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Foreword

At SCK'CEN, several experiments concerning safety aspects of Liquid Metal Fast Breeder
reactors were carried out. These experiments produced an important amount of sodium
containing waste, which is currently stored in the channel of the BR2, waiting for treatment. Due
to the risks associated to the high chemical reactivity of metallic sodium this type of waste is not
accepted by NIRAS/ONDRAF. In a first approach, SCK'CEN has performed a literature study
and contacted third parties to find a solution for the treatment of this waste. This document
summarizes the results of this study.

Summary

The sodium waste has been characterised by a theoretical study and by radiological
measurements. The waste consists mainly of metallic sodium contaminated with corrosion
activation products, fission products and even fuel particles. The sodium might also be
contaminated with oxidation and reduction products like Na2O and NaH. The most important
contaminant is 137Cs. Several third parties, with experience in treating sodium, were contacted
and they proposed a treatment of the sodium based on its reaction with water or alcohol. From
a safety based point of view, these reactions are not satisfactory because they are all exothermic
and lead to flammable products or even make use of flammable reactants. Therefore, all the
parties foresee extensive and expensive studies prior to the treatment. The urgent character of
the question together with the important safety aspects connected to it were the incentives for the
R&D group of the Radioactive Waste & Cleanup to look for alternatives. For this purpose, a
research programme has been started with the aim to define, test, demonstrate and finally apply
a safe process for the treatment of contaminated sodium by oxidation on a fluidized bed followed
by vitrification. The collected information confirms that the oxidation of sodium vapour can be
carried out safely, leading to the formation of sodium peroxide and oxide. The study of the
oxidation of sodium on a fluidized bed copes fully with the waste volume minimization strategy
coupled to a scientific approach of the technological problems prevailing at SCK'CEN. A Ph.D
proposal concerning the subject has also been introduced in close relation with the R&D
programme.
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INTRODUCTION

At SCK*CEN, several experiments concerning safety aspects of Liquid Metal Fast Breeder
reactors were carried out. These experiments produced an important amount of Na-containing
waste, which is currently stored in the channel of the BR2, waiting for treatment. Due to the
risks associated to the high reactivity of metallic sodium this type of waste is not accepted by
NIRAS/ONDRAF.

In the first chapter the characterisation of the sodium is described. The first part gives a
theoretical study of all the possible nuclides that can be expected and their behaviour in the
sodium. The second part summarizes the radiological characterisation and the known properties
of the radioactive contaminated sodium. The second chapter presents the results of a literature
study concerning the possible treatment methods for radioactive metallic sodium. The methods
based on the reaction with water and alcohol, the oxidation of sodium and the vitrification of
sodium are reviewed and summarized. The third chapter describes the contacts of SCK'CEN
with several third parties, with experience in treating sodium. Their proposals are analysed and
discussed. On the basis of the information collected so far, the R&D group of the Radioactive
Waste & Cleanup unit has proposed to start a research programme to define, test, demonstrate
and finally apply a safe process for the treatment of contaminated sodium by oxidation on
a fluidized bed followed by vitrification. Available data confirm that the oxidation of sodium
vapour can be carried out safely, leading to the formation of sodium peroxide and oxide. The
study of the oxidation of sodium on a fluidized bed copes fully with the waste volume
minimization strategy coupled to a scientific approach of the technological problems prevailing
at SCK-CEN.

1 SODIUM-CONTAINING WASTE AT S C K ' C E N

1.1 Introduction

The waste resulting from experiments concerning safety aspects of Liquid Metal Fast Breeder
consists of loops and loop parts containing heavily contaminated sodium, and some smaller
miscellaneous objects containing suspected or low active sodium. After reviewing the possible
interactions of the sodium with several contaminants, a theoretical and practical characterisation
of the sodium is being presented.

1.2 Fuel-sodium reactions, the nature and the general behaviour of contaminants in
sodium

Damaged fuel elements (cracks, fissures and breaks) introduce contaminants in the primary
circuit. The nature of the impurities varies: fission products, corrosion products and products
resulting from the Na-fuel reaction can be found in the coolant. The nature and the concentration
of the contaminants in the sodium depends on the type of fuel defect. The impurities that result
from small cracks and breaks will differ from those caused by a complete rupture destruction of
fuel during in-pile local blockage experiments [1], [2], [3].
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1.2.1 Na-fuel reactions

The principal effects of the interaction between damaged fuel pins and the coolant are that fission
products and fragments of fuel might be released from the fuel pin into the coolant causing
contamination of the primary circuit. In the event of contact, a chemical reaction between the
sodium and the fuel occurs. The equilibrium fuel-coolant reactions of importance are:

3 Na (1) + UO2 + O2(dissolved) * Na3UO4

3 Na (1) + MO2.y + (2+y)/2 O2(dissolved) * Na3MO4 (M = U, Pu)

The extent of sodium-fuel reactions in a breached LMFBR fuel element is controlled primarily
by the quantity of available oxygen. The thermodynamic characteristics of the reactions are
abundantly discussed in the literature. The resulting products have a lower density than the
reagents. The melting point of the reaction product Na3UO4 is reported to be 1420°C, and its
thermal conductivity is about 7 times smaller than the one of UO2. Relevant information on these
topics is given in [3], [4], [5], [6], [7], [8], [9], [10], [11] and [12].

1.2.2 Nature of the contaminants in the sodium after fuel defects

Different parameters will determine the nature and the content of the impurities in the sodium.
The available content of oxygen is important, but also the characteristics of the fuel (e.g. nature
of the fuel and burnup) and the extent and type of defect are important.

Fission products

The following fission products have been experimentally detected in Na (and NaK) of primary
circuits due to fuel defects [3], [13], [14], [15]:

89Sr, 90Sr, 91Y, 95Zr-95Nb, 103Ru, 106Ru-106Rh, 125Sb, I3II, 129mTe, 132Te, 137Cs, 136Cs, I34Cs, 140Ba,
140La, 141Ce, 144Ce, 147Pm, 154Eu, and 155Eu.

In the event of contact between the fuel and the coolant, the different fuel and fission products
are transferred into the coolant to a different extent. In case of a fissure or breach of the fuel pin,
the volatile fission products (Kr, Xe, I and Te), Cs and Sb are released rapidly into the sodium
coolant, which implies that for these elements, it is relatively easy to compare between different
types and sizes of defects. The fission products Sr, Ba, Zr, Nb, Ru and Mo are released into the
sodium at a continuous rate that is proportional to the exposed surface area of the fuel. The
transfer of the fission products from the fuel into the coolant is quantitatively expressed by a
transfer coefficient. These transfer coefficients give the fraction of the fission product (in %) that
is transferred into the coolant during interaction between fuel and coolant. The transfer
coefficients vary strongly dependent on the different isotopes: the transfer coefficient of Cs is
rather high (80-100 %) and for other isotopes the transfer coefficient is quasi zero as e.g. for Nb
[3].

By thermodynamic calculation, it can be shown that several of the fission-product elements exist
in the oxide form in contact with liquid sodium containing oxygen levels typical of reactor
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coolant. These elements include the lanthanides, alkaline earths, zirconium and niobium and
they are expected to show very low solubilities in sodium. The fission-product oxides are present
as a suspension of fine insoluble particles in the coolant which tends to deposit on metal surfaces.
Existence as a suspension makes it difficult to obtain representative samples for fission-product
and fissile atom analysis [3].

The transport into the coolant would be primarily by micro-particulate form. Several fission
products are deposited preferentially on the cold parts of the walls of the primary circuit. There
is a difference in the fraction of the elements that are deposited on the walls. Cs and I are
essentially retained in the sodium, while elements like Ru, Zr, Nb and Te are preferentially
deposited on the walls of the circuit [3].

Fuel

Several experiments show that the transfer of fuel into the sodium is small during limited fuel
defects (cracks, fissures,...). Up to about 2 % of the fuel can be released into the coolant. It is
expected that the fuel elements Pu and U are present as oxide particles in the sodium (MO2

particles). The solubility of these oxides in sodium is very low. Uranium is preferentially
leached from the fuel compared to plutonium. The fuel elements are transported into the sodium
with a rate proportional to the affected area. The concentration of Pu in the coolant can
theoretically be estimated using the release rate constant, and the size of the defect expressed in
contact area between the fuel and the sodium. The magnitude of the release rate constant in case
of a broken fuel fin is about 1015 atoms cm"2 s"1 [3].

Corrosion and activation products

The sodium contains corrosion and activation products too, but these nuclides are also present
without fuel pin failures. The primary corrosion - activation products are: 54Mn, 60Co and 58Co.
Others are: 5ICr, 59Fe, 65Zn, 11OrnAg, 124Sb, l82Ta [13], [14], [15].

1.2.3 Conclusion

Based on the results of the literature, the following assumptions can be made concerning the
radioactive contaminated sodium resulting from the in-pile blockage experiments:

1 the principle sodium contaminant is the fission product cesium;
2 non-volatile fission products, corrosion products and fuel products are generally present

as a suspension of fine insoluble particles, which tend to deposit on colder sections of the
piping walls (and cold trap) in the primary system;

3 it is expected that the major portion of the released Pu and U will be present as PuO2 and
UO2 particles;

4 due to the particulate character of the contaminants, it is difficult to sample
representatively.
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1.3 Characteristics of the sodium

The waste resulting from experiments concerning safety aspects of Liquid Metal Fast Breeder
consists of loops and loop parts containing heavily contaminated sodium, and some
miscellaneous objects containing suspected or low active sodium.

The total quantity of heavily contaminated sodium contained in the loops is about 80 1. The
contaminated sodium results from different tests executed in the past. Three different types of
experiments can be distinguished: type MFBS, type MOL7C and type PAHR. Some of the loops
and loop parts are already drained, some are still completely filled with sodium. Table 1
summarizes the inventory of the Na-containing waste stored in loops and loop parts in the BR2.

Table 1: inventory of the Na-containing waste stored in the BR2.

Test

MFBS6

MFBS7

MOL7C/1

MOL7C/6

MOL7C/7

PAHR

State of the loop

emptied, not dismantled

emptied, not dismantled

not dismantled

not dismantled

not dismantled

barrel

dismantled

Location

channel

rear zone Hot Cell

channel

channel

pool reactor

rear zone Hot Cell

rear zone Hot Cell

Volume
(1)

rests

rests

20

22

22

3

11.29

The miscellaneous objects contain crucibles and a filling station with low contaminated or
suspected sodium, a small quantity (7.2 1) of very low contaminated sodium resulting from the
PAHR tests, and a small quantity of low contaminated NaK (4.0 1).

Some radiologic characteristics were measured using Y-spectrometry, a-spectrometry and some
dose rate determinations, but the resulting known radiologic characteristics of the sodium are still
limited (table 2). The total specific gamma activity of the MOL7C tests is in the order of 104-107

Bq/g, with more than 98 % of the activity due to the presence of 137Cs.

At present, there is no information available on the dose rate of the loops. The dose rates of two
similar loops were measured (ranging between 50 and 3 000 Sv/h) and it may be expected that
the dose rate of the loops of interest, is similar to the dose rate of the measured loops. The parts
of the PAHR loops are stored in containers and the dose rate of these containers is < 100 mR/h.
More information on the characteristics of the radioactive sodium can be found in [16].
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Table 2: radiologic characteristics (Bq/g) of the sodium stored in the BR2. - = not determined.

Gamma
I37Cs
134Cs
22Na
60Co
125Sb

Alfa

U

Pu

Am-Cm

Beta

MFBS

6

3.4 107

8.6 104

485

-

-

-

4 1O4

2 1O5

-

7

-

-

-

-

-

-

-

-

-

MOL7C

1

104-106

1O-1O3

351

290

93

0.6-2.7

13.6

5.7

-

6

4.81 107

1.76 105

-

-

-

-

-

-

-

7

-

-

-

-

-

-

-

-

-

PAHR

-

-

-

-

-

-

-

-

-

L I T E R A T U R E STUDY

2.1 Introduction

During the last decennia different methods to clean sodium contaminated components of Liquid
Metal Fast Breeder Reactors (LMFBR) were optimized and large quantities of radioactive
contaminated metallic sodium were converted to storable products [17], [18], [19], [20], [21],
[22], [23], [24], [25]. This chapter describes the different possible existing methods to treat
sodium contaminated parts and to convert radioactive sodium to storable products. The different
possible steps of a treatment are discussed.

2.2 Draining

The first step in the decommissioning process of sodium containing waste from sodium cooled
reactors is usually a melt and drain process. This process separates large amounts of sodium
from the rest of the equipment. The melt and drain step was used during the dismantling
operations of several reactors and reactor parts: e.g. SRE [26] a reactor vessel [27], EBR-II [28],
Rapsodie [29], [30], [31], [32], [33], cold traps of KNK [15], [14] and JOGO [34].

There are two possible ways of executing the melt and drain process. The first method consists
of heating the parts above the melting point of sodium under inert atmosphere. Sodium melts
at 97.81 ± 0.03 °C, but usually a temperature of 150 - 200 °C is used to melt the sodium. The
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second way of melting the sodium is by circulation of hot (360 °C) N2 gas [27].

The distillation of radioactive sodium is another method of separating large amounts of sodium
from the rest of the equipment. Evaporation takes place at ± 485 °C under vacuum (106 < p <
10'8 atm) and heating during several hours at 480°C and 10'6 atm removes all the sodium from
the crevices. The distillation is discussed in §2.4.

2.3 Chemical methods

Different methods use a chemical reaction to reduce the reactivity of the sodium. Several
methods have already been evaluated, optimized and used to treat sodium and sodium
contaminated parts originating from fast breeder reactors. These methods include the methods
based on the reaction with water, the methods based on the reaction with alcohol, the methods
based on the oxidation of sodium, and the vitrification of sodium.

2.3.1 Methods based on the reaction with water

H2O in the shape of water, steam, mist or in an inert carrier can be used for the chemical reaction
with sodium. This method was evaluated by Abrams and Witbeck [28] and was used to treat
large quantities of contaminated sodium (37 ton) originating from the primary circuit of the
Rapsodie reactor in Cadarache in France [29], [30], [31], [32], [33] and [35]. It was also used
to clean the remaining sodium from a reactor vessel after a melt an drain step [27]. The method
was also successfully used to clean several parts of the SN 300 reactor [36] [13], the KNK
reactor [15], the JOGO reactor [34], [37], [38] the DRF and PFR [39], Rapsodie and Phenix [40]
and the EBR-II and FFTF [41], [42], [43].

Sodium reacts with water and produces NaOH and H2:

Na + H2O * NaOH + 1/2H2 + Qr (Qr = - 67 Kcal/mol H2 at 298 K)

In the case of the WVN (Water Vapour Nitrogen)-version the reaction is carried out by a
steam/nitrogen stream of ± 80 °C. This reaction is violent, the produced NaOH is corrosive and
the produced H2 reacts explosively with O2. The reaction produces sodium containing aerosol
[44]. The WVN-method was successfully used to clean burnt fuel pins [15], [45].

The inert carrier process [28], [41], [46] implies the controlled reaction of sodium with water or
HC1 forming NaOH or NaCl. Solid sodium particles are fed to a dispenser and kept suspended
in the oil by turbulence. Silicone oil was used because sodium does not react with silicone oil.
The sodium/oil solution is fed to a jet mixer where it is mixed with a reactant. The reaction with
HC1 was not as reactive as anticipated and did not result in a satisfactory product. Complete
sodium reaction was obtained by using at least a 6/1 molar ratio of water to sodium. A good
separation of the product solution was difficult because of the small difference in density
between the aqueous product phase and the organic carrier phase. Most of the contaminants (Cs,
Sr, U) which were present in the metallic sodium were found in the sodium product and only
traces were found in the organic carrier phase.
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The water based methods cause generally little or no caustic stress corrosion cracking on
different types of stainless steel. The components can therefore be reused after the cleaning
process. The method is however insufficient to remove all the sodium trapped in crevices, and
the cleaning of objects with complicated geometry. In these cases the use of a rotary plate [36]
or the saturation boiling process [47] increases the efficiency. The method can be used to clean
small, medium sized and large objects and can be used to treat radioactive and non-radioactive
parts.

Additional security measures are needed in case of the presence of pools of sodium, because the
reaction is hard to control in this case. The reaction time to treat these pools is very long and
proportional with the size of the pool.

The facility build by the CEA to treat the sodium originating from the primary circuit of the
Rapsodie reactor (Programma DESORA), can treat 24 kg sodium per hour, resulting in a NaOH
solution of 10 M. This facility was build to treat very large amounts of sodium and is not
suitable for the treatment of small quantities [29] - [33].

The sodium water reaction has been thoroughly studied leading to results from theoretical studies
on the sodium-water reaction and reaction products [48], [49] and the availability of a computer
code on the sodium-water reaction products transport [50]. Sodium water reaction experiments
were carried out within Europe to support the development and validation of a computer code
for steam generator accident modelling [51] and other types of accidents [52].

Treatment methods for the resulting NaOH

The literature gives several different treatment methods and storage possibilities for the produced
NaOH:

1 using the alkaline solution to neutralise radioactive effluents [29];
2 neutralising the NaOH solution by salt formation followed by:

a dehydration resulting in a salt (contaminated with sodium and Cs) and a
solution (contaminated with 3H) [29];
a decontamination of 137Cs by selective precipitation with PPFNi or selective ion
exchange with a Cu-ferrocyanide column [29].

3 direct storage [29];
4 reaction of NaOH with CO2 producing Na2CO3 [28].

2.3.2 Method based on the reaction with alcohol

This process was evaluated by several authors [28], [53], [54], and used to remove the residual
sodium after a melt and drain step [26], [55]. It was also used to clean several parts of the
SNR300 and the KNK reactors [13], [14], [15], [55], the RNR Rapsodie [38], [57] the JOGO
[37], [45], [34], the DFR and PFR [39], and the EBR-II [41], [58].

The reaction

ROH-RONa+l /2H,
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is less violent and can be executed in an organic solvent. Considerable risks are still coupled to
this method because alcohol is flammable. The reaction rate is a function of the chemical nature
of the solvent and the alcohol, and of the prevailing physical characteristics like the temperature
and the area/volume ratio of the sodium. The reaction can be executed by circulating the alcohol,
by spraying the alcohol or simply by immersing. The use of ethanol dominates, followed by the
use of methyl and propyl alcohols because the reaction rate is the largest for these alcohols.
Carroll et al. [26] describe the treatment of 186 kg sodium of a reactor vessel with a rate of 0,35
kg/h using 11 000 1 of alcohol. By using other parameters quantities up to 820 kg were treated.
Chevalier et al. [53] describe conditions to treat 100 kg sodium per week recycling the alcohol
and the organic solvent.

The alcohol method is usually used to clean small and medium sized objects. A pretreatment of
the alcohol with dry ice (= solid CO2) reduces the danger of inflammability. The alcohol method
causes little or no caustic stress corrosion in different types of stainless steel. For other materials,
the caused corrosion is lower than with the reaction with water. The method is insufficient to
remove all the sodium from crevices and to clean objects with complex geometry. Working
under vacuum produces better results [59]. To increase the reaction rate, 10 % of water can be
added to the alcohol.

Treatment methods for the resulting RONa

The produced RONa was adsorbed on diatomaceous earth and stored [26]. This method does
not comply with the present safety regulations and can no longer be used. The produced RONa
can be converted to Na2CO3 [56] which complies with the safety regulations to be stored.

The cleaning method produces large amounts of liquid waste. Different methods for the
separation of the produced RONa and ROH (butylcellosolve) were analysed by Caponetti and
Petrazzuolo [54]. Of the three investigated methods, distillation, precipitation as Na2CO3, and
ion exchange, the latter was the simplest and cheapest method but some of the side products
could not be removed from the solution.

2.3.3 Dry oxidation of sodium

Calcination

This process converts the sodium into its oxides. Two approaches to calcining were pursued,
these are the conventional rotary drum calciner and the spraying of sodium into a vessel with a
controlled oxygen/nitrogen atmosphere [28]. The objective was to develop the calcining method
for oxidizing sodium to Na2O while minimizing production of Na2O2 and residual unreacted
sodium. The sodium calciner is a rotary-drum reactor containing a bed of Na2O particles. Liquid
sodium is added and mixed with the Na2O. A gas mixture containing oxygen is introduced to
oxidize the sodium in a controlled reaction. Initial results show that the complete conversion of
elemental sodium to sodium monoxide Na2O probably would not be obtainable. Some Na2O2

and residual metallic sodium were present in the product. Calcination is a safe and simple
method, but the resulting sodium oxides cannot be buried because they react with water to form
NaOH. Technical information on the calcination process can be found in [60]. The alternative
approach to the rotary-drum calcination is the spray burning [28].
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Spray burning

In this process, a controlled mixture of air and nitrogen passing through a commercial siphon-
type spray nozzle, induces molten sodium to pass through the nozzle in micro-size droplets,
bringing the sodium and air into intimate contact to establish a controlled reaction [28], [61].
This system can treat about 2 - 3 kg sodium per hour. This process gives both the monoxide and
the peroxide, but it is believed that effective cooling might promote the production of the
monoxide in preference to the peroxide.

In contrast with the method using water and alcohol, this method does not produce large volumes
of contaminated effluents. Since the sodium oxides react with water to form NaOH, they are not
suitable for burial or storage. The oxides can be dissolved in water to produce NaOH. The
reaction of NaOH with CO2 produces Na2CO3. Evaporation of the resulting solution results in
a stable powder that is suitable for burial.

2.3.4 Vitrification

The conversion of a mixture of Na2O-Na2O2 to a glass [62], [28] or the direct conversion of
sodium to a glass is an alternative method to treat the radioactive sodium [63]. Different types
of glass have been evaluated to treat the sodium in a one-step procedure [64]. The best suitable
glass types are the ones with a low leachability for sodium and the associated contaminants. The
different glass types investigated showed that the workability and the leachability of the glass
increased with the increasing sodium content. Depending on the radioactivity of the sodium, the
following glass types are recommended:

the simplest soda-silica (Na2O-SiO2) glass can be used for the storage of non-radioactive
sodium;

sodium containing short lived radionuclides can be converted to glass types of the
following composition:

30% Na2O - 10% CaO - 3% A12O3 - 57% SiO2;
or

30% Na2O - 10% B2O3 - 3% A12O3 - 57% SiO2.

sodium containing long lived radionuclides can be converted to glass types of the
following composition:

11% Na2O - 1% CaO - 2% A12O3 - 9% B2O3 - 77% SiO2.

Vitrification results in a stable and storable product.

2.4 Evaporation/distillation

The distillation of radioactive sodium was evaluated and used to treat waste originating from the
EBR-II reactor [28]. Evaporation takes place at ± 485 °C under vacuum (106 <p < 10s atm).
Outgassing of 3H and the present organic material can cause problems. Heating during several
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hours at 480°C and 10'6 atm removes all the sodium from the crevices. Evaporation and
distillation test were done at SCK'CEN [65], [66], [67]. Distillations were executed at a
temperature between 425°C and 500°C. At the beginning of the distillation a vacuum pressure
of van 10"3 atm was present, the distillation happens at the saturation pressure of sodium (2-3
mbar at 450°C). The distillation as a function of the pressure and the temperature was
investigated for different mixtures (Na, corroded Na, Na + UO2, Na + glass). Evaporation is the
most efficient method to remove all the sodium from crevices and from objects with complex
geometry. The method can be used for small and large objects [56]. The method is mainly
interesting to remove sodium which is not contaminated with reaction products like Na2O.

Evaporation and distillation of sodium was used to clean reactor components of the SIR [36],
[13], [56], [68], JOGO and MONJU [37], [34], [69] and EBR-II [58]

2.5 Outgassing

The treatment of sodium involves high temperature and gas streams which implies that gasses
and/or aerosols can escape. Depending on the nature of the gas it will be necessary to provide
filters, demisters or condensers. The oxidation reaction based on the reaction with water
produces H2 and an aerosol that may contain sodium and contaminants. Usually a combination
of filters, condensers and demisters is used.

The H2 produced by the DESORA procedure is diluted with air and is released into the
atmosphere after a fourfold treatment [29]. In a first step the bubbles of H2 are broken apart in
such a way that they cannot drag along small particles of unreacted sodium. This filter has to be
able to clean itself by turbulence and is immersed in the produced NaOH. This stainless steel
filter has a tricot structure in which the pores decrease in the direction of the stream. The
reaction favours the production of mist and therefore, a second filter retains the drops of water
which can drag along particles. A filter with small pores is used. The third step is a
dehumidification of the gas phase by a condenser. The condenser is build of helicoidal tubes
which have a high efficiency for low flows, and is cooled at ± 5-10 °C. The first wall of the
last, double walled filter retains drops with a diameter > 1 urn. The smaller drops pass but they
conglomerate into bigger drops and are retained on the last wall.

The alcohol process produces H2 which is usually treated by a set of condensers and filters before
it is released into the atmosphere under controlled circumstances. If the reaction takes place in
an organic solvent, and the alcohol and the solvent are recycled, the produced H2 is also released
under controlled circumstances after condensation. Analysis of the H2 shows that no
contaminants are present in the gas after the separation of the solvent and the alcohol by
condensation [53].

High temperature and pressure are used with the distillation and evaporation. Oxidised sodium
contains Na2O, but may also contain NaH when the sodium was in contact with humid air. The
following reactions can occur when the temperature is increased and the pressure is decreased:

Na2O(s) + NaH(s) - NaOH(l) + 2Na(l) (T=412 °C, p w = 240 mbar)

NaH(s) * Na + l/2H2(g) (T=410 °C, psat = 775 mbar)
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The produced H2 can react with Na2O to form NaOH or can be released. If 3H is present in the
sodium the use of tritium-getter-traps can be used to avoid contamination of the system [28].

2.6 Behaviour of the contaminants

The process based on the reaction with alcohol which uses an organic solvent as described by
Chevalier et al.[53], does not lead to the presence of radioactive substances in the gas phase:
almost 100 % of the Cs was found in the aqueous NaOH solution, and less then 1 % of the other
radioactive products were found in the organic phase (solvent and alcohol).

During the distillation performed by Dekeyser and Dekeyser [66], no contamination by 137Cs of
the reactor vessel and the pumps was observed, which leads to the conclusion that all the Cs was
present in the condensate. Berlin [5] concluded that dependent on the nature of the fission
product and the temperature of the distillation, different retention factors were found. More
information on the distribution of fission products in sodium systems can be found in [1], [70],
[71], [72], [73].

3 EVALUATION OF THE POSSIBLE TREATMENT METHODS FOR THE WASTE OF SCK»CEy

The evaluation of the different possible treatment methods for the sodium waste at SCK'CEN
using technology of third parties is extensively discussed in [74]. The possibility of using the
technology of KiK of Germany, the AEA of Great Britain, the CEA of France and Belgoprocess
of Belgium were analysed. The possibility of treating the waste abroad and at SCK'CEN was
analysed taking into account all the relevant technological, practical, safety and economical
aspects.

KfK developed a method to treat small amounts of radioactive sodium. The method is based
on the reaction between sodium and H2O. The sodium of SCK-CEN cannot be treated at KfK
since its hot cells were closed down. The use of the KfK-method at SCK'CEN would imply to
implement and adapt the system in the hot cell of BR2 .

AEA designed a mobile installation to treat waste contaminated with radioactive sodium which
can be used by SCK'CEN to treat all its radioactive sodium and to clean the sodium
contaminated objects. The facility is based on the WVN method. The radioactive sodium reacts
with water and produces NaOH which is neutralised. The ions of the resulting solution are
collected on an ion exchange column. The end products of this method are effluents with very
low activity and the ion exchange columns. The effluents can be cemented into LLW. An
alternative solution is treatment of the waste in the facilities in Dounreay in Great Britain, but
this alternative is only economically defendable if a cooperation with KfK in Germany is
established to reduce the mutual costs. KfK is responsible for about 20-25 % of the cost of the
sodium waste present at SCK*CEN.

CEA and FRAMATOME propose to use both the method based on the reaction with water and
the method based on the reaction with alcohol. Their proposition involves the studies and the
assistance during the construction, the tests, the execution and the dismantling. Framatome
proposes to realise all the studies, to take care of the consultancies, and analyse the tenders.
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Although the proposition of the CEA is realistic on the technical side, its cost estimation seems
unrealistic. The treatment would be executed at SCK'CEN which implies a long occupation of
the BR2 hot cell, but on the other side no transport of the waste will be necessary .

Belgoprocess proposes a treatment on the basis of the wet oxidation with steam in an inert N2

atmosphere. The containers that contain sodium or NaK will be perforated and a mixture of
steam and N2 will convert the sodium into NaOH. The resulting solution will be concentrated
by evaporation of the water and the concentrate will be neutralised and cemented. The produced
hydrogen will be released into the atmosphere after filtration and dilution. Belgoprocess is very
close and the transport will be minimized. Belgoprocess has however no experience in treating
sodium and the waste will only be treated after the year 2000.

4 FURTHER R&D

In a first approach, SCK'CEN has contacted third parties who proposed to let the contaminated
sodium react either with water or alcohols according to the general scheme represented by

2 Na + 2 R-OH - 2 R-ONA + H2 + Qr

where R stands for a hydrocarbon chain or hydrogen in the case of reaction with water. This
reaction is always exothermic regardless the nature of R, and in the case of water it is extremely
exothermic with Qr = - 67 Kcal/mol H2 at 298 K. Serious risks are associated with this reaction
because:

the reaction itself is very violent (in the case of water) en implies explosion risks;
hydrogen is produced together with heat;
the hydrogen can react explosively with oxygen;
alcohols are flammable (in case of alcohols).

Working in an inert atmosphere is necessary. These considerations have led to the conclusion
that the reaction of sodium with water or alcohol is far from being safe or would require severe
and probably expensive techniques to avoid any incident. This conclusion is also transparent
through the fact that all third parties proposed extended studies prior to defining the final process.
The presence of radioactive isotopes in the reactants is another stimulant to look for alternative
processes. Therefore, a research programme is started concerning the treatment of the sodium by
oxidation on a fluidized bed followed by vitrification. These actions cope fully with the waste
volume minimization strategy coupled to a scientific approach of the technological problems
prevailing at SCK»CEN.

Since the oxidation of sodium is the primary goal, it is normal to look for an alternate oxidant
which would not be reduced into gaseous flammable products. The simplest suggestion is
oxygen since it will combine directly with sodium without generating undesirable product. The
reaction of sodium with oxygen

2 Na + O2 * Na2O2
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produces sodium peroxide. To some extent, the peroxide is dangerous too because it reacts easily
with any reductant. An original suggestion could be to make use of a mixture of O2 and CO2 in
an inert atmosphere. In this case, sodium carbonate could be formed

2 Na2O2 + 2 CO2 - 2 Na2CO3 + O2

Oxygen could be partly recycled and sodium carbonate does not present any risk of explosion.
Provided that the thermodynamic and kinetic aspects of the reactions favour the carbonate
production, and provided that the reactions can be performed in safe conditions, the risks
associated with this new process would be much less than in the case of the reaction of sodium
with either water or alcohol. For the purpose of safely combining sodium with oxygen and
carbon dioxide, the selection of the reactor is essential. Due to excellent thermal control, the
fluidized bed appears to be ideal. Such a reactor requires the use of an inert matrix which can
be adequately chosen in order to help in further conditioning of the waste. For instance, the inert
matrix could be sand in which the built up sodium carbonate could be stopped at a concentration
suitable to proceed to glass formation by further melting the content of the reactor bed. This
approach has never been proposed though it is very promising and it could not only solve the
question of safety but also lead to a solution for conditioning the waste on a quit straightforward
manner. However, it is evident that the final design of the process has to be preceded by an
adequate scientific study to specify the ideal values of the process variables.

The steady state variables of the process variables will depend on the amount of peroxide in
regime. They will be chosen in such a way that the concentration of this intermediate product
remains as low as possible. Next, the process will be confined in a double barrier container and
will be operated remotely. Adequate procedures will be prepared for the routine operation as
well as for critical scenarios.

The proposed scheme leads to the formation of solid products from gaseous reactants. The
question of crystal germination is essential regarding the confinement of the final product inside
the reactor. We expect also that the granulometry of the sodium carbonate as well as its physico-
chemical interactions with the so called inert matrix will play an important role in this context.
Hence, adequate measurements will be required to assess the confinement capabilities in various
circumstances. If needed, appropriate modification of the composition of the inert matrix will
be considered to enhance the confinement.

The sodium present at SCK»CEN should be considered as a test case for demonstrating the
feasibility of a new approach. The next step will be to specify the characteristics of an industrial
installation that could be used to reprocess larger amounts of contaminated sodium.

5 CONCLUSIONS

The waste produced by experiments concerning safety aspects of Liquid Metal Fast Breeder
consists mainly of metallic sodium contaminated with corrosion activation products, fission
products and even fuel particles. The sodium might also be contaminated with oxidation and
reduction products like Na2O and NaH. The most important contaminant is 137Cs. In a first
approach, SCK»CEN performed a literature study and contacted third parties to find a solution
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for the treatment of this waste. They all propose a treatment based on the reaction of sodium
with water or alcohol. From a safety based point of view, these reactions are not satisfactory
because they are all exothermic and lead to flammable products or even make use of flammable
reactants. Therefore, all the parties foresee extensive and expensive studies prior to the
treatment. The urgent character of the question together with the important safety aspects
connected to it were the incentives for the R&D group of the Radioactive Waste & Cleanup unit
to start a research programme to define, test, demonstrate and finally apply a safe process for
the treatment of contaminated sodium by oxidation on a fluidized bed followed by
vitrification. The collected information confirms that the oxidation of sodium vapour can be
carried out safely, leading to the formation of sodium peroxide and oxide. The study of oxidation
of sodium on a fluidized bed copes fully with the waste volume minimization strategy coupled
to a scientific approach of the technological problems prevailing at SCK'CEN.
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