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Abstract
Behaviour of radionuclides in such processes as sorption, ion-exchange, ultrafiltration, etc., that are used for removal of radionuclides from solution, is largely determined by their speciation in solution. The hydrolysis of metal ions in solution is particularly interesting in that respect, since most of the liquid radioactive wastes are aqueous solutions. 

         The following forms of metal ions (Mez+) occur in aqueous solution as the pH increases from acidic to basic conditions:

· hydrated cations (Me(H2O)z+) 

· mononuclear hydroxocomplexes (Me(OH)qz-q+)

· polynuclear hydroxocomplexes (Mep(OH)qpz-q+)

· pseudocolloids

        Each of these forms possesses specific physico-chemical properties that can be effectively used for separation of radionuclides and for their removal from solution. Therefore, the knowledge of the radionuclide hydrolytic speciation in solution and physico-chemical properties of various hydroxocomplexes is very important for development of liquid radioactive waste treatment technologies.

1. EXPERIMENTAL

All solutions were prepared by dissolution of a certain amount of high purity salts (“chemically pure” grade according to Russian system) in distilled water. After adjusting pH by aqueous solution of ammonium, the solutions were stored for 2-5 days for establishing equilibrium in the solution. The experiments were carried out at the ambient temperature, approximately 20(C.

Separation of absorbers, pseudocolloids and hydroxide particles from solution was carried out using a laboratory centrifuge at 8000 rpm (rotations per minute), for 30 minutes.

A cellophane membrane with pore diameter 2-4 nm and the “VLADIPORE” membrane with 50 nm pore diameter were made use of in dialysis and ultrafiltration experiments accordingly.   

Contents of radionuclides were determined using the radioactive isotopes: 59Fe, 51Cr, 60Co and 235U.

2. RESULTS

2.1. Hydrated cations and mononuclear hydroxocomplexes

The radionuclides in a form of hydrated cations and mononuclear hydroxocomplexes can be effectively removed from solution applying different variants of sorption technique. However, the sorption capacities of these forms often differ significantly.  

For example, it was reported in our previous publications [1,2] that mononuclear hydroxocomplexes of Cr(III), Fe(III) and Co(II) exhibit enhanced sorption on silica gel (Fig.1). Furthermore, their sorption proceeds in a specific way and is not governed by regularities of ion exchange process, since it is not dependent on the concentration of competitive ions (Fig.2).   
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In the case of radionuclide sorption on a standard cation exchange resin (KU-2), it has been shown that the effect of hydrolysis on the sorption of radionuclides may vary for different metal ions. Accordingly, growth of Me(OH)z-1+  hydroxocomplex concentration in solution results in a decrease of  Fe(III)  sorption  on  cation exchange resin and, at the same time, an increase in U(VI) sorption under the same conditions (Fig.3).
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Using the differences in ability of various metals to form hydroxocomplexes and the differences in sorption behaviour of hydrated cations and mononuclear hydroxocomplexes it is possible to develop highly selective methods for extraction of radionuclides from solution. 

2.2. Pseudocolloids

Usually the concentration of radionuclides in solution is very low (lower than 10-6 M). At micro concentrations, a process, such as the formation of pseudocolloids (sorption of radionuclides on the surface of colloidal impurities, which are always present in solution in micro quantities), can proceed in solution. 

For example, Fe(III) and Cr(III) radionuclides change their state in solution from ionic to colloidal with an increase of pH higher than 3.0 (Fig.4) and 4.0 (Fig.5), accordingly. The data obtained show that, applying the method of ultrafiltration through a semipermiable membrane, up to 99.9% of activity can be removed from solution in which the radionuclides are in a form of pseudocolloids. This makes a decontamination factor 103. However, in practice a higher decontamination factor is often needed. Application of sorption method will not increase efficiency of the radionuclides extraction in this case. The data presented on the Fig.4 show that introduction of an absorber (silica gel) in solution does not result in any additional cleaning up of the solution. 
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Fig.4 1 - ultrafiltration of Fe(III) solution; 2 - adsorption of Fe(III) on the surface of glass; 3 - 

adsorption of Fe(III) on silica gel from equilibrated solution
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Fig.5  1 - dialysis of Cr(III) solution; 2 - centrifugation of Cr(III); 3 - adsorption of 

Cr(III) on the glass surface


At the same time, further removal of the radionuclides from the solution can be achieved in a simple way – acidification of the solution down to pH 1.5 – 2.0. Pseudocolloids are rapidly destroyed under these conditions, and sorption activity of Fe(III) hydroxocomplexes, that will form as a result, is very high. Thus, a combination of two methods – membrane filtration at pH higher than 4.0 and, then, acidification and sorption on a suitable absorber (silica gel, for example) – can provide a higher decontamination factor. 

2.3. Polynuclear hydroxocomplexes

Another very often encountered in practice situation is when radionuclides are in macro concentration (higher than 10-6 M) in radioactively contaminated solution. Their high concentration can be due to the presence of stable isotopes in solution. For example, both Fe(III) and Cr(III) are corrosion products and their concentration in decontamination solution can be about 10-3 M and higher. The formation of pseudocolloids can not proceed at such high concentration and the form of radionuclides in solution will be determined by their ability to form mononuclear, polynuclear hydroxocomplexes and bigger hydroxide particles.

When a radionuclide is in a form of polynuclear hydroxocomplex its removal from solution can be problematic. Firstly, it is due to small size of the polynulear hydroxocomplexes, which, though principally allows their separation from solution by filtration through a semipermiable membrane, makes it not practically feasible, since the pore diameter required should be of the order of nanometers. Secondly, the sorption ability of polynuclear hydroxocomplexes is usually significantly lower than that of mononuclear species. 

One of the possible ways of such solutions treatment is precipitation of the radionuclides in a form of hydroxides at a higher pH. However, the data obtained in the current work show that the decontamination factor achievable by the precipitation method is limited (table 1, 2).  Thus, the concentration of iron in the outer compartment of dialyser does not change with increase of pH from 5.0 to 10.0. This does not conform very well to the solubility product principle, according to which concentration of Fe3+-cation should decrease with increasing pH of solution. 

Table 1. Dialysis of Fe (III) through a cellophane membrane. Concentration of Fe (III) in the initial solution 1.10-3 Mol/L

	pН of solution
	3.0
	3.2
	3.6
	4.0
	5.0
	7.0
	10.0

	Concentration of Fe (III) in the outer compartment of dialyser, Mol/L
	1.1.10-4
	0.32.10-4
	0.15.10-4
	0.08.10-4
	0.06.10-4
	0.05.10-4
	0.05.10-4

	Decontamination factor

 
	9
	30
	66
	125
	170
	200
	200

	Decontamination factor in the presence of silica gel in the inner compartment of dialyser
	5
	10
	125
	200
	200
	250
	250


Table 2. Precipitation of Fe (III) by centrifugation. Concentration of  Fe (III)  in the initial solution 1.10-3 Mоl/L

	pН of  solution
	3.0
	3.2
	3.6


	4.0
	5.0
	7.0
	10.0

	Concentration of Fe(III) in solution after centrifugation, Mоl/L
	9.10-4
	7.4.10-4
	4.6.10-4
 
	2.8.10-4
	0.3.10-4
	0.2.10-4
	0.1.10-4

	Decontamination factor

 
	1.1
	1.5
	2.1
	3.6
	33
	50
	100

	Decontamination factor in the presence of silica gel in solution
	2.0
	3.5
	10
	20
	15
	150
	200


In the table 3 the literature data on polymerisation of some metal ions are summarised.  From these data it can be concluded that the concentration threshold for polymerisation of hydrolysed cations is                 10-5 - 10-6 M. Hence, the limiting capacity of solution decontamination at the stage of hydroxides precipitation is determined not by hydroxide solubility (solubility product principle) but by the possibility of polymerisation process. 

Table 3. Initial conditions of metal-ion polynuclear hydroxocomplexes formation in solutions

	Меtal
	Concentration of

metal-ion, Mol/L
	Form of complex

	Pu (IV)
	10-5
	Pu2 (OH)n

	Fe (III)
	10-5
	Fe2 (OH)n

	Sc (III)
	10-3
	Sc2  (OH)24+

	Cr (III)
	10-6
	Cr2 (OH)24+

	Y (III)
	10-3
	Y2  (OH)24+


So, in the case of Fe(III), the decontamination factor  2.102 is the maximal capacity of hydroxide precipitation method. Addition of an absorber (silica gel) in solution increases the decontamination factor only insignificantly (table 1, 2). This means that the forms of the radionuclides remaining in solution have co-ordination spheres saturated with OH-groups, which can not be absorbed by silica gel. 

A higher degree of solution cleaning up can be achieved applying combination of two methods – membrane filtration and sorption or centrifugation and sorption. At the first stage, neutralisation of solution up to pH 5.0 and higher will result in formation of hydroxide sediment, colloidal particles and polynuclear hydroxocomplexes. They can be removed from solution either by membrane filtration or centrifugation. Than, the radionuclides remaining in solution after precipitation of the hydroxide can be converted into a form capable of sorption by acidification of solution and removed by sorption.   

3. CONCLUSIONS

1.  The differences in ability of different metals to form hydroxocomplexes and the differences in sorption behaviour of hydrated cations and mononuclear hydroxocomplexes can be effectively used for development of highly selective methods for extraction of radionuclides from solution

2.  At micro concentrations, a process of radioactive pseudocolloids formation can proceed in solution.  The radionuclides in a form of pseudocolloids can be removed from solution by ultrafiltration or centrifugation. A combination of two methods – ultrafiltration/centrifugation with consequent acidification of solution and sorption of remaining radionuclides on a suitable absorber – can provide a higher decontamination factor. 

3.  Hydrolysis of radionuclides that are present in liquid radioactive waste at high concentrations can allow the system to proceed to formation of polynuclear hydroxocomplexes.  Two step procedure can be effectively applied for treatment of such solutions. At the first stage, the radionuclides are removed from solution by precipitation in a form of hydroxide. Than, the radionuclides remaining in solution can be converted into a form capable of sorption by acidification of solution and removed by sorption.   

       The results obtained show that the speciation of radionuclides and stable metals in solution can strongly influence the effectiveness of radionuclides removal  from liquid radioactive waste. So, in order to optimise the removal of radionuclides from solution the following information is needed:

· The speciation of the radionuclides and stable metals in aqueous solution 

· The characteristics of sorption of the radionuclides on different absorbers as a function of radionuclide speciation in solution and nature of the absorber. 
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