Separation of curium from americium using composite sorbents and complexing agent solutions
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Abstract

Two liquid‑liquid extraction processes intended as a part of the Partitioning and Transmutation strategy have been used as bases for the development of chromatographic systems for separation of curium from americium. The liquid organic phase of the EXAm process was replaced by DMDOHEMA‑PAN composite sorbent and TEDGA in nitric acid solution was employed as an aqueous‑phase complexing agent. The liquid organic phase of the AmSel process was replaced by TODGA‑PAN composite sorbent and sulfonated BTBP derivative in nitric acid solution was employed as an aqueous‑phase complexing agent. The influence of aqueous phase complexing agent  and nitric acid concentrations on weight distribution coefficients and separation factor as well as the kinetics of the actinide uptake were determined in batch experiments with trace amounts of 241Am and 244Cm. The efficiency of Cm separation from Am was evaluated in column experiment.
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Introduction
The separation of curium from americium is recently in concern relating reprocessing of spent nuclear fuel and recycling of the actinides in MOX fuels. Whereas americium is supposed to be utilized in MOX fuels, curium, because of its neutron activity and high heat output, would place high security demands on the fabrication process. Hence, it is preferred to separate them and store curium to decay to plutonium. Furthermore, because of the safety of reactor operating and spent fuel storage, it is necessary to know the isotopic composition of the fuel. Isotopic composition determination by mass spectrometry requires the separation between americium and curium because of isobaric interferences of 242 and 243 isotopes. The mutual separation may be necessary also for their determination if one of the radionuclides is present in significantly lower amount. 
First attempts to separate americium from curium, after americium first production, were carried out by selective elution with ammonium citrate solution from strong acid cation exchanger [1]. Later, many other hydroxy acids were employed, including tartaric and lactic acids [2]. By far the most frequently used hydroxy acid is alpha‑ hydroxy‑isobutyric acid (HIB) for both macro and micro‑scale quantity separations [3-8]. Also, its analogue alpha‑hydroxy‑alpha‑methyl butyric acid (HMB) was employed [9-11]. The use of other compexing agents such as ethylenediaminetetraacetic acid (EDTA) [12], diethylenetriaminepentaacetic acid (DTPA), and nitrilotriacetic acid (NTA) [13] was less common. Separation factors achieved using cation exchangers and complexing agent eluting solutions ranged from 1.2 to 2.

Separation using strong basic anion exchanger is much less common and requires elution with slightly acidic highly concentrated salt solutions. For the first time, LiNO3 was employed [14]. Comparison between separation efficiency of saturated nitrate solutions of different metals was published by Kraak and Heijden [15]. The alternative to the concentrated salt solution elution is the use of methanolic nitric acid solution [16-18]. Separation factor achieved ranged from 1.9 to 2.6. The drawbacks of ion exchange are low separation factors and radiation instability of ion exchange resins.
Separation in nitric acid/methanol mixed solvent system was also investigated using weak basic anion exchanger with tertiary pyridine function group embedded in highly porous silica beads which has high radiation resistance [19, 20].  
While the separation using ion exchangers is carried out with trivalent ions of americium and curium, the precipitation and liquid‑liquid extraction methods mostly use the existence of higher oxidation states of americium in solutions, but these are only achievable using strong oxidizing agents such as peroxydisulphate. Am(VI) remains in solution while curium is precipitated as CmF3 [21, 22]. Americium can be released from hydroxide suspension in NaHCO3 solution when oxidized to Am(VI) by bubbling ozone [23, 24]. The other possibility represents precipitation of Am(V) in form of KAmO2CO3 after americium oxidation by KClO in K2CO3 solution while Cm(III) remains in solution Horwitz [25]. 
Am(VI) can be separated from Cm by extraction with bis(2,6-dimethyl-4-heptyl)phosphoric acid (HD(DIBM)P) [26, 27], tributyl phosphate (TBP) [28, 29], or dibutyl butyl phosphonate (DBBT) [30]. On the other hand Am(V) is not extracted under the condition when curium is, for example by 2-thenoyltrifluoroacetone (TTA) [31] or its synergistic mixture with tri-n-octylphosphine oxide (TOPO) [32]. 
Separation of oxidized Am from Cm was also studied using extraction chromatography with bis(2-etylhexyl)phosphoric acid (HDEHP) [33, 34]. 
The preparation and characterization of higher oxidation states of americium and their use for separations have been recently reviewed by Runde and Mincher [35].

The drawback of the methods using oxidation of Am is the instability of its higher oxidation states which requires fast process and very high purity of chemicals used.

Until recently, among rare attempts not using americium oxidation, tertiary or quaternary amines were the most studied agents for liquid‑liquid extraction and extraction chromatography [36-38]. Recently developed extraction processes try to separate americium and curium as trivalent ions, for example by synergic mixture of bis(chlorophenyl)dithiofosfinic acid ((ClPh)2PSSH) and tris(2-etylhexyl)phosphate (TEHP) in LUCA process [39]. In Europe two such liquid-liquid extraction processes are under development now. The EXAm process, intended also for the separation of Am from Ln, uses bidentate malonamide extractant N,N´-dimethyl-N,N´-dioctylhexylethoxymalonamide (DMDOHEMA) which preferably extracts Am over Cm (SFAm/Cm ~ 1.6). The efficiency of the process is improved by using aqueous phase tridentate complexing agent N,N,N´,N´-tetraethyldiglycolamide (TEDGA) which forms stronger complexes with Cm. Process employed 0.65 mol L-1 DMDOHEMA in alcane as an organic phase and 0.3 mol L-1 TEDGA in 4.5 mol L-1 HNO3 as an aqueous phase consists of 32 stages [40, 41]. AmSel process employs tridentate N,N,N´,N´-tetraoctyldiglycolamide (TODGA) which preferably extracts Cm (SFCm/Am ~ 1.5) and tetradentate 6,6´-bis(5,6-di(sulphophenyl)-1,2,4-triazin-3-yl)-2,2´-bipyridine (SO3-Ph-BTBP) as aqueous phase complexing agent (expected SFAm/Cm derived from extraction with lipophilic CyMe4-BTBP ~ 1.6). Expected SF in 0.2mol L‑1 TODGA in 5% 1-octanol in TPH and 18 mmol L-1 SO3-Ph-BTBP in 0.55 – 0.7 mol L‑1 nitric acid system was 2.5. [42]. These two processes have been used as bases for development of chromatographic systems for separation of curium from americium. The liquid organic phases were replaced by composite sorbents with polyacrylonitrile (PAN) as a binding matrix. PAN was proposed as a binding polymer for inorganic ion-exchangers [43] and later used also as a support material for extraction agents [44-48].
Experimental
Reagents, materials and instrumentation
The solutions of 241Am were prepared by dissolution of americium dioxide AmO2 (37 MBq, Isotope Products Cesio s.r.o. Prague) in 5mol L‑1 HNO3 with subsequent dilutions with distilled water. The solutions of 241Cm were prepared by dissolution of curium nitrate Cm(NO3)3 (37 MBq, reference date 16 February, 2007, TENEX Russia) in 0.01mol L-1 HNO3 with subsequent dilutions with distilled water.
Composite sorbents DMDOHEMA‑PAN and TODGA‑PAN (33% active component, grain size < 0.300 mm) were prepared by Ferdinand Šebesta at the Department of Nuclear Chemistry FNSPI CTU.

TEDGA was prepared by Martin Vlk at the Department of Nuclear Chemistry FNSPI CTU. 3,3’,3’’,3’’’-[3-(1,10-phenanthroline-2,9-diyl)-

-1,2,4-triazine-5,5,6,6-tetrayl] tetrabenzensulfonic acid ((PhSO3H)2‑BTPhen) was supplied by the University of Reading, United Kingdom. 

Nitric acid 65% (Lach‑Ner, Ltd., Czech Republic) was of analytical grade. 
Sorbents and solid chemicals were weighted using analytical balances SA 210D (ANSELMA-INDUSTRIE, Germany). Solutions were pipetted using Eppendorf Research pipette with epTIPS (Eppendorf AG, Germany).
Batch experiments were carried out in 1.5mL screw cap PP micro tubes with silicone seal (BRAND GMBH + CO KG, Germany) by using Grant Bio PTR-30 360 Degree Vertical Multi-Function Rotator (Grant Instruments, United Kingdom). Liquid phase was separated from sorbent by filtration through small round of Whatman Glass Microfiber Filter Grade GF/C: 1,2 µm (GE Healthcare Life Sciences, UK) placed in Injekt™ 2 mL LS Syringe (B. BRAUN, USA) into 1.5 mL PP microcentrifuge tubes with lid closure (BRAND GMBH + CO KG, Germany). Aliquots of aqueous phase before and after contacting with sorbent were deposited on flat bottom cupped stainless steel planchets with overall diameter 31.8 mm and overall height 2.4 mm (GA-MA & ASSOCIATES, INC., USA).
Samples were measured using ORTEC® OCTETE Plus Integrated Alpha-Spectroscopy System equipped with ion-implanted-silicon ULTRA Alpha Detector Model BU-020-450-AS, and the spectra were evaluated by AlphaVision-32 Alpha Analysis Software (ORTEC, Advanced Measurement Technology, Inc., USA).
Column experiments were carried out in 1mL capacity polyethylene disposable Pasteur pipette BRAND™ PLASTIBRAND™ pipette (Brand GmbH & Co. KG), from which the top of the bulk was removed to make a funnel and the tip was shorten to eliminate the dead volume of the column. The fractions were collected using Model 2110 Fraction Collector (Bio-Rad Laboratories, USA) into Polypropylene 12 x 75mm Round Bottom Screw Cap Test Tubes (Globe Scientific Inc., USA). 
Methods

Batch experiments

For TEDGA concentration dependency studies, calculated amount of 0.1mol L‑1 TEDGA in 4mol L‑1 HNO3 stock solution was mixed with 4mol L‑1 HNO3 to obtain 1 mL of solution of required TEDGA concentration. For acid dependency studies, 100 μL of 0.1mol L‑1 TEDGA in 4mol L‑1 HNO3 was mixed with calculated amount of 4mol L‑1 HNO3 so that after adding water to 1 mL, required concentration of HNO3 was achieved, except for 5mol L‑1 HNO3 when 8mol L‑1 HNO3 was used. For kinetics studies, 100 μL of 0.1mol L‑1 TEDGA in 4mol L‑1 HNO3 was mixed with 900 μL of 4mol L-1 HNO3.
For (PhSO3H)2‑BTPhen concentration dependency studies, calculated amount of (PhSO3H)2‑BTPhen was dissolved in 1 mL of 0.3 mol L-1 HNO3. For acid dependency studies, 10 mg of (PhSO3H)2‑BTPhen was dissolved in HNO3 of desired concentration. For kinetics studies, 3 mg of (PhSO3H)2‑BTPhen was dissolved in 0.3 mol L-1 HNO3. The dissolution of (PhSO3H)2‑BTPhen in nitric acid solutions was carried out using rotorator at 30 rpm and 360° for 10 minutes. 
Complexing agent solutions were spiked with 8 μL of 241Am solution and 12 μL of 244Cm solution (app. 4 kBq each). Two 10μL aliquots of spiked solution were deposited on pretreated planchets and treated as published earlier [49]. Then, 10 mg of composite sorbent was added to spiked complexing agent solution, DMDOHEMA‑PAN to TEDGA solution and TODGA‑PAN to (PhSO3H)2‑BTPhen solution. Solutions with sorbents were shaken using rotorator at 30 rpm, 30° for 10 minutes in case of DMDOHEMA‑PAN and at 30 rpm, 360° for 1 hour in case of TODGA‑PAN, with the exception of kinetics studies. Liquid phase was separated by filtration, and two 10μL aliquots were deposited on planchets. 

Weight distribution coefficients were calculated according the formula
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where A0 denotes count rate in alpha spectrum peak of respective radionuclide determined by measuring the aqueous phase aliquot before sorbent added, A denotes count rate in alpha spectrum peak of respective radionuclide determined by measuring the aqueous phase aliquot after shaking and sorbent separation, V is the liquid phase volume, and m is the composite sorbent weight. Separation factor was calculated according the formulas

[image: image2.wmf])

(

)

(

Cm

D

Am

D

SF

w

w

=

   and  
[image: image3.wmf])

(

)

(

Am

D

Cm

D

SF

w

w

=


for DMDOHEMA‑PAN/TEDGA and TODGA‑PAN/(PhSO3H)2‑BTPhen system, respectively.

In case of kinetics studies, the sorbed fraction was calculated according the formula
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Column experiments

A small glass microfiber filter plug was inserted at the bottom of the column to support the sorbent. The column was filled with dry sorbent and a small amount of glass wool was placed at the top. The column was conditioned by passing 10 mL of nitric acid solution. Then, 50 μL of nitric acid solution spiked with trace amounts of 241Am and 244Cm (app. 3 kBq each) was loaded on the top of the column, following with two 50 μL pure nitric acid rinses. The elution of the radionuclides from the column was carried out using complexing agent in nitric acid solution selected based on batch experiments results. The mobile phase was passed through the column by gravity (app. 0,100 mL min‑1) and six‑drop fractions (0,200 mL) were collected. 10 μL aliquots of each fraction were deposited on the planchets and measured. The separation factor was calculated according the formula
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where VAm and VCm denote the effluent volume at the elution peak of respective radionuclide and Vd is column dead volume.
Results and discussion
Kinetics for DMDOHEMA‑PAN/TEDGA system

Measurement of the influence of shaking time on americium and curium uptake, carried out using 0.01mol L‑1 TEDGA in 4mol L-1 HNO3 in the range of 2 minutes to 2 hours, showed that the kinetics of the process is fast, the equilibrium was reached in less than 10 minutes. Thus, the kinetics of radionuclides uptake on DMDOHEMA based sorbents from TEDGA in HNO3 solutions seems to be as fast as from pure HNO3 solutions [50].
Acid dependency for DMDOHEMA‑PAN/TEDGA system
Weight distribution coefficients determined at 0.01mol L-1 TEDGA and varied HNO3 (0.4 to 5 mol L-1) concentrations are shown in Fig. 1. Weight distribution coefficient values ranged between units and tens mL g-1 and increased with nitric acid concentration in the range of 2 to 5 mol L-1 but decreased in the range of 0.4 to 2 mol L-1. In the study of actinides uptake on DMDOHEMA-Amberchrom CG-71C from pure HNO3 solutions, Dw values increased with increasing HNO3 concentration at all HNO3 concentrations [50]. On the other hand, in the study of actinides uptake on DMDOHEMA-PAN from 0.1mol L-1 NaNO3 at varied HNO3 concentration, the increase of Dw with decreasing HNO3 concentration was observed for HNO3 concentrations lower than 0.5 mol L-1 [47]. Possible explanation for this phenomenon may be sorption of ions on PAN matrix at low nitric acid concentrations. The increase of Dw with decreasing HNO3 concentration in the range of 0.4 to 2 mol L‑1 observed in this study might be caused also by sorption of An-TEDGA complexes on PAN matrix. The sorption properties of PAN polymer are still under the study at the CTU.   The maximum separation coefficient, reached at 0.01mol L-1 TEDGA and 4mol L-1 HNO3 concentration, had a value of 1.8.
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Fig. 1 Sorption of Am and Cm on DMDOHEMA‑PAN from 0.01mol L-1 TEDGA solution at varied HNO3 concentration (V/m = 100, rotorator: 30 rpm, 30°, 10 min, room temperature)
TEDGA concentration dependency for DMDOHEMA‑PAN/TEDGA system

Weight distribution coefficients, determined at varied TEDGA (0.001 to 0.02mol L‑1) and 4mol L‑1 HNO3 concentration, are shown in Fig. 2. They ranged between units and tens mL g-1 and decrease with increasing TEDGA concentration. 
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Fig. 2 Sorption of Am and Cm on DMDOHEMA‑PAN from 4mol L-1 HNO3 at varied TEDGA concentration (V/m = 100, rotorator: 30 rpm, 30°, 10 min, room temperature)

Column experiment

for DMDOHEMA‑PAN/TEDGA system

Based on batch experiments, the 0.01mol L-1 TEDGA in 4mol L-1 HNO3 was selected as eluting solution for column chromatographic experiment.  Effluent volumes at the peak maximum, calculated from Dw values from batch experiments (31 ± 2 and 17 ± 2 for Am and Cm, respectively) and column characteristics, had values of 4.7 and 2.6 BV.  As can be seen from Fig. 3, the data obtained from column experiment confirmed the assumptions, and the separation factor calculated from americium and curium effluent volumes measured at the column experiment was in good agreement with the batch experiment one having a value of 1.8 ± 0.2. The collected fraction containing 60 % of Cm contained also 6 % of Am. 
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Fig. 3 Elution curve of Cm separation from Am in DMDOHEMA-PAN/0,01mol L-1 TEDGA in 4mol L-1 HNO3 solution system (column: 0.4 x 6.5 mm, sorbent weight 0.12 g, BV 0.82 mL, FBV 0.28 mL, flowrate 0.100 mL (0,12 BV) / min)
Kinetics for TODGA‑PAN/(PhSO3H)2‑BTPhen system

As can be seen from Fig. 4, the kinetics for TODGA‑PAN/(PhSO3H)2‑BTPhen system is slower than for DMDOHEMA‑PAN/TEDGA system. The quasi-equilibrium is attained in about 1 hour, followed by slight increase in uptake for further hours. This phenomenom is also known for sorption on TODGA‑Amberchrom CG-71C from pure HNO3 solution [50]. 
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Fig. 4 Sorption of Am and Cm on TODGA-PAN from 0.003mol L-1 (PhSO3H)2‑BTPhen in 0.3mol L-1 HNO3 solution at varied shaking time (V/m = 100, rotorator: 30 rpm, 360°, room temperature)

Acidity dependence for

TODGA‑PAN/(PhSO3H)2‑BTPhen system

Because of small amount of (PhSO3H)2‑BTPhen available, only limited number of experiments could be carried out trying to find suitable conditions for column experiment. 

Weight distribution coefficients determined at 0.01mol L-1 (PhSO3H)2‑BTPhen solution at varied HNO3 concentration are shown in Fig. 5. As can be seen, Dw values increase with increasing HNO3 concentration in the range of 0.1 to 0.7 mol L-1 which is in contrast with the increase od Dw with the decreasing HNO3 concentration at these acidities in DMDOHEMA‑PAN/TEDGA system. The separation factor values decrease with increasing HNO3 concentration which is in accordance with the observations from liquid-liquid extraction system 0.2mol L-1 TODGA + 5% vol. 1-octanol in TPH and 18mmol L-1 SO3-Ph-BTBP  [51]. Using (PhSO3H)2‑BTPhen, the sulphonated derivative of cis-locked tetradentate bis-triazine ligands containing 1,10-phenantroline moiety [52], instead of SO3-Ph-BTBP  lead to increase of SF from about 2.5 up to 4.
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Fig. 5 Sorption of Am and Cm on TODGA‑PAN from 0.01mol L-1 (PhSO3H)2‑BTPhen solution at varied HNO3 concentration (V/m = 100, rotorator: 30 rpm, 360°, 1 hr, room temperature)

(PhSO3H)2‑BTPhen concentration dependence 
for TODGA‑PAN/(PhSO3H)2‑BTPhen system

Weight distribution coefficients determined at 0.3mol L-1 and varied (PhSO3H)2‑BTPhen concentrations are shown in Fig. 6. As can be seen, the Dw values decrease with increasing (PhSO3H)2‑BTPhen concentration while the separation factor values increase. So, it might seem that the suitable conditions for column experiment could be selected according the amount of ligand available by lowering HNO3 concentration. During the batch experiments, it was observed that the Dw values were highly influenced by the time for which the radionuclides and (PhSO3H)2‑BTPhen solution had been in contact before the sorbent was added. For example in TODGA‑PAN/5mmol L‑1 (PhSO3H)2‑BTPhen in 0.3mol L‑1 HNO3 system, Dw(Am) value was about 3 times lower if the radionuclides had been in contact with complexing agent solution for 10 minutes before the sorbent was added than the value derived from dependency curve for immediately added sorbent. 
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Fig. 6 Sorption of Am and Cm on TODGA-PAN from 0.3mol L-1 HNO3 solution at varied (PhSO3H)2‑BTPhen concentration (V/m = 100, rotorator: 30 rpm, 360°, 1 hr, sorbent added immediately or after 10 min of radionuclides and complexing agent solution in contact)

Conclusions

Two systems employing composite sorbent and complexing agent solution have been studied in order to improve the separation between americium and curium. Column experiment in DMDOHEMA-PAN/TEDGA solution system proved the observation from batch experiments regarding Dw and SF values, but the peak resolution was not sufficient to achieve complete separation.

Batch experiments in TODGA‑PAN/ (PhSO3H)2‑BTPhen solution system  were very encouraging regarding separation  factor of curium over americium,  but  discrepancies occurred when the radionuclides were in contact with the ligand before sorbent was added . The more detailed kinetics studies of the system should be carried out to find suitable conditions for successful column experiment.
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