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ABSTRACT 

Radium isotopes can be analyzed by different analytical methods based on gamma spectrometric measurements or alpha 
spectrometry. An improved method was developed to determine radium isotopes from water using gamma spectrometry 
after radiochemical separation. The Radium was selectively extracted from acidified samples using co-precipitation 
procedure with iron hydroxide and followed by precipitation of radium as radium sulphate Ba(Ra)SO4. The precipitate 
Ba(Ra)SO4 was filtered through the Millipore filter paper, dried and weighed to calculate chemical yield. 226Ra and 
228Ra activities were measured using low-background gamma spectrometry in water samples. Radium was pre-concen- 
trated from environmental samples by co-precipitation with BaSO4. The amounts of 226Ra and 228Ra on the sample were 
obtained by gamma-ray spectrometry for the 351 keVγ-ray from 214Pb and for the 911 keV γ-ray from 228Ac, both in 
radioactive equilibrium with precursors, respectively. The accuracy, selectivity, traceability, applicability and Minimum 
Detectable Activity (MDA) of the technique were discussed. Also, the effect of physical and chemical characteristics of 
the water samples such as TDS, pH, soluble species, sulphate and bicarbonate that effect on the radium determination 
were taking into consideration. The method has been validated with a certified reference material supplied by the Inter- 
national Atomic Energy Agency and reliable results were obtained. The radiochemical yields for radium were 70% - 
90% and recovery was 97% and 80% for 226Ra and 228Ra, respectively. 
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1. Introduction 

Radium (Ra) isotopes are important from the viewpoints 
of radiation protection and environmental protection. 
Their high toxicity has stimulated the continuing interest 
in methodology research for determination of Ra isotope 
in various media. Radium is a radioactive element for 
which no stable isotope is known. The mass numbers of 
the known isotopes range from 206 to 230. Among them, 
two radium isotopes, 226Ra and 228Ra are very significant 
from a radiological protection viewpoint due to their 
relatively long half-lives, presence in nature, and high 
dose conversion factors. Radium isotopes are important 
because they can be easily incorporated into bones due to 
having similar properties to other elements from Group II 
(i.e. calcium) and produce short lived radionuclides of 
high massic activity [1]. Gamma spectrometry is a useful 
non-destructive method that permits the simultaneous 
determination of many radionuclides in a bulk sample 

[2,3], without the need for complicated and time con- 
suming radiochemical separations as undertaken for al- 
pha spectrometry. However, it is limited by the weak 
emission probabilities of many potentially useful emis- 
sion lines, the relatively poor efficiency of the High Pu- 
rity Germanium (HPGe) detectors over a wide range of 
energy, the difficult task of precisely calibrating the effi- 
ciency of the detector, and the need to evaluate self-ab- 
sorption effects [4]. 

Barium co-precipitation is used as a method of radium 
analysis due to the very similar chemical properties of 
barium and radium. The exploitation of the ability of 
barium to react with an excess of sulphat ions to produce 
a precipitate allows the quantitative analysis of environ- 
mental activity concentrations of radium in water [5]. 

In this study, rapid radiochemical separation technique 
for determination of isotopic 226Ra and 228Ra in water 
samples using co-precipitation with iron hydroxide is 
applied. The co-precipitation with iron hydroxide acts as 
a separator to remain radium and barium in the solution *Corresponding author. 
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(as radium barium sulphate) and remove the interfering 
radionuclides such as 210Pb and 210Po and matrix con- 
stituents with additional co-precipitation. The activity of 
226Ra and 228Ra on filter paper is determined by γ-ray 
spectrometry. Uncertainties associated with the 226Ra and 
228Ra activities were determined. 

2. Experimental 

2.1. Instrumentation 

All samples were prepared in the same size Marinilli 
beaker to obtain the similar counting geometry. Gamma- 
spectrometry based on hyper-pure germanium detectors 
was used. The HPGe detector has a relative efficiency of 
40% and full width at half maximum (FWHM) of 1.95 
keV for 60Co gamma energy line at 1332 keV and oper- 
ated with Canberra Genie 2000 software for gamma ac- 
quisition and analysis. 226Ra was then quantified by 
gamma counting for its 186-keV gamma emission, 351.9 
(214Pb), and 609.3. For 228Ra 338.4 gamma emission, 
911.1 and 583 keV was used. The gamma-spectrome- 
ters were calibrated using both 226Ra point source and 
potassium chloride standard solutions in the same ge- 
ometry as the samples [6]. Analysis of the spectra with 
known amounts of 226Ra and 228Ra allowed determination 
of peak widths, peak resolution and counter efficiencies 
at different energies and it allowed determination of 
counter precision, accuracy and recovery, so, two sam- 
ples spiked with known amounts of 226Ra and 228Ra were 
analyzed in this study. All samples (including standard) 
were counted directly in the system with a suitable 
counting time. Data was collected through counting dif- 
ferent types of certified reference material and also from 
prepared standard source solution for 228Ra and 228Ra. 

2.2. Analytical Procedures 

Concentrate 5 L of water samples to 1 L, then added 1ml 
133Ba tracer with activity (9.5 Bq/ml). Add 20 mg FeCl3 
to water sample then stir and boil for 10 min, adjust the 
pH to 9 by ammonium hydroxide to separate 210Pb and 
210Po. Add 5.0 ml of barium carrier (9 mg/ml) into the 
sample, stir with boiling to precipitate barium sulphat by 
adding 10 ml of 18N H2SO4 in a fine stream while stir- 
ring. Cool the solution for 30 minutes in an ice bath or 
allow over night settling in covered beaker [7,8], filter 
the solution which contains BaSO4 through a tared filter. 
Remove the dried filter with the precipitate. Weigh the 
tared filter on a tared planchet to the nearest 0.1 mg. Re- 
cord the weight and time. Mount the precipitate in a 
holder such as a ring and disk with Mylar cover. The 
precipitated sample, collected on the filter, should be 
directly analyzed by gamma-ray spectroscopy to deter- 
mine 228Ac. Then, the sample was sealed for about 4 
weeks to reach secular equilibrium between radium and 

thorium and their progenies (222Rn). Radioactivity of 
226Ra was measured by gamma spectrometry. Figure 1 
illustrates the analytical procedure for the determination 
of radium isotopes. 

2.3. Estimation of Ra Concentration in  
Watersamples and Uncertainty Calculation 

The activity concentration of 226Ra can be calculated 
from the following equation for the 351.9 keVγ-ray from 
214Pb and the 609.3 keVγ-ray from 214Bi, respectively. 
The activity concentration of 228Ra can also be calculated 
for 911.2 keV and 583 of the 228Ac progeny. 

 
1

0.037s
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         (1) 

where: 
As: The concentration of 226Ra or 228Ra in pCi/L,  
Ys: Chemical yield determined for the sample, 
Ds: Ingrowth factor (1 - e−λt), where λ = 0.693/t1/2; t = 

time interval in d between the separation of the radium 
from the water and the midpoint of the counting time, 
and t1/2 = half life of 222Rn of 3.82 d, 

R: Net counts per s for the gamma-ray under consid-
eration (background and Compton contributions have 
been subtracted; the uncertainty or error reported for that 
gamma ray should be noted), 

Fi: Branching ratio of γ-rays under consideration; 0.358 
for 351.9, 0.46 for 609.3, 0.309 for 583 and 0.29 for 911. 
ε: Counting efficiency of specific gamma ray and 
V: Sample volume L. 
The procedure is based on Radium co-precipitation as 

Ba-RaSO4: The yield of the procedure is determined in 
each sample by adding a 133Ba radioactive tracer. The 
356.0-keV gray is used for yield determinations. The 
highest energy γ-ray from 133Ba is 383.8 keV, which does 
not interfere with the energies 911 keV from 228Ac. The 
yield determined using133Ba has the advantage over the 
conventional gravimetric method (weighing barium sul- 
phat BaSO4 precipitate), which could give a high yield if 
stable Ba was present in the water sample in an apprecia- 
ble amount. 

Final mass of barium sulphate

initial mass of barium sulphatesY        (2) 

Where: 
Ys: Chemical yield determined for the sample, Equa- 

tion (2). 
The error associated with any particular counting result is 

determined by the use of the following equation [9]: 

2

N N r
t tt

     
 

            (3) 

where: 
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r: The net count rate. were counted directly in the system with a suitable 
counting time. The precision and accuracy of the method 
were also determined. The precision achieved was 6.7% 
for Ra isotopes. Typical lower limits of detection for the 
gamma measurements were 1.6 mBq/l for 226Ra and 1.8 
mBq/l for 228Ra. 

In this case we are interested in subtracting one count 
from another (gross counts minus background counts) 
and determining the resulting % error of the NCPS (Net 
Count Per Second) based on the standard deviation σ 
value. Counting instruments typically have a confidence 
interval of 95%. Thus equation (2) is written as: 

3. Results and Discussion 
0

0

Y sY
n

s

r r
t t

                 (4) Analysis of 226Ra and 228Ra via this developed technique 
showed suitability for relatively rapid, cheap and accu- 
rate analysis of drinking water for the assessment of 
drinking water. The filter samples were analyzed using 
HpGe and the results were obtained from the analysis 
reports of the different sample spectra. Background spec- 
trum was determined and the intensities of the major 
peaks were recorded to subtract from the peaks recorded 
for filter samples. A number of spectra were analyzed 
taking the formation of secular equilibrium between 226Ra 
and itsdaughters214Pb and 214Bi for obtaining activity con- 
centrations for 226Ra and secular equilibrium between 
228Ra and its daughter 228Ac for obtaining activity con- 
centrations for 228Ra. 

Where: 
r0Y, rsY: The net count rate at the gamma line (Y) for 

the background and the sample respectively, 
to, ts: The real counting time of the background and the 

sample respectively. 

2.4. Method Validation 

Comparison of the chemical recovery obtained through 
HPGe spectrometer provides an additional QA process. 
The calibration of high resolution gamma spectrometers 
allows for accurate determination of chemical recovery 
in samples for 

226
Ra analysis where

226
Ra activity levels 

are very high. The energy and efficiency calibration were 
validated by using the Certified Reference Materials 
(CRM), IAEA-423 and IAEA-426, present in the same 
counting geometry. All the samples (including standard)  

Results for both 226Ra and 228Ra activity concentrations 
were presented in Table1. The results indicated that the 
concentration of 226Ra ranged from 1.02 - 8.1 and 3.1 - 
7.9 mBq·L−1 of analyzed water samples (spiked and ref- 
erence samples). 

 
Table 1. Activity concentration of 226Ra and 228Ra in water samples. 

Spiked 
Ba-133 

background 
IAEA-423 IAEA-426 Mixed-St. 228Ra-St. 226Ra-St. Sample code 

Liter Liter Liter Liter Liter Liter Sample volume (V) 

1.00 88 ± 1.60 85 ± 1.20 70 ± 1.90 88 ± 0.90 76 ± 60 Chemical yield fraction (Y) % 

 
0.99 

1 

 
0.99 

1 

 
0.99 

1 

 
0.99 

1 

 
0.99 

1 

 
0.99 

1 

Ingrowth factor (D) 
Ra-226 
Ra-228 

Activity calculated Bq/L  
 

N.D 
N.D 

 
 

8.1 ± 0.40 
7.78 ± 0.02 

 
 

6.44 ± 0.2 
6.35 ± 0.3 

 
 

1. 0 ± 0.06 
0.90 ± 0.06 

 
 
- 
- 

 
 

1.11 ± 0.07 
0.92 ± 0.03 keV 

keV 
609.3 
351.9 

226Ra 

N.D 
N.D 

0.9 ± 0.08 
1.0 ± 0.07 

3.15 ± 0.1 
3. 76 ± 0.2 

5.47 ± 0.2 
5.7 ± 0. 22 

5.9 ± 0.40 
5.6 ± 0.33 

- 
- 

keV 
keV 

338.3 
911.2 

228Ra 

Mean Activity calculated Bq/L  
 

N.D 

 
 

7.94 ± 0.21 

 
 

6.39 ± 0.25 

 
 

0.95 ± 0.06 

 
 
- 

 
 

1.02 ± 0.05 
609.3 keV 

351.9 
keV 

226Ra 

N.D 0.85 ± 0.075 3.46 ± 0.15 5.58 ± 0.21 5.57 ± 0.37 - 911.2 keV 
338.3 
keV 

228Ra 

N.D 214.38 ± 5.67 91.53 ± 6.75 25.65 ± 1.62 - 27.54 ± 1.35  226Ra 
Activity 
in pCi/L 

N.D 22.95 ± 2.03 93.42 ± 4.05 150.66 ± 5.67 150.39 ± 9.99 -  228Ra  
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The detection of these very low activities was made 

possible because we used the low background facility 
available at the laboratory and counting time were ex- 
ceeding 3 days analyses. Results for both 226Ra and 228Ra 
activity concentrations determined by α-spectrometry 
were then compared with those obtained for the same 
nuclide by γ-ray spectrometry, as shown in Table 2. 

Two ground water samples from different regions 
(Banha and Bilbies) were analyzed to determine Ra con- 
centrations as shown in Table 2. Despite their low count- 
ing statistics, the data with very low counting rates did 
not rejected because these counts were obtained during 
long counting sessions (5 days). The mean radioactivity 
level of both 226Ra and 228Ra in water samples collected 
from Banha and Belbeis were 18.36 ± 1.08 pCi, 6.48 ± 
0.68 pCi and 21.06 ± 2.16 pCi, 17.01 ± 2.57 pCi respec- 
tively. Dyck and Jonasson in 1986 study the geochemis- 
try of radium in the environment depending on the envi- 
ronmental distribution of radium varies depending on its 
origin. Nevertheless, according to Dyck and Jonasson, 
the processes affecting distribution can be referring to the 
following main (oversimplified) equations [10]. 

2 2 2Ra +Ba Ca Caly Ca +Ra      Clay Ba 

2
3CO MX X


 

2 2
4 4Ra SO RaSO  

2
2Ra +2Cl RaCl  

 

Adsorption, 

 2 2
3 1Ca 1  Ra +MCO Ca Rax x     

Co-precipitation, 

 

Surface reaction, 

 

Soluble Species… etc. 
Also, the physical and chemical characteristics of wa- 

ter mostly affected the radioactivity level of the radium 
in groundwater rather than the concentration of the par- 
ent naturally occurring nuclides in host rocks [11]. So, 
physical characteristics and major element compositions 
were determined (chemical contents, conductivities and 
different chemical compositions) as shown in Table 3 
taking into consideration the effect of physical and 
chemical properties of the samples such as TDS, pH, 
soluble species, sulphate and bicarbonate. As shown in 
Table 3, the chemical composition of water in the first 
sample is Ca-Mg-HCO-type water, whereas the second 
one is Ca-Mg-Cl-type depending on the geological area 
and its composition [12]. 

Table 4 represents the comparison of the minimum 
detectable activity and efficiency obtained using the 
gamma spectrometry with other techniques [13] such as 
LSC and alpha spectroscopy for the determination of 
226Ra and 228Ra. However, this method is the first trial 
and in the near future, more development will considered  

 
Table 2. The radioactivity levels of 226Ra and 228Ra in groundwater samples. 

Belbeis ground water (b) Banha ground water (a) Sample code 

88 ± 20 90 ± 0.5 Chemical yield fraction (Y) % 

 
0.99 

1 

 
0.99 

1 

Ingrowth factor (D) 
Ra-226 
Ra-228 

  Activity calculated Bq/L 

0.271 ± 0.02 
0.22 ± 0.03 

0.70 ± 0.05 
0.66 ± 0.03 

keV 
keV 

609.3 
351.9 

226Ra 

0.62 ± 0.12 
0.64 ± 0. 07 

0.82 ± 0.1 
0.75 ± 0.06 

keV 
keV 

338.3 
911.2 

228Ra 

  Mean activity calculated Bq/L 

0.24 ± 0.025 0.68 ± 0.04 609.3 keV 351.9 keV 226Ra 

0.63 ± 0.095 0.78 ± 0.08 911.2 keV 338.3 keV 228Ra 

6.48 ± 0.68 18.36 ± 1.08  226Ra Activity in pCi/L 

17.01 ± 2.57 21.06 ± 2.16  228Ra  

 
Table 3. Physical characteristics and major elements composition in the groundwater under this study. 

Sample pH Cond. (µS) TDS Na+ K+ Mg2+ Ca2+ Cl− 
2-

4
SO

3

-
HCO  

Banha 8.1 467 400 41.7 5.70 24.9 38.8 44.3 45.20 220.4 

Belbeis 7.7 400 370 56.1 5 14.2 41.1 80 56.20 69.80 

*Uncertainties are around 10% for Cl and SO2, and around 5% for other cations. 
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Table 4. Minimum detectable activity and counting effi- 

back

226Ra counting  

ciency for alpha particle 226Ra using LSC, Alpha spectro- 
metry and gamma spectrometry. 

 
CPM  

ground efficiency 

LSC 0.1 - 1.0 95% 

Alpha spect metry 0.

Ga
70   

ro 003 - 0.01 20% 

mma spectrometry 0.096 
% - 90%

(This study) 

 
to optimize the measuring conditions. 

amma spectrometric method for 
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