The NaK alloy purified from mercury is directed for processing to the MAGMA-SPO module. Simultaneously with the final stage of processing at the LUIZA-RW module, nondrainable sodium residues will be neutralized in the drain tanks of the secondary and then of the primary circuit.
The GETTER module is designed for preliminary purification of spent alkali NaK alloy of LTST-1 and LTST-2 from mercury by way of filtration through granulated magnesium. Further, the NaK alloy purified from mercury is fed for processing to the MAGMA-SPO module.
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Figure 7. Reaction vessels with processed sodium of the primary circuit (50 liters each) at the MAGMA-SPO module before loading into NZK-1.59 (Expendable Protective Container) containers (in the background)
The MAGMA-SPO module (Figures 8, 9) is designed for processing alkaline liquid metal coolants into a solid mineral-like product suitable for long-term storage or disposal, and consists of NAKAL furnaces (the module also serves as a sarcophagus for confinement of emergency situation consequences), intermediate tanks - alkali metal dispensers, a gas system, information management systems, a system for reaction tanks’ unloading and loading, a transport system and other equipment. The SPO technology is not accompanied by the formation of explosive hydrogen, unlike aqueous technologies, which ensures the fire and explosion safety of the SPO technology, the composition of the cover gas (argon) is analyzed with a gas chromatographic device. Since 2016, at the MAGMA module, alkaline liquid metal coolants from the drain tanks of the primary and secondary circuits have been processed, by now the treatment of primary and secondary sodium has been completed.
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Figure 8. The NAKAL furnace for the SPO process
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	Gas ramp and control unit for the “NAKAL” furnace for remelting
	Computer-based tracking unit


Figure 9. Information management system of the MAGMA-SPO module
The LUIZA-RW module (Figures 10, 11, 12) is intended for cleaning (neutralizing) nondrainable residues of alkaline LMC (primary circuit sodium) in the equipment by the method of gas-phase oxidation (GPO) by gas mixtures based on dinitrogen oxide. The neutralization product is chemically safe sodium carbonate, as well as gaseous nitrogen, gas-analytical control of the neutralization process is carried out based on the gaseous nitrogen release into the carrier gas (argon). This method of neutralization is not accompanied by the release of explosive hydrogen, which ensures the fire and explosion safety of the GPO technology.
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Figure 10. The basic equipment of the LUIZA-RW module
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Figure 11. The protective box for primary circuit CTO arrangement
Two CTOs of the secondary circuit (CTOs of the 1st and 2nd loops) were neutralized at the LUIZA-T test facility, one of them was filled with hardened cement compound as an experiment, Figure 14. However, no liquid radioactive waste requiring additional processing is generated.
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	A schematic diagram of CTO (right) and general view of the neutrilized CTO of the secondary circuit with cemented neutralization product in the CTO building (below)

	Design of CTO of the RR BR-10 primary and secondary circuits


Figure 12. The results of the experiment on solidification of the secondary circuit CTO content after neutralization of sodium residues with impurities in it
At the present time at the RR BR-10, less than 10 (out of 16) spent CTOs of the primary circuit are left. Complete drainage of Na from CTO is technically unfeasible, therefore, after Na draining and its processing at the MAGMA-SPO module, 20-30 liters of Na with impurities (out of the original 200 liters) are left in each CTO. To neutralize this nondrainable Na, the use is made of the LUIZA-RW module, where in 2016, the work was initiated on neutralization of the primary circuit CTOs, 11 CTOs of the primary circuit were neutralized. However, the dissolution of Na neutralization products in CTO results in the formation of liquid RW that require subsequent processing at a radioactive waste treatment plant [12].
conclusions
1. The innovative safe technologies for the processing of radioactive waste from spent alkaline liquid metal coolants (Na, NaK, NaKHg) were developed and applied at the IPPE JSC at the RR BR-10:
· the technology of solid-phase oxidation (SPO) with copper smelting slag for drained alkali metals,
· the technology of gas-phase neutralization (GPN) of nondrainable alkali metals, 

· the liquid metal chromatography (LMC) technology for separation and neutralization of mercury from alkali metals.
2. New equipment was created and put into operation for their practical implementation – the MAGMA-SPO module, the LUIZA-RW module, the GETTER module as part of the pilot plant. The safety of technologies and equipment is ensured by the virtual absence of hydrogen release in the course of processing the alkali metal RW.
3. By 2023, the creation and commissioning of a higher-capacity MINERAL-100/150 unit at the RR BR-10 with a single capacity of 100-150 liters of sodium per cycle is proposed, with regard to the prospects for its being in demand for decommissioning of BOR-60 (NIIAR) and BN- 600 (Beloyarsk NPP).
4. After the RR BR-10 decommissioning, there are plans to establish an R&D testing ground in the reactor building for testing scaled technologies and equipment for decommissioning fast reactors in Russia.
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1 circuit








GETTER





LUIZA-RW





CTO





MAGMA-SPO





LTST


NaKHg





Na


2 circuit
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