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ABSTRACT

Research and development of technologies for radioactive waste (RAW) minimization arising from spent nuclear fuel
reprocessing are discussed. Novel reductants of Pu and Np ions, reagents of purification recycled exractant, possibility of
the electrochemical methods are studied. The partitioning of high activity level waste are considered. Examples of
microbiological methods decomposition of radioactive waste presented

INTRODUCTION

To-day and in the near future the nuclear power evolution will be much dependent on the reliability and environmental
safety of the storage of radioactive waste, arising at the nuclear fuel cycle (NFC), stages.

To reduce the scope of RAW from spent nuclear fuel reprocessing (SNFR) is one of the basic ways of improving the cost
effectiveness of the closed nuclear fuel cycle and nuclear power as a whole.

Taking into account that the scopes of the intermediate activity level waste (IALW) exceed much those of high activity level
waste (HALW) as well as the high cost of reprocessing, storage and disposal of waste of this type the problem the IALW
minimization is the most important one. This issue and HALW reprocessing are discussed in the paper also in terms of
reducing the HALW and IALW arisings.

At present the basic approaches to the RAW minimization are:

• optimization of SNF reprocessing;

• HALW partitioning;

•Use of "waste-free" methods of RAW conditioning.

To reduce substantially the scope of waste from SNF reprocessing and improve the existent technology are feasible if the
following is realized:

• application of salt-free reagents (oxidants, reductants, complexants) and "waste-free" electrochemical methods minimizing
the build-up of waste as well as its contents of hydrazoic acid and ammonium nitrate;

• minimization of the scope of waste from extractant recovery;

• improvement of instruments, remote control and management of the technological process in the real time.

The optimized Purex-process allows a reduction in the scope of IALW via converting it to HALW; the total scope of
solidified HALW being 0.3 - 0.5 m3 per ton of U (including vitrified waste, solidified claddings and concentrates arising
from IALW reprocessing).

The partitioning of HALW will convert the main mass of salt waste to the IALW category and ensure the reliable disposal
and future transmutation of the most toxic fraction of TUE. The reduction in the scope of the most toxic waste will
respectively reduce the expenses for the reprocessing and subsequent disposal of solidified waste.

The application of "waste-free" methods, primarily electrochemical ones, to condition IALW and HALW will reduce the
scope of nitrate waste (HNO3 recovery and decomposition to nitrogen) and organic waste (spent extractant, organic
reagents.
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WAYS OF MINIMIZING OF RADIOACTIVE WASTE .

The analysis of the IALW sources reveals that for the most part it arises from spent nuclear fuel reprocessing as a result of
using salt-like and salt-forming reagents. It primarily refers to the technological operations such as separation of U, Pu and

Np in the first extraction cycle of the Purex process using mixed Fe(II) + hydrazine and U(IV) + hydrazine as well as to the
operation of the extractant (TBP) purification with sodium carbonate to remove phosphoric acids. Along with the salt-
forming nature of those reagents a potential danger of hydrazine is to be pointed out the oxidation of which with HNO3 or
HNO2 results in the formation of ammonium nitrate and azide ions (1,2).

In search for novel reductants of Pu and Np ions our attention was focused on studying nitrogen containing organic
compounds belonging to different categories that when interacting with HNO3 do not form salts inhibiting the concentration
of IALW by the evaporation of effluents. The other requirement for novel reductants is to have an adequately high kinetic
efficiency in relation to Np(VI) and Pu(IV) ions.

The investigations evidence that these requirements are met by reductants such as substituted hydrazines and
hydroxylamines, oximes and nitriles. The results of studying into the kinetics of Pu(IV) and Np(VI) reactions with
substituted hydrazines and hydroxylamines are discussed in our previous papers and reviews (3-7). As distinct from
unsubstiuted hydrazine the substantial advantage of substituted hydrazine is that NH4+ and N3" ions are not available in their
oxidation products. In an excess oxidant these reactions proceed to form primarily saturated hydrocarbon and nitrogen while
in an excess reductant the corresponding alcohol and nitrogen are formed.

The main specific feature of the reagents of this class consists in a much (two or three orders) higher rate of the Np(VI)
reduction as compared to that of Pu(IV). Hence, the promising character of some substituted hydrazines is apparent for the
selective isolation of Np(V) from a mixture of U-Pu-Np; Np(V) is a final reaction product.

It is evident from the kinetics studies that as distinct from substituted hydrazines some substituted hydroxylamines
(specifically, N,N-diethylhydroxylamine) monoximes (e.g., acetaloxime) and hydrazine nitriles (e.g.,
hydrazinepropionitrile) react with both Np(VI) and Pu(IV) at adequately high rates; the selectivity of these reductants in
relation to Np ions is retained, in other words, Np(IV) is not available in reaction products.

Some reductants of those classes may find application to co-isolate Pu and Np from uranium.

It is to be pointed out that in the majority of instances the discussed reductants also react with HNO2 at an adequately high
rate; due to this fact there is likely no need to introduce an additional reductant-antinitrite similar to the currently used
hydrazine. As an antinitrite, specifically, to replace hydrazine in the U(IV) - N2H4 system most promising are some
substituted hydrazines despite the fact that the rate of their interaction with HNO2 is much lower than the rate of the similar
reaction of unsubstituted hydrazine (2).

Several compounds belonging to the classes of substituted hydrazines and hydroxylamines as well as oximes are readily
soluble in TBP and can be used to implement the reduction of the highest valence Pu and Np (Pu(IV), Pu(VI) and Np(IV))
immediately in the extractant phase. As a rule, the final valent forms in the reactions of Pu and Np with those compounds
are Np(V) and Pu(III) that can be then transferred to an aqueous phase by a simple contact of the organic solution with a
diluted aqueous solution of HNO3.

The rate and degree of the Pu(IV) and Np(VI) reduction in organic solutions of the TBP are maximal at low concentrations
of HNO3. For most reagents the reactions are fully completed after several minutes at moderate concentrations of reductants
(0.1-0.2 mole/1) and room temperature. Under these conditions the resultant Np(V) and Pu(III) are adequately stable and do
not change their valences during several hours. With an increase in the concentration of HNO3 they are re-oxidized to
Pu(IV) and (VI) with HNO2 built-up in the solution. The kinetics regularities of the Pu(IV) and Np(VI) reactions with
several studied reductants (N,N-dibutyl hydroxyl amine, butyraldoximes) in the TBP solution are similar to those observed
in an aqueous solution of FINO3 which indicates the similarity of their mechanisms in both the environments. The main
specific feature of these reactions in the TBP solution lies in the substantial influence of water on their rates.
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The other promising approach that is currently under intensive developments involves the application of the electrochemical
method. The method in different modifications is being developed for many operations of the aqueous reprocessing of SNF
(dissolution of fuel (8), control of actinide ion valences (7), extractant recovery (9) and its destruction in waste (10) etc).
One of the merits of the electrochemical method is the feasibility of reducing the amount or eliminating from the process
streams the salt-forming reagents, specifically, iron ions as well as decreasing the scope of liquid wastes of various activity
levels that are to be disposed of.

In Russia the electrochemical method is commercially used for the separation of U and Pu in the 1 extraction cycle at the
RT-1 plant (11). The electrodes - the cathode and the anode - not separated by a membrane are sited directly at the stages of
the extractor and the Pu(IV) - Pu(III) reduction is basically accomplished with electrochemically generated U(IV) in the
bulk solution.

In membrane-free electrolyzers having simple designs other processes can be implemented without introducing any
chemical reagents. For example, the electrochemical treatment of the aqueous HNO3 solution entering the 1st extraction
cycle and containing some Pu as Pu(IV) results in the conversion of all the plutonium to Pu(IV) (12) which eliminates its
dangerous build-up at the extractor stages when it is subsequently extracted with 30% TBP. In this process the important
part is also played by chemical reactions in the solution, namely, the reduction of Pu(VI) and Pu(IV) with U(IV) (13) and
the oxidation of the resultant Pu(III) to Pu(IV) (at a rather high acidity > ~ 2 mole/1 HN03 (14)) with the product of the
cathode reduction of HNO3, i.e. HNO2.

Another example may be the process of the electrochemical stabilization of Pu(IV) in Pu(III) and hydrazine containing
aqueous solutions before the operation of the extraction refinement of plutonium (11). In this case the oxidation of Pu(III)
and the destruction of hydrazine proceed at the same time; the latter taking place both on the electrode and in the bulk
solution. The final conversion of Pu(III) to Pu(IV) proceeds in the solution under the action of HNO2 after the complete
destruction of hydrazine.

It is to be stressed that both the electrochemical processes, namely, the reduction of Pu(IV) and the oxidation of Pu(III)
proceed at an adequately high rate and can be implemented in flow electrolyzers (11).

The electrochemical process of hydrazine destruction in membrane-free cells is highly efficient and can be used for the
utilization of liquid hydrazine containing waste arising, e.g., from partitioning liquid HALW according to the schema
described in (15). The current yield upon the electrooxidation of hydrazine in electrolyzers of this type may substantially
exceed 100%, particularly, at its high concentration. In this case, however, one cannot succeed in fully eliminating the
formation of ammonium ions but since the contribution of the cathode process to the overall process of the hydrazine
destruction is but 30 - 40% (according to our data) their quantity must be a factor of ~ 2.5 - 3 less than when it is destructed
by evaporation with HNO3.

To fully avoid the formation of NH4+ ions it is more expedient to implement the electrochemical decomposition of
hydrazine in liquid waste using membrane electrolyzers. In this case hydrazine is oxidizable only according to the
electrochemical reaction on the anode, and nitrogen gas is the only product formed.

The use of salt-free reagents in place of sodium carbonate employed in the presently operating Purex-process to purify the
recycled exractant from butyl phosphoric acids is one more important way of reducing the IALW amounts. The successful
solution of this problem will reduce the NaNO3 content in IALW by 150-200 kg as calculated per 11 of SNF.

The Japanese researchers (16, 17 )suggest to substitute Na2CO3 by hydrazine oxalate or carbonate; with the aim of reducing
the yield of NH4NO3 now under development is an electrolytic method of destructing the spent hydrazine salts.

The limitation of the suggested reagents lies in much higher (by ~ 2 orders) coefficients of dibutylphosphoric acid (DBP)
distribution between TBP and the aqueous solutions of those compounds if compared to the data on sodium carbonate.

Our search studies have revealed that to purify TBP novel more efficient reagents, specifically, etanolamines, are usable.
The DBP distribution coefficients for these reagents are close to their values for Na2CO3.
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The studies into the dependence of the DBP distribution coefficients upon pH of the aqueous solutions and the reagent
concentrations have lead to the conclusion that the mechanism of DBP stripping comprises a stage where compounds of
DBP with oxyethylhydrazine and ethanolamines are formed while the rate determining stage is a mass transfer between the
phases.

As is shown by the kinetics investigations it is the reason why the rate of DBP stripping is high and the equilibrium of the
DBP distribution sets in less than 1 min.

Of much importance is the improvement of the equipment to intensify the technological process, to provide the safe
reprocessing of SNF and to minimize the adverse influence on the environment. These requirements are met by the
pulsation equipment designed at SSC RF VNIINM (18). The feasibility of creating any hydrodynamic condition upon the
transformation of the vibrating pulsation motion to the rotary, spiral etc ones ensures the efficient contact between the
reagents, the mass transfer at the interface of the phases, no stagnant zones or by-pass streams in criticality safe equipment.
No moving mechanical components within the equipment eliminate the abrasive wear of mating surfaces. The remote power
supply and remote control, the tightness of the pulsation equipment eliminate the contact between the servicing staff and
equipment as well as leaks of radioactive solutions and gases.

The commercial application of the pulsation equipment corroborates its high reliability, longevity, critical safety,
substantially reduced amounts of waste arising from the regulated servicing of the equipment.

The problem of minimizing the scope of RAW from SNF reprocessing also comprises the reduction in the scope of the most
toxic HALW containing TUE and some long-lived fission products.

The partitioning of HALW to isolate and concentrate TUE and other long-lived radionuclides will make it possible:

•to lower down the toxicity of the main mass of waste and cut expenses for RAW disposal into deep geological formations;

• to improve the safety of HALW management upon separate disposal of fractions of elements that drastically differ in their
nuclear, chemical and geochemical properties;

• to reach the radiation balance between HALW and mined uranium after several hundred of years via the transmutation of
the most toxic TUE;

• to utilize some radionuclides for science, engineering and medicine.

To-day, there are premises to implement the partitioning of HALW via the Purex-process or the introduction of additional
operations to isolate long-lived radionuclides.

The isolation of 237Np at the RT-1 plant followed by the reactor preparation of 238Pu can be considered to be the partitioning
of one of the longest life transuranium element by its transmutation to the short-lived isotope.

The available process flow sheet allows the partitioning of one of the longest life fission product, i.e., 99Tc the transmutation
of which can produce stable 100Ru (19).

To reduce the radiotoxicity of the main mass of waste is possible via a deep (not less than 99.99%) isolation of TUE, which
is feasible with the use of powerful grouped extractants. Efficient extractants were developed for the isolation of TUE and
long-lived fission products; the basis of those extractants is formed by phosphoric and alkylphenylphosphonic acids,
zirconium salts of organophosphoros acid, bidentate extractants such as diphosphine dioxides and carbamailphosphinoxides,
polydentatic phosphonitrile acids (20-25).

Aside from the electrochemical methods of promise is the approach to the minimization of the secondary waste from SNF
reprocessing that makes use of microbiological methods of RAW decomposition. The microbiological decomposition of a
spent extractant allows a factor 5 -10 reduction in the scope of organic radioactive waste with the complete elimination of
the inflammable organic solution and a substantially improved safety in managing RAW (26, 27).
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The application of the microbiologic methods to destruct nitrates and organic components of IALW and LALW with the
simultaneous concentrating of radionuclides will make it possible to realize the long time "self-sustaining" process of the
RAW scope reduction at a lower specific consumption of power and materials for reprocessing. The extraction of Am on
the biomass of microorganisms Rhodococcus sp., Rhodococcus maris, Rhodococcus erytropolis, Candida sp., Pseudomonas
stutzeri is feasible from media at [HNO3] up to 3 mole/1. In the biosorption on microorganisms the content of actinides
reaches 15 -30 % of the dry biomass.

CONCLUSION.

The reduction in the overall cost of the closed nuclear fuel cycle is primarily governed by a decrease in the scope of RAW
to be long-term stored or disposed of. The optimization of the Purex-process, the partitioning of HALW, the application of
"waste-free" technologies of RAW reprocessing will reduce substantially the expenses for the management of SNF and
RAW in the closed fuel cycle, ensure the environmental safety upon the long-term storage and disposal of HALW
depending on the geochemical properties of long-lived radionuclides and in the future via the TUE transmutation will
provide the radiation balance with mined uranium after several hundred years of the storage (Fig. 1).
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Optimization of the Purex-process:
• Application of salt-free reagents: oxidants, reductants,
complexants ... and "waste-free" electrochemical methods
• Application of the pulsation equipment;
• Management of the technological nrocess in the real time
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Fig. 1. Spent Nuclear Fuel Reprocessing: Chime of Traditions and Innovations


