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          Abstract

           In Purex process, ruthenium is one of the troublesome fission products due to its complex chemistry and presence of multiple oxidation states &some extractable stable complexes in nitric acid medium. The higher concentrations of both stable and radioactive ruthenium isotopes, pose many challenges. During the reprocessing of FBR spent fuel, the tri and tetra nitrato complexes of ruthenium get extracted in to TBP in the first cycle. The daughter product of Ru106 is Rh106 which is a hard gamma emitter with a half-life of only 30s. This leads to the degradation of the solvent due to the extraction of radioactive ruthenium. The degraded solvent in turn holds high plutonium in to the organic phase rendering it unstrippable. In addition, the radioactive ruthenium pick up will contribute significantly to the residual activity of the product stream. Also, the extractable ruthenium species pose problems in the treatment of the lean organic. Hence it is necessary to limit the co-extraction of ruthenium in to the solvent. In order to accomplish this, a scheme to scrub the plant stream with concentrated acid has been tested in the plant. 

INTRODUCTION

Fast reactor spent fuel is required to be reprocessed with minimum spent fuel hold up duration, to facilitate faster re-fabrication for effective utilization of the fissile inventory. This calls for carrying out the reprocessing of fast reactor spent fuels with higher decontamination factors as compared to that of thermal reactor spent fuel reprocessing. Also the radio activities associated with fast reactor spent fuel is about an order of magnitude higher.
Mixed carbide of uranium and plutonium has been chosen as a driver fuel for Fast Breeder Test Reactor (FBTR), in India. A burn up more than 165 GWd/t had been achieved with this fuel. More over the fuel cycle had also been successfully closed with respect to the mixed carbide fuel through aqueous reprocessing of the spent fuel in a facility called CORAL (Compact Reprocessing of Advanced fuel in Lead shielded cell) which is currently functioning in IGCAR. A modified Purex [1] process has been followed in which 30% TBP in n‑dodecane is being used as the solvent for the extraction uranium and plutonium from the fission products. 
In the Purex process, ruthenium is considered to be the most troublesome fission product due to its most complex chemistry, owning to its multiple oxidation states which form extractable stable complexes in nitric acid. Its severity is more in the case of fast reactor spent fuel reprocessing as it contains higher concentration of both stable and radioactive isotopes [2] of ruthenium. Some ruthenium gets extracted into the solvent especially during the first cycle operation and which could be retained in the solvent in the form of tri and tetra nitrato complexes that are most extractable in to TBP. This results in the degradation of the solvent leading to the formation of degradation products like DBP, which in turn could hold back significant quantities of plutonium in the organic phase. In addition radioactive ruthenium pick up will also render the product stream considerably more radioactive owing to the former.  Hence the extraction of ruthenium needs to be limited. High activity (2.0mCi/L) due to the presence of ruthenium also poses a major problem during the treatment of lean organic stream. In order to address these problems a method in which the product stream is subjected to scrubbing followed by stripping had been developed and evaluated in this plant.
Experimental

Laboratory study: Lean organic
About 300mL of the lean organic obtained in the third cycle during the reprocessing of a FBTR fuel with 100 GWD/t burn up containing 1.2g/L of U, 0.7g/L of Pu & 2.0mCi/L of Ru was taken in one litre beaker. 300 mL 5.5 M nitric acid was added to this and mixed using a magnetic stirrer for 10 minutes. Subsequently the aqueous and organic phases were separated. Ruthenium activity in the scrubbed acid was estimated by using HPGe detector. One more contact was given to reduce the activity below 0.5 mCi/L. The resultant organic was subjected to plutonium stripping. About 300mL of the strip solution containing 1.4g/L of uranous stabilized by hydrazine in 0.01M nitric acid was added to the above organic solution and equilibrated for 10 minutes. Aqueous and organic phases were separated and analysed for plutonium, uranium and Ru activity. 
Laboratory study: Loaded organic
About 300mL of loaded organic from extraction cycle of 155 GWD/t burn up containing 18.6g/L of Pu, 8.4g/L of U & 3.15mCi/L of Ru was taken for scrubbing study using 5.5 M nitric acid. Ruthenium activity was analysed at regular intervals by using HPGe detector. 
Realization in CORAL plant

TBP undergoes radiolytic degradation to a significant extent beyond an integrated dose of 0.3watt hr/L with marked reduction in Decontamination Factors (DFs). This necessitates the development of fast solvent contactors like centrifugal extractors (Fig.1) with integrated phase contact time 2 to 3 mins in the high active coextraction cycle. The centrifugal extractors also reach steady state operating conditions very quickly. Further validation of the study has been carried in the actual plant, CORAL. 
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FIG. 1. Centrifugal extractor [3]
results and discussions

3. 1    Scrubbing with 5.5M HNO3
Ru forms various Ru-NO-NO3-H2O complexes in the aqueous phase and kinetics of transformation of one species to other take places as a function of nitric acid concentration in the aqueous phase. It is reported that for a typical acidity of 6 M the mole fraction of 0.03, 0.08, 0.48, 0.38 and 0.03 for non nitrate, mono nitrato, dinitrato, trinitrato and tetra nitrato. Hence in Purex process conditions the probable species of concern are dinitrato, trinitrato. It is also reported that the distribution ratio of mono nitrate or dinitrato species are very much lower than tri or tetra nitrato species. Therefore the extraction trend of tri nitrato species with TBP as a function of nitric acid is important. It is reported in the literature that the distribution ratio of Ru,NO-tri-nitrato species decreases with increase in nitric acid beyond 0.4 M feed acidity (Fig.2). At higher HNO3 concentration, Ru(II) converts to Ru(IV) due to the small oxidation potential of Ru(II). The oxidation of Ru (II) to Ru(IV) decreases the extractability of Ru in TBP-nitric acid system significantly. Hence acidity around 5.5 M is chosen for scrubbing without affecting extraction behaviour of U/Pu.
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FIG. 2. Variation of distribution ratios of different species in 30% TBP (loaded with 80% U) as a function of nitric acid [4]
Loaded organic containing 1.18mCi/L of gamma activity due to the presence of ruthenium is reduced by scrubbing with 5.5 M nitric acid. The experimental results are given in Table.1. The data in Table.1 show that about 53% of ruthenium activity is reduced upon a single contact with 5.5 M nitric acid and subsequent scrubbing gives only 12% reduction. Since the distribution ratio of ruthenium is lower at higher acid concentration, higher decontamination is achieved with respect to ruthenium even in the first contact.  The reduction of Ru activity in the first contact is attributed to the loading of nitric acid to the organic phase, decreased the availability of free TBP for Ru extraction, thereby refluxing Ru to the aqueous phase. Nearly same Ru activity in the organic phase for second and third contact is attributable to formation of stable inner sphere complex. The data in the table 1 indicates that the scrubbing reaches a saturated value of about 0.485 mCi/L after three contacts with 5.5 M Nitric acid acid scrub which shows that almost 30-40% ruthenium is retained by the organic itself. 

TABLE 1. 
SCRUBBING WITH 5.5M NITRIC ACID
Feed: 
[Pu] = 0.698 g/L, 
[U] =1.74 g/L, Ru- activity = 1.184 mCi/L, 
Volume of lean organic   = 300 mL 


Basis: O/A =1

	Contact Number
	Activity of Ru in lean organic
	Ru- Activity removal in lean organic (%)

	
	Before scrubbing

(mCi)
	After scrubbing (mCi)
	

	I
	1.184
	0.551
	53.3

	II
	0.560
	0.498
	12.0

	III
	0.498
	0.485
	  2.6


Tri nitrato nitrosyl complex of ruthenium (RuNO(NO3)3) is the highly extractable complex by TBP. However, in the organic phase the extracted ruthenium complex, Ru-NO-NO3-H2O-TBP (Fig.3 I&II), initially exists as an outer sphere complex, which is slowly converted into an inner sphere complex, Ru-NO-NO3-TBP (Fig.3 III), after replacing H2O molecules [5]. The inner sphere complex  is obviously very difficult to strip out from the organic by acid scrubbing.
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FIG. 3. Nitrosyl ruthenium species system nitric acid-tributyl phosphate- dodecane (5)
3.2 
Stripping
The scrubbed organic phase having 0.5 mCi/L is treated with hydrazine stabilised uranous for the recovery of plutonium and results are given in table 2. The data in table 2 indicates that quantitative stripping of plutonium obtained by a single contact leaving organic with 25.0 mg/L of plutonium. The retention of plutonium in the lean organic may be due to the presence of degradation products. Ru activity in the aqueous product is very low as compared to the treated organic phase. Higher Ru activity in the treated organic is attributable to the availability of more TBP for complexing with Ru due to absence of competition from nitric acid. 
TABLE 2. STRIPPING OF PLUTONIUM FROM LEAN ORGANIC

   Volume of lean organic             = 300 mL 


Basis:                                 O/A =1


Stripping agent :          [U4+]      = 1.4 g/L in 0.01M HNO3 

	Nature of solution
	Concentration of plutonium (g/L)
	Concentration of uranium (g/L)
	Activity of Ru (mCi/L)

	Feed organic
	0.698
	1.74
	0.485

	Strip product
	0.680
	1.20
	0.030

	Lean organic
	0.025
	2.12
	0.468


The final strip product has been subjected to oxalate precipitation after pre concentration. The proposed method had been used with the plant stream during reprocessing of high burn up fuels.

3.3 Scrubbing of I Cycle loaded organic with 5.5 M nitric acid
Results obtained in the scrubbing of lean organic had encouraged to facilitate the scrubbing of I cycle loaded organic with 5.5 M nitric acid and the data is given in table 3. 
TABLE 3. 
SCRUBBING OF I CYCLE LOADED ORGANIC WITH 5.5M NITRIC ACID  

Feed: 
[Pu] = 18.6 g/L, 
[U] =8.4 g/L, Ru- activity = 3.14 mCi/L, Basis: O/A =1

	Contact Number
	Activity of Ru in lean organic
	Ru- Activity removal in lean organic (%)

	
	Before scrubbing

(mCi)
	After scrubbing (mCi)
	

	I
	3.15
	1.45
	53.96

	II
	1.45
	1.29
	11.03

	III
	1.29
	1.24
	 3.56


3.4       Effect of solvent degradation products on ruthenium extraction
The interaction of ruthenium complexes with the solvent degradation products, Di-Butyl Phosphate (DBP) and Mono Butyl Phosphate (MBP) and the diluent degradation products, has not been well understood. It is observed that DBP and TBP synergistically extract the ruthenium complexes. Thus, retention of ruthenium is enhanced when a short cooled fuel is reprocessed or when the solvent degradation products are incompletely removed during recycle which also hold high Pu in the organic phase.
CONCLUSIONS
Activity due to ruthenium in the lean organic during the first cycle has been reduced successfully by scrubbing with 5.5M nitric acid. The scrubbed organic phase treated with hydrazine stabilised uranous and plutonium stripped out and processed to obtain plutonium oxide. This novel methodology developed in-house is suitable for incorporation in to the flow sheet.
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