Gross alpha activity determination in water and 210Po
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Abstract
Gross alpha and beta activity screening methods have been developed to determine whether specific analysis of radionuclides is required to further characterize the water. Our contribution aims at the validation of possible losses of 210Po related with underestimation of the gross alpha activity. Results of several experiments determining the recovery of polonium during the ignition of sample are discussed. Conditions which can lead to significant losses of polonium are partly demarcated.
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Introduction

Gross alpha activity determination is a rapid screening method to judge whether further analysis for specific radionuclides in sample is necessary [1, 2]. It is not an absolute determination of the alpha emitting radionuclides present in the sample but a relative assessment associated with to a specific alpha emitter used as the standard calibration source. This type of determination is also known as the alpha index [3]. Gross alpha activity is more of concern than gross beta activity for natural radioactivity as it refers to the radioactivity of U, Th, Ra and their progenies. Some of the underground and all mineral waters are characterized by elevated mineralization; hence, higher concentrations of terrestrial radionuclides can be expected. The gross alpha activity is one of the screening parameters which have to be measured in drinking water according the Council Directive 98/83/EC; Decree No. 307/2002 Coll. as amended, of the State Office for Nuclear Safety of the Czech Republic; Decree No. 528/2007 Coll. as amended, of the Ministry of Health of the Slovak Republic [3-5]. The guidance levels for different types of water are reported in Table 1.

Table 1
The main alpha emitters found in raw water samples are members of either the uranium or thorium natural decay series. The abundance of radionuclides belonging to the actinium decay series (235U) is much less than the abundance of radionuclides belonging to other two decay series and its contribution to the gross alpha activity could be neglected [2]. The appearance of particular radionuclide in water depends to a large extent on some of its physical and chemical properties. Consequently, the radionuclides which largely contribute to gross alpha activity are 238U, 234U, 226Ra and its progenies 222Rn, 218Po, 214Po from uranium decay series and 224Ra from thorium decay series. 
210Po and its properties
210Po is a naturally occurring, relatively long-lived, radionuclide of the uranium decay series, with the half-live 138.4 d. This radionuclide can be released into air by the emanation of 222Rn from soil surfaces. 222Rn is a noble gas and may diffuse through fissures into aquifer layers, where its long-lived daughter radionuclides (210Pb and 210Po) can be dissolved. However, both radionuclides are rapidly removed from the water column by adsorption onto sinking particulates or they can be coprecipitated [6]. In the water with extended amount of 222Rn can be 210Po expected, namely captured on sinking particulates [7, 8]. Such fine particles can be transported by water or cumulated on surfaces of surrounding solid materials. Furthermore, the dose coefficients for ingestion of 210Pb and 210Po are relatively high [9]. According to the UNSCEAR, both radionuclides contribute to the radiation dose load on the population, with 8% of the natural internal radiation dose to man [10].

Polonium was discovered by Pierre and Marie Curie in 1898 in the course of research on the radioactivity of uranium and thorium minerals. They found that Po behaved similarly to Bi and subsequently were able to separate it from Bi by vacuum sublimation. Since Po is more volatile than Pb or Bi, distillation procedures have been investigated [11]. Polonium in slightly acidic to neutral solutions hydrolyses, forming PoO(OH)+, PoO(OH)2 and PoO2, and in alkaline solution it forms PoO32–. In hydrochloric acid solutions, polonium is complexed, probably as PoCl62– or PoCl42–. In nitric acid solution Po is complexed only partially. Therefore, storage of polonium is preferred in hydrochloric acid solution, as the losses due to adsorption are reduced [11]. Polonium dioxide sublimes at 885 oC and the tetrachloride boils at 390 oC [12, 13]. Losses of heated trace levels of polonium were reported above 150 oC [14]. On the base of distillation experiments, there was determined the percentage of polonium chloride and nitrate removal for various temperatures maintained for 10 minutes from small quantity of sample matrix in very thin layer. The recovery for distillation of the chloride form increased steadily above 170 oC and was close 100 % above 330 oC. On contrary, the distillation recovery from the nitrate was only about 2 % even at the highest temperature [12], see Fig. 1.
Fig. 1

Procedures for gross alpha activity determination
There are several international and national procedures including two ISO standards for gross alpha activity determination in non-saline water: thick source method ISO 9696 and thin source deposit method ISO 10704 [15, 16]. 
ISO 9696 specifies the method for the determination of gross alpha activity in non-saline waters for alpha emitting radionuclides which are not volatile at 350 °C. The method is applicable to raw and potable waters. Procedure of sample preparation includes water evaporation almost to dryness, conversion to the sulphate form and sample ignition at 350 °C. Chapter 7.2.2 of the standard mentions that nitrates and sulphates are stable up to the temperatures of at least 400 °C to 500 °C and losses of polonium are therefore not expected for samples which have been acidified with the nitric acid and subjected to sulphation. However, compounds particularly the halides which sublime at relatively low temperatures may be volatilized.
ISO 10704 specifies two procedures. (a) Sample can be progressively evaporated to dryness at the temperature below about 85 °C. (b) Radionuclides from the water can be concentrated via a co-precipitation for alpha activity determination. Processing temperatures reported in both procedures are below 110 oC. Nevertheless, this standard advises of possible losses of volatile radionuclides such as polonium, although it operates with relatively small temperatures. 

There are Czech and Slovak standards for the determination of gross alpha activity in water. The Czech standard ČSN 757611 and the Slovak standard STN 757611 mention two procedures [17, 18]. In the first procedure, the residue of evaporated sample is counted in the mixture with a solid scintillator ZnS(Ag). The second procedure corresponds to principles of ISO 9696 standard. The ČSN 757610 corresponds to ISO 10704 [19].
Methods
In order to determine the extent of undervaluation in gross alpha activity determination caused by 210Po volatility, several laboratory experiments were performed. Solution of 210Po was prepared by diluting of CRM
 solutions of 210Pb with 210Po in equilibrium. Procedures of sample sulphonisation were not utilized at these experiments.

In the first step of experiments, samples of tap water (1 L, Prague-Podbaba) were processed in two parallel series. The first series was acidified by HCl (35%, p.a., 1 mL per liter of sample) and spiked by solution of 210Po (10.2 Bq, 1 mL, solution in 1.1M HCl with residual 0.04M HNO3). After slow evaporation at temperatures about 90 oC, the concentrated solution was transferred into a preweighed glazed porcelain dish, utilizing a small paper tampons with diluted HCl (1%). Subsequently, ignition was performed for two hours at temperature about 350 oC, see Table 2a. In the second series, samples were acidified by HNO3 (65%, p.a., 1 mL per liter of sample) and spiked by solution of 210Po (10.2 Bq, 1.25 mL, solution in 1.0M HNO3). Consequently, these samples were processed by the same way as in “HCl” series. Presence of carbonized black particles from used paper tampons was visible in all samples after ignition. The aliquot of 0.2 g of the homogenized residues from both series was transferred to a planchette with diameter of 50 mm and the alpha activity was counted for 3x4000s by a low background gas proportional counter EMS3 (EMPOS, CZ). Finally, the counting efficiencies were calculated from addition of 210Po solution.
The second experimental step corresponded to “HCl” series in the previous step. Only the temperature of ignition was enhanced up to 450 oC and ignition time was reduced to one hour.
In the third experimental step there were compared two series of surface, underground, and mineral water with known concentration of Cl- anions. The first series was acidified by HNO3 (65%, p.a., 1 mL per liter of sample) and the second series was acidified by HCl (35%, p.a., 1 mL per liter of sample). Both series were spiked by solution of 210Po (0.5 mL in 0.14 M HNO3). All water samples were transferred onto foils (acetylcellulose) placed inside the evaporation vessels and evaporated till dryness utilizing infrared lamps. The residuals with foil were ignited for two hours at temperature 430 oC. Presence of carbonized black particles (from foils) after ignition by enhanced temperature was strongly reduced. The aliquot amount of 0.2 g of the residue was afterwards transferred to a planchette with diameter of 50 mm. The alpha activity was counted 20x1000 s by the gas proportional counter IN20 (Canberra Eurisys). Finally, the counting efficiencies were calculated from addition of 210Po solution.
Results
In the first and second experimental steps were processed tap water samples with volume of one liter. Concentrations of dominant anions were, in mg L-1: Cl- (20.7), NO3- (21.2), SO42- (49.6). Resulting counting efficiencies are reported in Table 2 a, b.
Table 2 a, b. 
In the third experimental step, with temperature extended to 430 oC and including increased amount of combustible organic material (foil) during sample ignition, a greater scale of water samples was proved. Details can be found in Tables 3 and 4. Quantity of Cl- from original water varied from 5 to 36 mg per sample processed.

Table 3
Table 4

Discussion
Counting efficiencies reported in Table 2a for samples processed by “HCl” procedure in the first experimental step are significantly higher than values calculated for HNO3, with average values 2.70% and 2.32%, respectively (t-test, unpaired, probability of the first kind of observation error about 5%). Also statistically significant difference is evident for comparison of “HCl” series reported in Tables 2a (first step with temperature of ignition 350 oC) and 2b, where temperature was increased on 450 oC (with corresponding average value only 1.59%, although heating time was reduced to 1 hour).
Mean counting efficiency for Unat based on the calibration of the instrument is usually varying around 2.3% (0.2 g of residuum on counting planchette) and approaches values reported in Table 2a for HNO3 series. Slight elevation of the counting efficiency in the case of HCl series (Table 2a) could be probably explained by the migration processes in the sample matrix during ignition. Increased losses of 210Po in the second experimental step, evident in Table 2b, were probably caused by the volatility of polonium at such high temperature.
In the third experimental step, the observed residual activities for series processed with HNO3 were in the interval ranging from 32% to 75% of original 210Po activity. Losses in the series treated with HCl are reduced more than one magnitude in the comparison with results reported in Table 2b (temperature of ignition 450 oC), see Table 4. 
According the graph in Fig. 1, temperature 350 oC causes volatility of polonium in chloride form [12]. In compliance with our results, vapors of polonium chloride seem to be completely retained by 0.5 g of the sample matrix when ignition temperature 350 oC is maintained for two hours, see Table 2a, “HCl” series. If HCl acidification of sampled water could be applied without the potential losses of  210Po, then the sorption effects of 210Po from water solution during the sample storage and evaporation would be more effectively suppressed [6, 11].
Losses of polonium were partly observed in the second experimental step. Nevertheless, a complete removal of polonium was observed in the third experimental step (“HCl” series), although the temperature of ignition did not exceed 450 oC. The dominant difference in the third step was probably given by the presence of foil during the ignition of sample. Combustion of greater quantity of organic material in the heated sample can probably cause local overheating, where the leaking gaseous products of combustion can intensify the removal of polonium vapors.
Conclusion
Several laboratory experiments were performed in order to validate 210Po recovery during the ignition of sample. Conditions which can cause significant polonium losses were partly specified. Ignition processes are widely applied by the methods of gross alpha activity determination in water samples. The combustion of greater quantity of organic material in the treated samples has probably a strong influence to the losses of polonium. 
High 210Po yield was observed in the procedure based on ISO 9696 with ignition temperature 350 oC and HCl sample treatment, although sulfonisation step was neglected.
In the case of unknown types of sample matrix, where the increased amount of 222Rn could be expected, a prompt experimental validation of 210Po recovery would be a benefit (namely when ignition based routine of gross alpha activity determination is utilized). Nevertheless, scale of experiments could be extended to check:
1. yield of 210Po for other types of water samples utilizing gross alpha activity determination based on ignition (in the case of elevated concentrations of Cl- namely);
2. yield of 210Po for other types of gross alpha activity determination methods (especially according ISO 10704). In the case of such methods, when temperature during the sample processing will not exceed 110 oC, the losses of 210Po could be connected more likely with the sorption effects from water solution than with the polonium volatility.
Acknowledgments
This study was carried out in the framework of the project No. MZP 0002071101 sponsored by the Czech Ministry of the Environment and internal grant of the Nuclear Physics Institute AS CR No. AV0Z 10480505.
References
[1] Eaton AD, Clesceri LS, Rice EW, Greenberg AE (2005) Standards methods for examination of water & wastewater. American Public Health Association, USA

[2] Arndt MF, West L (2004) A study of the factors affecting the gross alpha measurement, and a radiochemical analysis of some groundwater samples from the state of Wisconsin exhibiting an elevated gross alpha activity, Wisconsin state laboratory of hygiene,
       http://www.slh.wisc.edu/ehd/radiochem/dnr_reports/dnrfinal.pdf. Accessed 26 March 2010
[3] European Council Directive 98/83/EC On the quality of water intended for human consumption.

[4] Decree No. 307/2002 Coll., as amended, of the State Office for Nuclear Safety of the Czech Republic
[5] Decree No. 528/2007 Coll., as amended, of the Ministry of Health of the Slovak Republic
[6] Johansson LY (2008). Determination of 210Pb and 210Po in aqueous environmental samples. The Center for Radiation Protection and Radioecology, Hannover University, 
http://www.zsr.uni-hannover.de/arbeiten/drjohans.pdf. Accessed 26 March 2010
[7] Katzlberger C, Wallner G, Irlweck K (2001) Determination of 210Pb, 210Bi and 210Po in drinking water. J. Radioanal. Nucl. Chem. 249:191–196

[8] Matthews KM, Kimb CK, Martinb P (2006). Determination of 210Po in environmental materials: A review of analytical methodology. Applied Radiation and Isotopes 65:267–279.

[9] International Commission on Radiological Protection (1995) Age dependent Doses to Members of the Public from Intake of Radionuclides: Part 5, Compilation of Ingestion and Inhalation Coefficients. ICRP Publication 72

[10] United Nations Scientific Committee on the Effects of Atomic Radiation (1988) Sources and Effects of Ionizing Radiation. UNSCEAR, Report the General Assembly, New York
[11] E Figgins (1961) The Radiochemistry of Polonium. National Academy of Sciences, National Research Council, Subcommittee on Radiochemistry, USA
[12] Eakins JD, Morrison RT (1977) A new procedure for the determination of lead-210 in lake and marine sediments. International Journal of Applied Radiation and Isotopes 29:531-536
[13] Mabuchi H (1963) On the Volatility of some Polonium Compounds. Inorg. Nucl. Chem. 25(6):657-660
[14] Bagnall KW (1957). Chemistry of rare radioelements. Butterworths, London.

[15] ISO 9696:2007 Water quality - Measurement of gross alpha activity in non-saline water - Thick source Method, International Organization for Standardization
[16] ISO 10704:2009 Water quality - Measurement of gross alpha and gross beta activity in non-saline water - Thin source deposit Method, International Organization for Standardization

[17] ČSN 757611:2005 Water quality – Determination of gross alpha activity (in Czech)
[18] STN 757611:2005 Water quality – Radionuclides – Gross alpha activity (in Slovak)

[19] ČSN 757610:2008 Water quality – Determination of gross alpha activity by coprecipitation method (in Czech)
Table 1 The guidance levels of volume activities in water [4]

	Indicator of radioactivity
	The guidance levels

	
	Bottled infant water
	Bottled water, water for public supply
	Bottled mineral water

	222Rn
	20 Bq/l
	50 Bq/l
	10 Bq/l

	Gross alpha activity
	0.1 Bq/l
	0.2 Bq/l
	0.5 Bq/l

	Total indicative dose (TID)
	
	0.1 mSv/a
	

	Gross beta activity,

excluding activity of 40K
	0.1 Bq/l
	0.5 Bq/l
	1.0 Bq/l


Table 2 a, b Observed counting efficiencies, experimental steps: one (a), two (b)

	(a) Ignition temperature 350 oC, 2 hours
	
	(b) Extended temperature 450 oC, 1 hour

	No.
	Weight of residuum, g
	Counting efficiency a, %
	
	No.
	Weight of residuum, g
	Counting efficiency a, %

	1HCl
	0.47
	2.64
	
	1bHCl
	0.23
	1.92

	2HCl
	0.47
	2.84
	
	2bHCl
	0.23
	1.59

	3HCl
	0.47
	2.89
	
	3bHCl
	0.24
	1.34

	4HCl
	0.46
	2.78
	
	4bHCl
	0.24
	1.49

	5HCl
	0.48
	2.65
	

	6HCl
	0.52
	2.62
	

	7HCl
	0.51
	2.70
	

	8HCl
	0.51
	2.69
	

	9HCl
	0.50
	2.62
	

	10HCl
	0.45
	2.54
	

	1HNO3
	0.39
	2.20
	

	2HNO3
	0.44
	2.30
	

	3HNO3
	0.39
	2.48
	

	4HNO3
	0.39
	2.30
	


a Relative uncertainties of counting efficiencies did not exceed 3% (for corresponding probability about 68%).

Table 3 Concentrations of Cl- in water samples, experimental step three

	No.
	Type (source)
	Cl-, mg L-1

	1
	water tap (Bratislava)
	25.8

	2
	spring Vydrica (Bratislava)
	10.3

	3
	Danube river (Hainburg)
	36.3

	4
	Morava river (Devin)
	33.8

	5
	Budiš (bottled, commercially available)
	24.7

	6
	Slatina (bottled, commercially available)
	158


Table 4 Resulting counting efficiencies, experimental step three

	No.
	Processed volume, L
	210Po addition, Bq
	Weight of residuum, g
	Original a,

Bq sample-1
	Counting efficiency b, %

	
	
	
	
	
	HCl + 210Po
	HNO3 + 210Po

	1
	1
	4.94
	0.29
	0.040
	< 0.006
	1.50

	2
	1
	9.87
	0.31
	0.13
	0.026
	1.21

	3
	1
	4.93
	0.31
	0.058
	0.049
	1.44

	4
	1
	4.93
	0.46
	0.18
	0.037
	0.649

	5
	0.2
	4.93
	0.33
	0.13
	0.008
	0.792

	6
	0.2
	4.93
	0.22
	0.090
	0.041
	0.930


a Original average activity of a given sample without 210Po addition.

b Relative uncertainties of counting efficiencies for HCl and HNO3 series did not exceed 18% and 4%, respectively. Reported level of significance is calculated for 5% probability of the first kind of observation error.

Caption of figures
Fig. 1 Recovery of polonium distillation from chloride and nitrate forms as a function of the temperature [12]
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� CRM number: 9031-OL-083/08 (first and second step), 931-OL-212/00 (third step). Both CRMs were provided by CMI-IIZ, Prague. 
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