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Abstract 

Results of more than thirty years investigations on high level radioactive waste (HLW) partitioning in 
Russia are described. The objectives of research and development is to assess HLW partitioning technical 
feasibility and its advantages compared to direct vitrification of long-lived radionuclides. Many 
technological flowsheets for long-lived nuclides (caesium, strontium and minor actinides) separation were 
developed and tested with simulated and actual HLW. Different classes of extractants, including 
carbamoylphosphine oxides, dialkylphosphoric acids, crown ethers and diamides of heterocyclic acids 
were studied. Some of these processes were tested at PA “Mayak” and MCC. Many extraction systems 
based on chlorinated cobalt dicarbollide (CCD), including UNEX-extractant and its modifications, were 
also observed. Diamides of diglycolic acid and diamides of heterocyclic acids in polar diluents have shown 
promising properties for minor actinide-lanthanide extraction and separation. Comparison of different 
solvents and possible ways of implementing new flowsheets in radiochemical technology are also 
discussed. 

Introduction 

In the Russian Federation, the concept of closed nuclear fuel cycle (NFC) involving spent nuclear fuel 
(SNF) reprocessing is accepted. It is known that one of the advantages of closed NFC is the possibility for 
radical resolution of problem on long-term safe management of long-lived radionuclides, because the SNF 
reprocessing enables to recover and handle them separately. 

An efficient method for the management of long-lived radionuclides is transmutation. The long-term 
radiotoxicity of the remaining waste could be significantly decreased by additional recovery of the MAs and 
their transmutation into short-lived radionuclides in advanced nuclear reactors or accelerator driven systems. 
The resulting waste could reach the radiotoxicity level of natural uranium ores in a few centuries instead of 
more than 100 000 years. This is the goal pursued by the global strategy of partitioning and transmutation 
developed in several European research projects of the Euratom programme [1]. 

Another promising way is to create extra strong matrices being disposed into geological formations. 
In the case of transmutation, or in the synthesis of highly strong matrices for geological disposal, there is a 
need for the selective recovery of long-lived radionuclides contained in SNF. This may be achieved by the 
availability of reprocessing plants with special facilities for recovery of long-lived radionuclides in the 
NFC infrastructure. 

The goals set to partitioning were different and changed overtime. Up to 1985, the main goal was to 
separate individual isotopes for their subsequent use. Today, the main goal is to get several fractions or 
individual radionuclides for their following storage or transmutation. One of the options is the separation 
of Am and creation of new fuel with minor actinides. 
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This paper summarises the results of R&D on HLW partitioning in Russia. 

Cs and Sr recovery 

Strontium-90 is the major generator of heat and caesium-137 is the major generator of gamma radiation 
in HLW after 3-year storage. One of the tasks that were set for partitioning at an early period was the 
selective separation of Sr. In the United States, the high selective SREX-process was developed for this 
purpose [2]. This process is based on the use of 4,4’(5’)-di-t-butylcyclohexano-18-crown-6 (DtBuCH18C6) 
dissolved in PUREX-process solvent (TBP in Isopar-L). 

In Russia, the modification of this process was performed. Fluorinated alcohols instead of TBP-
kerosene mixture were proposed as a diluent. This allowed the use of cheaper compound – dicyclohexano-
18-crown-6 (DCH18C6) [3]. This system (DCH18C6 in fluorinated alcohols) was tested many times 
including hot test with real HLW at PA “Mayak”. 

The next step of this work was the creation of the process for simultaneous extraction of Cs and Sr by 
a mixture of different crown-ethers [4]. DCH18C6 was chosen for Sr extraction and dibenzo-21-crown-7 
(DB21C7) – for Cs recovery. As a diluent, polar fluorinated diluent (H(CF2)6CH2OH) with addition of 
higher alcohols was used. The test in laboratory scale showed that more than 99.5% Cs and Sr could be 
recovered from acidic wastes. 

Figure 1: Structures of crown ethers 
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For simultaneous separation of Cs and Sr the greatest success was achieved by using CCD-process 
[5]. Chlorinated cobalt dicarbollide (CCD) was proposed for extraction by Czech scientist [6]. It was 
shown that the solvent including CCD and polyethyleneglycol (PEG) in polar fluorinated diluent – 
meta-nitrobenzotrifluoride (F-3) [7] is acceptable for use in technology. The structures of the mentioned 
compounds are presented in Figure 2. The proposed flowsheet provides a separation of 99% of Cs and Sr 
and less than 0.15% remain in raffinate. This process was used at industrial scale. More than 1 179 m3 of 
HLW was processed; more than 50 million Ci of Cs and Sr were recovered at PA “Mayak”. 

Figure 2: Structures of CCD, PEG and fluorinated diluents 
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UNEX-process 

An example of complex approach to partitioning is the UNEX-process. It was developed as a result of 
cooperation between Idaho National Laboratory (United States) and Khlopin Radium Institute (Russia) for 
treatment of highly salted solutions. UNEX-process uses a solution of chlorinated cobalt dicarbollide, 
carbamoylphosphine oxide (CMPO) and polyethyleneglycol (PEG) in polar fluorinated diluent as a 
solvent. The classical solvent composition of UNEX-solvent is 0.08 M CCD + 0.01 M PEG + 0.02 M 
CMPO in polar diluent. In the United States, phenyltrifluoromethylsulphon (FS-13) was chosen whereas in 
Russia, meta-nitrobensotrifluoride (F-3) as a diluent was tested. This process extracts actinides, 
lanthanides, Cs and Sr from acidic wastes and their separation in Cs-Sr and An-Ln flowsat the stripping 
stage. Different variations of UNEX-process were tested many times in the USA and in Russia. Also 
several hot tests were carried out [8]. 

To achieve partitioning of solutions with high concentration of lanthanides the composition of UNEX-
process solvent was modified. Instead of CMPO, tetrabutyldiamide of dipicolinic acid (TBuDPA) was 
proposed [9]. The new UNEX-solvent composition was 0.08 M CCD + 0.01 M PEG-400 + 0.05-0.06 M 
TBuDPA in polar diluent [10]. The dynamic test with simulated HLW was carried out at PA “Mayak” and 
confirmed that new solvent can be used for treatment of wastes with high concentration of fission products. 

 A system based on bis-tetrazolyl-pyridines with CCD was studied. CCD-NATP mixtures selectively 
extract Am with a Am/Eu separation factor of more than 90 [11.] This ligand possesses high stability in 
acidic solutions. The flowsheet for separation of minor actinides was calculated and will be tested. 

Minor actinides recovery 

Processes on the base of “hard” donor ligands 

One of the difficult tasks in radiochemistry is the separation of minor actinides from lanthanides as 
these groups of metals have a very similar chemical behaviour. A lot of different ligands and processes on 
their base for separation of minor actinides from nitric acid solutions were proposed and tested. The most 
powerful and well known compounds for extraction of actinides are “hard” donor ligands: 
carbamoylphosphine oxides, diamides of carboxylic acids, phosphine oxides etc. All these compounds 
extract both actinides and lanthanides from acidic solutions. 

Figure 3: Structures of “hard” donor extractants 
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Neutral bifunctional extractants have been studied in Russia for several years. These studies have been 
carried out in parallel with investigations in the USA, Europe and India. Classical TRUEX-process uses 
CMPO dissolved in PUREX-process solvent. Some modifications of TRUEX process were developed in 
Russia. All modification was aimed to increase the loading capacity of the extraction system by changing the 
paraffinic diluent to a polar one. First of all, the so-called “Russian TRUEX-process” should be mentioned. In 
this process CMPO dissolved in polar fluorinated diluent F-3 was used [12]. In addition, some modifications 
of SETFICS-process were made. One of them proposed a solvent based on CMPO dissolved in the mixture 
of TBP and F-3 [13]. The proposed flowsheets were tested many times including tests with real HLW. 

Recently, a new modification of the SETFICS-process was made. A new non-toxic fluorinated 
inflammable diluent Formal-N2 was proposed [14]. A dynamic test of new solvent using model solutions 
was carried out. The results of the test showed good extraction and hydrodynamic properties of new 
solvent. It was shown that Am can be fully separated from La and partially recovered from Ce, Pr and Nd. 

It is known that salts of dialkylphosphoric acids can extract metals from acidic solutions. Solution of 
zirconium salt of dibutylphosphoric acid (Zr-DBP) in TBP-Isopar L was proposed for the processing of 
radioactive wastes. The authors state that the advantages of this solvent were its compatibility with the 
PUREX solvent and the low price of the extractant. This system provides separation of TPE, lanthanides 
and also Sr. It was tested in different conditions and also a hot test with real HLW was carried out. 0.4M 
Zr-DBP solution in 30% TBP + isopar-L was used as a solvent. Thirty liters of HLW were treated [15]. 

Diamides of diglycolic acid of different structure were studied in Russia. Polar fluorinated diluents 
allow the use of short-length diamides without third phase formation during extraction [16]. A new flowsheet 
for minor actinides separation was tested at PA “Mayak” using simulated waste with high concentration of 
fission products. 0.2 M TODGA in F-3 was used as a solvent. It was shown that this system allows 
recovering of minor actinides with lanthanides. The flowsheet was then modified and a new test is now 
planned. 

“Mixed” donor ligands 

Another class of ligands studied in Russia as potential extractants for minor actinides separation is 
diamides of heterocyclic dicarboxylic acids. These ligands belong to mixed donor ligands: they possess 
“soft” donors – nitrogens of pyridine ring and “hard” donors – carboxylic oxygens. Such combination 
provides high extraction ability to f-elements and a better affinity to actinides. The main advantages of this 
class of products are their high solubility in polar diluents and easiness of synthesis. Three classes of 
diamides of heterocyclic dicarboxylic acids are now under investigation in Russia. 

Diamides of dipicolinic acid (DPA) are promising ligands for the separation of actinides from HLW. 
These ligands extract both actinides and lanthanides from nitric acid solutions. The separation factor for 
Am/Eu recovery is moderate and do not enhance the value of 6. At the same time, minor actinides can be 
separated from REE at the stage of stripping. The flowsheet for separation of minor actinides from HLW 
with high concentration of lanthanides was developed. This flowsheet was calculated for recovering of 
99.5% of Am from simulated solution. 

Figure 4: Structures of “mixed” donor extractants 
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Diamides of 2,2’-dipyridyl-6,6’-dicarboxylic acid have an additional pyridine ring in their structure 
and selectively extract minor actinides from nitric acid solutions. Lanthanides are not extracted. A Am/Ln 
separation factor more than 10 was achieved [17]. All lanthanides can be separated from fission products 
on the stage of extraction. The flowsheet for separation of minor actinides from HLW with high 
concentration of lanthanides was calculated and tested at laboratory scale using simulated solutions. 

The latest class of diamides is diamides of 1,10-phenantroline-2,9-dicarboxylic acid. These ligands 
seem very promising for the separation of actinides from HLW and are now actively studied not only in 
Italia and China, but also in Russia. 

Conclusion 

Partitioning is a traditional direction of R&D in Russia. The original target of partitioning was the 
separation of radionuclides for use. Nowadays the main priority is the separation of radionuclides, 
particularly of Am, for burning in new reactors-types. To find the appropriate extraction system for Am 
separation from HLW, new ligands are being developed and investigated and well-known processes 
modified. The most promising ligands are diamides of dicarboxylic heterocyclic acids. The use of polar 
fluorinated diluents, as an alternative to traditional hydrocarbon diluents, is the specifics for partitioning in 
Russia. Russia was the pioneer in the use of fluorinated diluents, but they are now being studied in other 
countries. 
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