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Abstract
The majority of long-lived radionuclides produced in the nuclear fuel cycle can be regarded as “difficult-to-measure” nuclides, hence chemical separation is needed before the nuclear measurement of them. A combined radiochemical procedure that enables the simultaneous determination of some “difficult-to-measure” nuclides in medium and low level radioactive wastes has been developed in our laboratory. Recently, this method has been extended for determination of 237Np and 93Zr. 237Np and 93Zr are pre-concentrated by co-precipitation on iron(II) hydroxide and zirconium oxide, separated by extraction chromatography using UTEVA, and measured by inductively coupled plasma mass spectrometry (ICP-MS). As even traces of polyatomic ions and isotopes at m/z 237 or 93 cause considerable interferences during ICP-MS detection, a purification step by extraction chromatography was needed. Analyzing real samples (evaporation concentrates of a nuclear power plant) 66-99% and 31-99% chemical yields were achieved for Np and Zr, respectively. 
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Introduction
The majority of long-lived radionuclides produced in the nuclear fuel cycle can be regarded as “difficult-to-measure” nuclides due to the low activities and/or the absence of gamma-radiations of medium or high energies in the decay schemes. Most isotopes of actinoides are alpha-emitters, 90Sr (fission product) and 93Zr (fission and activation product) emit almost exclusively beta-particles, 93mNb (activation product) decays by isomer transition or electron capture and emits only X-rays, 94Nb (activation product) emits low intensity γ-radiation due to its low activity. Chemical separation is needed before the measurement of all the isotopes mentioned above. (The main nuclear properties of the radionuclides discussed in this paper are reported in Table 1.) 
A combined radiochemical procedure that enables the simultaneous determination of some “difficult-to-measure” nuclides in medium and low level radioactive wastes had been developed in our laboratory. [1-3] This procedure is involved in the standard operating procedures of the laboratory. The focal point of this procedure is the separation of Am, Cm, Pu and U using extraction chromatographic material UTEVA. 

Recently, this method has been extended for determination of 237Np and 93Zr. Using UTEVA for separation of Np was successfully applied by Morgenstern [14] and by Kalmykov [15]. The concept of using UTEVA for separation of Zr was taken from Makishima [17] and Le Fevre [18, 19]. 
Experimental 

Materials and equipment 

Analytical grade chemicals and certified radioactive materials were used. 

The extraction chromatographic materials (UTEVA: supported di-pentylpentyl phosphonate, TRU: supported N,N-octylphenyl-di-i-butylcarbamoylmethyl phosphine oxide, and Sr Resin: supported bis-(t-butylcyclohexano)-crown(18,6)ether) were purchased from TrisKem Internatioanl. Column sizes were 34 mm length and 7 mm diameter for UTEVA and TRU; 100 mm length and 9 mm diameter for Sr Resin. Column sizes for the anion exchange resin (BioRad AG 1x8, 100-200 mesh) were 115 mm length and 3 mm diameter. 

α, β, γ and X-ray spectrometric measurements were performed with calibrated PC-based multichannel analyzers attached to the relevant detectors (PIPS, LSC, well type HPGe and Si(Li), respectively). 
ICP-MS analysis was carried out using a double-focusing magnetic sector inductively coupled plasma mass spectrometer equipped with a single electron multiplier (ELEMENT2, Thermo Electron Corp., Bremen, Germany). Measurements were carried out in low resolution mode (R = 300) using a low flow nebulizer in self aspirating mode (flow rate 100 µL/min). Daily optimization of the instrument was carried out using a 1 ng/mL uranium standard solution. Sensitivity was about 1x106 cps for 238U. The isotopes of interest were measured in peak hopping mode by changing the accelerator voltage (E-scan) in order to measure each isotope. The ICP-SFMS measurements of transuranics are described in details by Varga et al. [4]. 
Method 
After acquiring the γ-spectra of a 100 mL aliquot of the sample the following tracers and carriers were added: about 0.1 Bq 232U-228Th, 0.1 Bq 242Pu, 0.2 Bq 243Am-239Np, 100 Bq 95Zr-95Nb; 10 mg Nb and 10 mg Sr. The sample was destroyed by evaporating with 3•30 mL 37% HCl and 3•30 mL 65% HNO3. The evaporation residue was taken up in 250-400 mL HCl (HCl was added until H3BO3 was dissolved), stirred for 1 hour, then filtered using vacuum filtration apparatus and a 25 mm diameter 0.45 μm pore size cellulose-nitrate membrane. 
The precipitate (mainly Nb2O5) was rinsed with 3•20 mL 1 M HCl, dissolved in 2.5 mL 40% HF, diluted with distilled water to 5 mL and filtered using a 5.5 cm diameter Whatman filter paper. For the separation of Nb isotopes an anion exchange resin column (conditioned with 10 mL 6 M HF) was used. After adding the Nb containing solution onto the column, the column was eluted with 3•5 mL 40% HF. Then, Nb was stripped with 2•5 mL 7 M HNO3 (or, if Sb was present, with 3•5 mL 2 M HBr / 0.5 M HF). The strip solution was gently evaporated in a Teflon beaker, then evaporated in a glass beaker with 10 mL 65% HNO3 and taken up in 20 mL 1 M HCl. The precipitate was filtered, rinsed with 10 mL 1 M HCl, dried using an IR lamp and wrapped up in Mylar plastic foil. The γ and X-ray spectra of this Nb2O5-source were acquired. (If Zr has to be analyzed from the same aliquot, addition of Nb carrier and the sub-procedure for separation of Nb must be skipped – see Discussion.) 
Zr and actinoides were pre-concentrated from the filtrate of Nb2O5 with Fe(OH)2/ZrO(OH)2 co-precipitation. About 0.5 g Fe(NH4)2(SO4)2 and 2 mL hydrazine were added to the solution and the pH was adjusted to 9-10 using 25% NH3. The precipitation was filtered using a cellulose-nitrate membrane mentioned above. 
The precipitate was dissolved in the mixture of 65% HNO3, 37% HCl and 40% HF; then oxidized by evaporating with 3•10 mL 65% HNO3. The residue was taken up in 10-20 mL 1 M HNO3. Depending on the solution volume 0.22-0.45 g (NH4)2S2O8, 5 mg AgNO3, 100 μL 0.01 M KMnO4 and 0.1 g H3BO3 were added to the sample, and it was slightly warmed for half an hour. The sample was cooled down, 0.5 g Fe(NO3)3•9H2O was added (as salting out agent) and its nitric acid concentration was adjusted to 8 M by adding 10-20 mL 65% HNO3. If necessary, it was filtered using a 5.5 cm diameter Whatman filter paper. 
The solution was loaded onto a UTEVA column (conditioned with 10 mL 8 M HNO3 containing 0.22 g (NH4)2S2O8). The column was washed with 5 mL 8 M HNO3 (containing 0.5 g Fe(NO3)3•9H2O and 0.1 g (NH4)2S2O8) and 2 mL 9 M HCl. Pu was selectively stripped with 10 mL 9 M HCl / 0.1 M NH4I. Zr and Np were eluted with 10 mL 4 M HCl, and U was stripped with 15 mL 0.1 M HCl. 
Am and Cm were separated from the effluent and eluate of UTEVA. They were combined and diluted to 200 mL with distilled water. 0.25 g CaCl2•2H2O and 2.5 g oxalic acid were added and the pH was adjusted to 3-4 with 25% NH3. The solution was filtered, the oxalate precipitate was destroyed by evaporating with 3•5 mL 65% HNO3, the residue was taken up in 20 mL 1 M HNO3 and cooled down. 0.3 g ascorbic acid was added and the solution was loaded on a TRU column (conditioned with 10 mL 1 M HNO3). The column was washed with 2•2 mL 2 M HNO3 and 1 mL 9 M HCl. Am and Cm were eluted together with 15 mL 4 M HCl and thin α source was prepared by micro co-precipitation with lanthanide fluoride. 50 μg Nd3+ and 5 mL 40% HF were added to the fraction, after half an hour co-precipitated nuclides were filtered on 0.2 μm pore size Teflon membrane and dried using an IR lamp. 
The Pu and U fractions were evaporated with 3•3 mL 65% HNO3, and taken up in 20 mL 1 M HNO3. 100 mg Fe(NH4)2(SO4)2 were added to reduce actinides to ter- or tetravalent oxidation state and NdF3 sources were prepared. All the thin sources were counted by α-spectrometry. 
The hydrochloric acid concentration of the Zr/Np fraction was adjusted to 9 M by adding 15 mL 37% HCl. The solution was loaded on a second UTEVA column (conditioned with 10 mL 9 M HCl). The column was washed with 5 mL 9 M HCl; Zr and Np were eluted with 10 mL 4 M HCl. The 93Zr and 237Np content of this fraction was determined by ICP-MS. 
Sr was separated from the filtrate of the Fe(OH)2/ZrO(OH)2 precipitate. 0.5 g CaCl2•2H2O and 5 g oxalic acid were added and the pH was adjusted to 6-7 with 25% NH3. The solution was filtered, the oxalate precipitate was destroyed by evaporation with 3•10 mL 65% HNO3, the residue was taken up in 30 mL 3 M HNO3 and loaded on an Sr Resin column (conditioned with 20 ml 3 M HNO3). Column was eluted with 80 ml 3 M HNO3, Sr was stripped with 30 mL distilled water. 0.3 g oxalic acid was added to the Sr fraction and the pH was adjusted to 9 with 25% NH3. Strontium oxalate was filtered using a 25 mm diameter 0.45 μm pore size cellulose-nitrate membrane and dried. Yield was determined by gravimetry. Precipitate was dissolved in a liquid scintillation vial with 1 mL 1 M HNO3, mixed with 10 mL LS cocktail, and counted by LSC. 
Flowchart of the whole method is shown on Fig. 1. 
Discussion 

The general scheme of the procedure and the sub-procedures was: addition of tracers and carriers – destruction – pre-concentration – separation and/or purification – source preparation – measurement. Tracers were used for determination of chemical yield. Carriers were used for the same purpose and for reducing chemical losses. Analytes were pre-concentrated by precipitation or co-precipitation. Chromatography has been chosen for selective separation and purification of the analytes. 

As Nb is usually insoluble in the absence of F--ions, isotopes of Nb were pre-concentrated by Nb2O5, but this cannot be done without Nb carrier [5]. The protocol of separation by anion exchange is an improved one based on Hegedus’s results [12]. As Nb2O5 adsorbs on Teflon beaker and stirrer, glass beaker was used at source preparation [6]. 
Adjusting pH to 7-8 is sufficient to precipitate Fe(OH)2 and to co-precipitate actinoides, but turned out to be insufficient to co-precipitate ZrO(OH)2. Hence pH has been adjusted to 9-10. In this case chemical yields of Zr were over 70%, even without Zr carrier. 
UTEVA is often used for extraction chromatographic separation of tetra- and hexavalent actinoides, but does not retain ter- or pentavalent ions [13, 14, 15]. This is why oxidation state adjustment is the key step of separation of actinoides [16]. (However, acidity and nitrate ion concentration are also important.) Testing many oxidizing agents, best results were achieved when using (NH4)2S2O8 (with some AgNO3 catalyst). KMnO4 was used as redoxi indicator. [7] Zr4+ is also retained on UTEVA, but even a little amount of F--ions inhibits its retention [8], so H3BO3 was used to convert F-- ions to BF4-. 
Am is usually tervalent. Its oxidation is also possible but it is reduced back fast and easily (for example, on the influence of the organic material the column is loaded with) and does not retain on UTEVA, so an additional chromatographic step was applied to separate it. [7] As chemical behaviors of Am and Cm are similar, yields of Am were regarded as yields of Cm. α source preparation was performed according to Sill [9]. 
As ICP-MS measurement is very sensitive to many traces of impurities (e.g. 238U disturbs determination of 237Np), the Zr/Np fraction has to be purified. For this purpose, a second UTEVA column was used, but the loading media of the sample was 9 M HCl instead of 8 M HNO3 / Fe(NO3)3 / (NH4)2S2O8). Zr and Np (most probably Np(IV) in HCl and Np(VI) in HNO3) are well retained from both media, and by model experiments it was proved that they have similar elution properties on UTEVA. Hence their separation from each other using UTEVA is not possible, further experiments are needed to solve this, but this does not look like to be necessary. 
As even traces of isotopes at m/z 93 (93Nb, 93mNb, 93Mo) cause considerable interferences during ICP-MS detection, these nuclides have to be completely separated from the Zr/Np fraction. Decontamination factors for Mo were determined from experiments with real samples (which were spiked with 1 mg of (NH4)6Mo7O24•4H2O) and were found to be around 3000-4000. Nb has lower (100-3000) decontamination factors (as it behaves on UTEVA similar to Zr [8]), and its quantity can not be taken into correction (as 93Nb has 100% abundance). This is why the sub-procedure for determination of 93Zr cannot be combined with the sub-procedure for determination of 93mNb and 94Nb (as in the latter case Nb carrier is needed for building of Nb2O5 precipitate [5, 6]). As Nb is present in nuclear power plant wastes as part of construction materials of the primary circuit, to check the reliability of the results according to 93Zr, Zr/Np fraction will be analyzed by LSC later this year. 
In the classical Sr separation procedure (using fuming HNO3) Ca was the major interfering matrix element, but since the introduction of the Sr selective crown ether Ca can be added to the sample and used for pre-concentration [10]. As Sr Resin retains Pb much stronger than Sr, resin has to be regenerated with 0.1 M EDTA (2,2',2'',2'''-(ethane-1,2-diyldinitrilo)tetraacetic acid) solution (neutralized with NaOH) before re-using it. The β-spectrum of 90Sr together with its progeny 90Y and 89Sr was determined by LSC. [11] 
Results 
Analyzing real samples (medium and low level liquid radioactive wastes, namely evaporator concentrates of a WWER-440 nuclear power plant) chemical yields of Nb were 30-89%, yields of Am were 55-89%, yields of U were 65-83%, yields of Pu were 36-92%, yields of Np were 66-99%, yields of Zr were 31-99%, yields of Sr were 62-74%. 

Activity concentrations of 93mNb and 94Nb in 3 typical samples are presented in Table 2. According to 93Zr, activity concentrations were below the limit of detection (0.3 Bq/L). Activity concentrations of the other analytes in 3 typical samples are presented in Table 3. The 237Np/239,240Pu activity ratios (2.1x10-4, 9.1x10-4, 3.9x10-3) are in good accordance with estimated ones (1.5x10-4-3.3x10-4) calculated using Möller’s and Burmeister’s results [20] obtained for WWER-440 fuel of 3.6% enrichment with a burn-up of 10-30 GWd/tU, at a H3BO3 concentration of 4-7 g/kg. (The variable ratios can be explained by the previous chemical treatment of the samples.) 
Conclusions 
A radioanalytical method for separation of some “difficult-to-measure” nuclides has been developed and successfully applied for the determination of 234U, 235U, 238U, 237Np, 239,240Pu, 238Pu, 241Am, 242Cm, 244Cm, 90Sr and 93Zr in medium and low level liquid nuclear power plant wastes. 
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Table 1.: The main nuclear properties of the radionuclides discussed in this paper 
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Table 2.: Activity concentrations (Bq/L) of isotopes of Nb in 3 waste samples 
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Table 3.: Activity concentrations (Bq/L) of some “difficult-to-measure” isotopes in 3 waste samples 
[image: image3.wmf]234

U

1,27E+00

 

+

4,12E-02

4,33E+00

 

+

3,36E-01

3,39E+00

 

+

2,31E-01

235

U

2,60E-01

 

+

1,87E-02

8,92E-01

 

+

1,57E-01

6,65E-01

 

+

1,06E-01

238

U

3,80E-01

 

+

2,26E-02

9,69E-01

 

+

1,63E-01

9,59E-01

 

+

1,26E-01

237

Np

1,14E-02

 

+

3,30E-03

2,66E-02

 

+

7,73E-03

2,61E-02

 

+

7,58E-03

239,240

Pu

5,07E+01

 

+

4,03E-01

3,10E+01

 

+

7,98E-01

8,27E+00

 

+

5,19E-01

238

Pu

6,56E+01

 

+

4,59E-01

3,41E+01

 

+

8,38E-01

1,02E+01

 

+

5,82E-01

241

Am

4,27E+01

 

+

3,87E-01

2,30E+01

 

+

1,63E+00

6,92E+01

 

+

1,21E+00

244

Cm

1,18E+01

 

+

2,03E-01

6,12E+00

 

+

8,44E-01

2,36E+01

 

+

7,09E-01

242

Cm

1,15E-01

 

+

2,02E-02

4,50E-01

 

+

2,35E-01

3,46E-01

 

+

8,96E-02

90

Sr

3,60E+04

 

+

2,84E+03

4,94E+03

 

+

3,32E+02

5,30E+03

 

+

3,83E+02

60

Co

2,39E+04

 

+

2,70E+02

3,39E+04

 

+

3,45E+02

1,31E+05

 

+

8,71E+02

134

Cs

1,77E+04

 

+

1,99E+02

4,36E+04

 

+

3,83E+02

7,00E+04

 

+

5,89E+02

137

Cs

1,35E+05

 

+

1,42E+03

3,27E+05

 

+

3,47E+03

5,71E+05

 

+

5,93E+03

H10-3

H10-4

H10-6


Fig. 1.: Flowchart of the whole method 
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