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ABSTRACT 

 

The majority of long-lived radionuclides produced in the nuclear power plants can be regarded as difficult-to-

measure radionuclides (RDM), hence chemical separation is necessary before the nuclear measurement of them. 

The zirconium isotope 93Zr is a long-lived pure β-particle-emitting radionuclide produced from 235U fission and 

from neutron activation of the stable isotope 92Zr and thus occurring as one of the radionuclides found in nuclear 

reactors. Due to its long half-life, 93Zr is one of the radionuclides of interest for the performance of assessment 

studies of waste storage or disposal. Two different methodologies based on extractive resins and LSC and ICP-

MS techniques that enables the 93Zr determination in medium (ILW) and low level (LLW) radioactive wastes 
samples from Brazilian nuclear power plants has been developed in our laboratory. Analyzing real samples 65% 

and 75% chemical yields for 93Zr recovery were achieved for ICP-MS and LSC techniques, respectively. The 

detection limits were 0.045 µg.L-1 for ICP-MS and 0.05 Bq.L-1 for  LSC techniques. 
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1. INTRODUCTION 

 

The long-term risk related to disposal of radioactive waste produced by PWR nuclear power 

plants is determined primarily by the presence of long-lived nuclides [1, 2]. 

 

The control of long half-life radionuclides in waste packages is necessary to ensure the 

conditions for waste acceptance criteria that are fixed in order to avoid any potential impact 

of radio contaminants on the environment of repository site [1, 3]. 

 

The zirconium isotope 
93

Zr is a critical radionuclide for low level waste (LLW) and 

intermediate level waste (ILW) disposal. It’s a long-lived pure β particle emitting, with a 

maximum energy of 60 KeV and a half-life of 1.61 X 10
6
 years [4]. It’s produced by nuclear 
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fission and neutron activation of the stable isotope 
92

Zr that is a constituent of the structural 

components of nuclear reactors. After 1000 years, 
93

Zr is the second contributor, after 
99

Tc, of 

the fission products activity [5]. 

 

According to literature the chemical behavior of zirconium is very complicated regarding the 

ionic species present in aqueous solutions and the possibility of hydrolysis, polymerisation 

and coordination reactions, strongly dependents on physical-chemistry conditions of the 

zirconium solutions [6]. The chemical form and oxidation state of 
93

Zr is very important for 

its separation from others pure β-particle- and β-γ- emitting radionuclides present in LLW 

and ILW samples such as 
54

Mn, 
55

Fe, 
60

Co, 
63

Ni, 
65

Ni, 
65

Zn, 
90

Sr, 
90

Y, 
94

Nb, 
133

Ba, 
137

Cs, 
152

Eu and 
241

Pu [7].  Zirconium selective separation is necessary when using ICPMS or LSC 

techniques for 
93

Zr measurements. 

 

Further, due to low concentration of 
93

Zr in LLW and ILW and because of its standard 

solutions is commonly not available in the market is necessary to use alternative procedures 

for its determination [8]. 

 

The aim of this work was a zirconium determination by ICPMS and LSC after a selective 

radiochemical separation method [9].  

 

 

2. MATERIALS AND METHODS 

 

2.1. Reagents and solutions 

 

All chemicals were analytical grade. All compounds used to prepare standard solutions were 

initially dissolved with deionized water obtained from a Milli-Q Model (Millipore make) to 

form stock solutions and serial dilutions were performed to obtain the analytical 

concentrations required. 

 

The resin used in the selective extraction procedure was TRU extraction chromatography 

material supplied by Eichrom and Dowex resin supplied by PerkinElmer. The characteristics 

of resins are shown in Table 1 according to manufacturer specifications.  

 
 

Table 1: Characteristics of the resins 

 

 DOWEX TRU 

Inner diameter 11 mm 8 mm 

Bed volume 3 mL 2 mL 

Column length 80 mm 26 mm 

Resin particle size 100-200 mesh 100-150 μ m 

Resin mass 5.0 g 1.0 g 

 

 

Due to the low concentration of 
93

Zr in LLW and ILW and because the 
93

Zr standard 

solutions was not available in the market, it was necessary to use alternative procedures for 

its determination. A 
93

Nb standard solution was used for 93 m/z mass calibration and 

determination of 
93

Zr concentration in matrices analyzed and the Ba, Co, Eu, Fe, Mn, Ni, Sr 
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and Y standard solutions were used to determine the decontamination factor. All standard 

solutions were obtained from SPEX CertiPrep.  

 

2.2. Sample   

 

The sample was collected in original form at the Nuclear Power Plants and sent to the 

laboratories for chemical preparation and radiochemical analysis. Filter matrices 

representative of LLW and ILW samples from reactor primary coolant circuit was chosen to 

test the separation procedure. 

 

2.3. Analytical techniques 

 

Measurements of 
93

Zr were performed with Inductively Coupled Plasma Mass Spectrometry 

(ICPMS), Elan DRCe from Perkin-Elmer and with low background Liquid Scintillation 

Spectrometer (LSC) Quantulus 1220 from Perkin Elmer equipped with an anticoincidence 

guard counter. 

 

Measurements of 
95

Zr were performed with HPGe detector from CANBERRA (5019) with 

50% relative efficiency, and DSA-2000 coupled to microprocessor with Genie 2 K software. 

 

2.4. Radiochemical procedure 

 

Separation procedure to obtain free zirconium of interferences comprises an extraction with 

Dowex resin, a liquid-liquid extraction with TTA in Xylene and TRU chromatography 

extraction resin.  The selective extraction procedure was based on the process developed by 

Espartero [7] and Oliveira [9, 10]. All the recoveries yields were evaluated by 
95

Zr 

measurements using gamma spectrometry. 

 

In the initial step of selective extraction, DOWEX resin was used to 
241

Pu isotope separated 

[11].  The condition for DOWEX resin was the 3:2 HNO3. DOWEX resin was preconditioned 

for separation by passing 25 mL of 3:2 HNO3 solutions.  

 

The second one, liquid–liquid extraction using TTA in xylene was used in order to separate 

the main interferences (Ba, Co, Eu, Fe, Mn, Nb, Ni, Sr and Y) of  Zr and it was back 

extracted into an aqueous acid solution. Initial condition for liquid-liquid extraction was 2M 

HCl / 1M AlCl3.  
 

The third one, chromatography extraction TRU resin was used to obtain free Zr of the 

interferences. The condition for TRU resin was the 4 M HCl and it was preconditioned for 

separation by passing 12 mL of 4 M HCl. 

 

For TRU Zr standard solution was heated to dryness and the final residue was dissolved in 4 

M HCl solution. After that, 3 mL of this solution was put onto a column filled with TRU 

resin and passed through the column with 1 ml min
-1

 flow rate. The column was washed with 

12 mL of 2 M HCl. The final solution, after separation steps were measured by ICPMS and 

LSC. 

 

The 
92

Zr limit of detection of 0.039 μg L
-1

 and 
93

Nb limit of detection of 0.045 μg L
-1

 were 

obtained as 3*SD0 of a series of ten replicate measurements of the calibration blank signal at 



INAC 2015, São Paulo, SP, Brazil. 

 

the selected analytical masses, where SD0 is the value of the standard deviation as the 

concentration of the analyte approaches 0, according to EPA Method 200.8 for the analysis of 

drinking waters [12]. 

 

As niobium and molybdenum are the main interferences in the zirconium determination when 

using ICP-MS a sample aliquot, obtained after de TRU separation step, was irradiated using a 

TRIGA Mark I nuclear reactor in order to evaluate the 
93

Nb presence. The product of 

activation, 
94m

Nb, wasn’t observed after gamma spectrometry analysis. Another sample was 

used for the 
93

Mo interference evaluation by using Ultra-Low Energy Ge detector (Canberra, 

USA). The 
93

Mo photopeak wasn’t detected. 

 

 

3. RESULTS AND DISCUSSION 

 

 

The analytical results are the average of duplicate results obtained with the analytical 

methodology established by using ICP-MS and LSC techniques and the restrictions and 

advantages of this analytical route are discussed. 

 

Fig. 1 illustrate a characteristic β-particle spectrum of the 
63

Ni standard solution and 
93

Zr 

radioactive waste sample for filter. The results obtained by LSC and ICP-MS were close, for 

ICP-MS was found 14.52 ± 0.27 and 14.72 ± 0.54 lµg L
-1

 for LSC. Fig. 2 illustrate the mass 

spectrum of 
93

Zr. 

 

The results obtained by these analytical methodologies prove to be able to measure 
93

Zr 

activity in waste samples from nuclear-power plants. 

 

 

 
 

Figure 1: β-Particle spectrum of 
63

Ni standard solution and 
93

Zr in resin and filter 

after separation steps 
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Figure 2: ICP-MS spectrum of 
93

Zr waste sample after separation steps 

 

 

4. Conclusions 
 

Analytical methodologies have been proposed for 
93

Zr determination in LLW and ILW waste 

samples by ICP-MS and LSC techniques. Comparing the results for filter waste sample by 

both techniques we can observe a good agreement. 

 

Finally, the 
93

Nb utilization as a reference isotope for 
93

Zr determination by ICP-MS is one 

option for calibration and simulation analysis for 
93

Zr in view of their similarity in ionization 

energies (6.63 eV for Zr and 6.76 eV for Nb) and mass/charge ratios and efficient elimination 

of 
93

Nb, if present in the LLW samples, based on the results of separation methodologies 

adopted in this work. 

 

 

ACKNOWLEDGMENTS 

 

The authors are very grateful to Eletrobrás Termonuclear and CDTN for its collaboration and 

to the work supported by CAPES. 

 

 

REFERENCES 

 

1. Electric Power Research Institute (US) Low-level waste characterization guidelines. 

Pleasant Hill, 1996. (EPRI-TR-1072). 

 



INAC 2015, São Paulo, SP, Brazil. 

 

2. IAEA Nuclear Energy Series (2009) Determination and use of scaling factors for waste 

characterization in nuclear power plants. IAEA, Vienna (No. NW-T-1.18). 

 

3. Environmental Protection Agency (US). Inventory of radiological methodologies; for sites 

contaminated with radioactive materials. Montgomery: EPA, 2006. (EPA 402-R-06-007). 

 

4. A. Vértes, S. Nagy, Z. Klencsár, G.L. Molnár (2003) Handbook of nuclear chemistry, vol 2 

Kluwer Academic Publishers, Dordrecht. 

 

5. P. Cassete, F. Chartier, H. Isnard, C. Fréchou, I. Laszak, J.P Degrous, M.M. Bé, M.C. 

Lépy, I Tartes (2009) Determination of 
93

Zr decay scheme and half-life. Appl Radiat Isot 

56:41–46. 

 

6. R.E. Connick, W.H. McVey (1949) The aqueous chemistry of zirconium. J Am Chem Soc 

71(9):3182–3191. 

 

7. A.G. Espartero, J.A. Suárez, M. Rodríguez, G. Pina (2002) Radiochemical analysis of 
93

Zr. 

Appl Radiat Isot 56:41–46. 

 

8. P.E. Warwick, I.W. Croudace, N.G. Holland (2006) Environmental radiochemical analysis. 

The proceedings of the 10th international symposium on environmental radiochemical 

analysis held 2006 in Oxford, UK. The Royal Society of Chemistry, London, pp 169–175. 

 

9. T.C. Oliveira, R.P.G. Monteiro, A.H. Oliveira (2011) A selective separation method for 
93

Zr in radiochemical analysis of low and intermediate level wastes from nuclear Power 

plants. J Radioanal Nucl Chem, (2011) 289:497–501. 

 

10. T.C. Oliveira, R.P.G. Monteiro and A.H.de Oliveira, “Radiochemical determination of 

zirconium by inductively coupled plasma mass spectrometry (ICPMS),” International 

Nuclear Atlantic Conference - INAC 2013, Recife, PE, November 24-29 (2013). 

 

11. A.S. Reis Jr, E.S.C. Temba, R.P.G. Monteiro (2010) Combined procedure using 

radiochemical separation of plutonium, americium and uranium radionuclides for alpha-

spectrometry. J Radioanal Nucl Chem, (2011) 287:567–572. 

 

12. U.S. EPA Method 200.8 (1994) Determination of trace elements in waters and wastes by 

ICP-MS, Revision 5.4, 1994: 

http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2007_07_10_methods_metho

d_200_8.pdf 

http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2007_07_10_methods_method_200_8.pdf
http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2007_07_10_methods_method_200_8.pdf

