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In this work five different treatment approaches were carried out to improve 
extraction and recovery of uranium and thorium from black sand and sea water 
matrices to be analyzed by ultra-sensitive ICP-MS technique. Quality control 
using standard IAEA reference was performed. These radionuclides were 
accurately determined in µg/L levels. The isotopic ratios; 235U/238U, 234U/238U, 
238U/totalU and totalU/232Th were also assayed precisely, calculated and correlated. 
The results show values very close to the natural origin signature. The accuracy 
of separation and measured U isotopes and 232Th are of great importance for the 
national analytical techniques program.   

 
Keywords: Separation approaches, Ultra-trace Analysis, ICP-MS, Th-U isotopic 
ratios. 

 

1.   INTRODUCTION 

Uranium (U) and Thorium (Th) are naturally occurring radioactive elements on Earth 
crust with well-established important applications [1]. The most abundant isotopes of uranium 
are 238U (T1/2 = 4.5 billion years), and 235U (T1/2 = 0.7 billion years), meanwhile, 234U (T1/2 = 
245,000 years) is of low abundance [2]. There is a range of natural variations for each 
isotopic ratio, 234U varies from 0.0059 - 0.0050, 235U from 0.7202 - 0.7198, and 238U from 
99.2752 - 99.2739 [3]. This isotopic ratio is a normal pattern in contrast with artificial nuclear 
activities which change the isotope ratio of uranium [4]. A significant estimation of more than 
0.03% difference in the 235U /238U distribution for a scope of natural materials has been 
declared, this is because of the variable solubility of uranium in various redox states and 
atomic field modification effects [5-7]. For 234U/238U ratio, huge natural deviations in the 
environment (>10%) can be detected mainly because of the effect of alpha retreat [8-10]. The 
concentrations of uranium isotopes in uranium ores are major indicators determining the 
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quality of ores [11]. Beach sand deposits are mostly ironic sources of industrial minerals, also, 
the revealing of uranium in soil and water is of great interest in biological and environmental 
science due to its radioactivity [12,13] . Worldwide, many locations are naturally rich in U 
and Th minerals, however, in soil the concentration of Th is usually higher than U contents 
[14,15].  

The Egyptian black sands along the Mediterranean coast consist of massive assets of 
several common economic minerals, it is the end products of the collapsed materials from the 
igneous and metamorphic rocks [16]. Rashid area in Egypt is considered a distinguished site 
with a high abundance of black sand minerals [17]. There are several nondestructive 
techniques for the determination of U and Th in geological samples. One of the numerous 
sensitive analytical methods which can be used for the determination of U and Th, is the 
instrumental neutron activation analysis (INAA) which is used to determine the 
concentrations of U via 238U and Th via 232Th, nevertheless it is not accurate in detection of 
low concentrations of U and Th. The ability to measure 235U/238U to high precision offers a 
new opportunity to study the destiny and transport of uranium in the environment, for this, 
ICP-MS technique is required because it is an effective device due to its high efficiency for 
the detection of the trace elements and isotopic ratio calculations [18-20]. 

In this study, multiple preparation and separation methods with an ultra-sensitive 
destructive technique, ICP-MS, has been used to analyze and determine the concentrations of 
specific actinides; uranium and thorium, in black sand and sea water along Rasheed city 
coast, Egypt. The calculations of the isotopic ratios: 235U/238U, 234U/238U, 238U/totalU and totalU 
/232Th are also an objective. 

 
2.   EXPERIMENTAL WORK 

 
2.1 Materials and Methods 

All reagents and materials used in this work are of high analytical grade (Merck PA, 
Accustandard ® and Sartorius®). Chemical reagents and acids were prepared using deionized 
water (>18 MΩ cm, Millipore Milli-QPlus). The chemical procedures and measurements 
were performed at room temperature. The samples were collected from ten different locations 
along Rasheed city on the Mediterranean seacoast- Egypt. The water samples were collected 
at about 1m from the shore line in 1 liter plastic bottles. The collected samples were acidified 
with 11 M  HCl  at the rate of 10 ml  per liter of sample immediately after sample collection 
to avoid desorption of radionuclides onto the wall of the container[21]. The sand samples 
represent the raw sand in 1.5 km stretch and variable width from few meters up to 70 meters. 
Each sample was collected by employing a template method of 1 m × 1 m up to a depth of 8 
cm. The samples were dried in an oven at 115°C, mechanically crushed and sieved through a 
2-mm mesh-sized sieve to remove stones, pebbles, and other macro-impurities [22]. The 
collected samples were treated by four different chemical methods, using open-vessel acid 
digestion and microwave (MW). 

2.2 Description of Black Sand Samples' Digestion Methods 

The location of the collected samples (S1 – S10) can be seen on the following figure 
(Fig.1). The concentration of uranium and thorium vary from a sample to another according 
to the location of sample. The starting point of sampling is the sample (S1).   
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Figure1. Location of collected black sand and seawater samples 
 

The collected samples, as well as the reference material were prepared and digested 
using method number one coded as (A) (Figure. 2-A) [23]. The multiple chemical treatment 
methods (coded as B, C and D) were applied to validate and develop method (A). Different 
acids were tested and summarized in the following schematic diagrams (Figure. 2- A, B, C, 
and D). The fifth method coded as E was given in details in schematic diagram (Figure 3 -E). 
 

 (A)  (B) 

0.2 g of samples are allowed to stand 
overnight at room temperature in acid 
mixture of 48 %Hf + 65 %HNO3 1:1 

 0.2 g of sample is placed in a Teflon 
cup. Add 20 ml 48 % HF, 20 ml 65 
% HNO3 and 20 ml H3Bo3 (1:1:1) 

   
Evaporate to dryness on hot plat at 250 
0C. Repeat the first and second step  
twice 

 Evaporate to dryness on hot plat at 
250 0C. Repeat the first and second 
step twice 

   
Add 20 ml of 65% HNO3 and 30 ml 
deionized water with stirring for 15 
min. 

 Add 20 ml of 65% HNO3 and 30 ml 
deionized water with stirring for 15 
min.  

   
Dilute the sample by deionized water, 
and filter  

 Dilute the sample by deionized 
water, and filter  

   
Analysis by ICP-MS  Analysis by ICP-MS 

(C) 
 

(D) 
0.2 g of sample is placed in a Teflon 
cup. Add acid mixture of 30 ml 48 % 
HF and 20 ml 65 % HNO3 (3:2) 

 0.2 g of sample is placed in a Teflon 
cup. Add 30 ml of diluted  HF 10 % 
and 20 ml diluted HNO310 % (3:2) 

   
Evaporate to dryness on hot plat at 250 
0C. Repeat the first and second step 
twice 

 Evaporate to dryness on hot plat at 
250 0C. Repeat first and second step 
6 times 

   
Add 20 ml of 65% HNO3 and 30 ml 
deionized water with stirring for 15 
min.  

 Add 20 ml of 65% HNO3and 30 ml 
deionized water with stirring for 15 
min.  
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Dilute the sample by deionized water 
,and filter   

 Dilute the sample by deionized 
water ,and filter 

   
Analysis by ICP-MS  Analysis by ICP-MS 

Figure 2. Schematic diagram for digestion of black sand samples using different treatment procedures 

The fifth method (coded E) of treatment using microwave (MW) is given as follow: 

About 0.2 g of sample is placed in a Teflon pressure vessel. Add 2 ml 48 % HF and 2 
ml 65 % HNO3 (1:2). Each sample was allowed to stand overnight at room temperature in the 
acid mixture. Then, a microwave digestion for 35 minutes is applied for the sample (160 0C 
and power single vessel 400 W), after that cooling at room temperature for one hour is 
allowed. One ml 48 % HF is added and 35 min applied again in the microwave. Add 10 ml 5 
% H3BO3 and heating in microwave for 30 min (200 0C and power single vessel 400 W) to 
remove HF completely. Add 20 ml of 65% HNO3 and 30 ml deionized water. Stir for 15 
minutes until complete dissolution. Dilute the sample by deionized water. The last step is 
analysis by ICP-MS [23, 24]. The digested samples were verified and validated by using 
international atomic energy agency (IAEA) standard reference material (IAEA- 313). The 
method flowchart is given as follow: 
 

0.2 gm. of samples are allowed to stand overnight at room temperature in 
acid mixture of 48 %HF acid + 65 %HNO3 

   
Microwave digestion for 35 minutes is 
applied (160 0C and power single 
vessel 400 Watt). Cool at room 
temperature 

 
1 ml 48 % HF is added and 35 
min applied again microwave 

   
Add 10 ml 5 % H3BO3 and heating in microwave 30 min (2000C and power 
single vessel 400 W) to ensure complete removal of HF and complete 
digestion 
   

Dilute the sample by deionized water 

 Add 20 ml of 65% nitric acid 
and 30 ml deionized water. 

Stirring for 15 min. until 
complete dissolution 

   
Analysis by ICP-MS 

Figure 3. Schematic diagram for digestion of black sand samples using the MW technique method (E) 

 
2.3 Sea Water Samples Preparation  

Ten seawater samples (coded W1 – W10) were collected from Rasheed beach, 
Mediterranean Sea – Egypt, in plastic bottles. The water samples were filtered and then stored 
in final solution of 3 mol L−1 HNO3.  

2.4 ICP-MS Specifications and Setup 
Destructive technique ICP-MS (Agilent 7700) is selected to be used to determine the 

concentrations of U, Th in the collected samples, and to calculate the isotopic ratios of 
235U/238U, 234U/238U and 238U/ totalU. Table 1 lists the typical operating conditions, standard 
tune parameters and plasma radiofrequency of the ICP-MS.  
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Table 1. The operating conditions and ICP-MS settings 

ICP-MS operating conditions MS acquisition setting 
Plasma radiofrequency power 1550 W Mass gain  139 
Plasma radiofrequency power 
matching 1.8 V Mass offset 127 

Carrier gas 0.99 L/min Dwell time  50ms 
Torch axis -0.3 H and -0.5 V Sweeps per reading  20 
Interface cones Nickle Replicates  3 
Lens setting Auto lens Reading per peak 1 
Electron multiplier (EM) 
discriminator 4.5 mV Scan mode Peak hopping 

Analog 2665V Detector mode  Dual 

Pulse 1666 V Plasma carrier gas 
offset -0.06L/min 

 

3.  RESULTS AND DISCUSSION 

3.1 Standard Calibration Curves of ICP-MS 

All the measurements carried out by ICP-MS were performed three times according to 
quality control assurance recommendations [25]. The international atomic energy agency 
standard reference materials (IAEA- 313 and IAEA- 375) were measured for quality control, 
verification and validation of the analysis results. A certified environmental standard 
(Accustandard ®) with known concentration was used for calibration of the device according 
to the quality control program. A four and five-point’s calibration curve for the uranium and 
thorium from a standard solution containing 10 µg/ml multi-element calibration standards 
was performed. The calibration curves results are shown in figures 4-7. 

  

 
Figure 4.Uranium isotope 238U calibration  
curve 
 

 
Figure 5. Uranium isotope 235U calibration 
 curve 

 
Figure 6. Uranium isotope 234U calibration  
curve 

 
Figure7. Thorium calibration curve 

The calibration of the system shows sharp straight lines for both U and Th.  

235U 238U 

234U 232Th 
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3.2 Results of Uranium and Thorium Concentrations in the Collected Samples 

3.2.1 Black sand samples analysis 
In the present study, the quality control and the uncertainty of mass bias correction was 

estimated by calculating the combined standard uncertainty for the external standard sample 
associating technique. A 95% confidence level was found by using standard IAEA- 313 
reference material.  

In (table 2) it was shown that the average concentrations of U and Th using the five 
digestion methods (A, B, C, D and E) have relative significant differences in comparison with 
the certified mean values of the standard IAEA -313. It was also noticed that, although the 
method E, has mean values for U and Th of 15.61 µg/g and 63.11 µg/g respectively, they 
were significantly lower than the mean value given using IAEA-313. They were the only 
value equivalent to the Ref IAEA-313 certificate values (U: 17-19.3 µg/g and Th: 74.8-79.4 
µg/g). The other method's results were beyond the reference IAEA-313 certificate values. 

It can be stated that the method of digestion is considered the most important factors 
affecting the analysis and determination of U and Th concentrations. The other parameters 
influencing the variation of the measured concentrations of U and Th are: (1) The uranium 
and thorium content in the samples, (2) Acids quality used in digestion, (3) Temperature, and 
(4) Soaking time of the samples before starting of microwave digestion. The accurate results 
obtained reflect the efficiency of the complete digestion method (E) of silica matrix of the 
collected samples. 

Table 2. The mean concentration values of U and Th using (A-E) methods of digestion for black sand 
samples 

Digestion 
method 

A B C D E 
U Th U Th U Th U Th U Th 

Mean 11.94 59.66 9.74 49.01 7.77 42.48 12.52 53.65 15.61 63.11 

Median 13.93 64.97 9.75 45.18 7.39 35.57 13.61 53.81 16.23 60.57 

SD 7.29 21.52 4.19 18.12 3.75 18.57 5.26 18.92 5.00 21.88 

Min 3.03 38.11 5.05 20.91 3.97 19.01 5.14 22.02 8.27 42.12 

Max 27.71 105.2 15.92 75.40 14.91 73.99 22.13 79.21 25.32 122.11 

Kurt -0.779 0.078 -0.553 -0.802 -0.323 -0.601 -0.535 -0.801 -0.299 -0.544 

Skew 0.629 0.269 0.740 0.344 0.850 0.623 0.780 0.584 0.845 0.6871 

P value  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Ref -313* 16.03 73.17 6.08 34.23 5.06 35.14 8.07 68.04 18.11 76.9 

A, B, C, D and E are methods of digestion.  
Ref IAEA-313 certificate values (U: 17-19.3 µg/g and Th: 74.8-79.4 µg/g) 
P value: comparing mean value of each method with its reference standard value. 

Sharp and significant correlation, as shown in figure.8 , was found between the 
concentrations of thorium (CTh) and uranium (CU) in beach black sand samples (R2 = 0.96, p 
=< 0.0001) with the fitting equation:   CTh= 4.23CU – 12.42 . 
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Figure. 8 Correlation between concentrations of Th and U in black sand samples 
 
3.2.2 Results of seawater samples analysis 

The results revealed that the average concentrations of total uranium in the collected 
seawater samples were found to be 0.355 µg/l (ppb). Thorium was not detected in all 
collected samples. Table 3 shows the concentrations of total uranium in the collected seawater 
samples. These results indicate that the seawater samples’ concentrations are within the 
national and international reported levels [26].  

Table 3. Uranium concentrations in collected seawater samples and national and world levels  

Sample 
Concentration 

(µg/L)  

EGYPT Average of Uranium 
(µg/L) 

Bakr et al (2011) 
World Safe Limit  (µg/L) 

Sea 
water 

Nile 
water 

Ground 
water 

Tap 
water 

UNSC
EAR ICRP WHO 

U 
W1 0. 41±0.001 

0.381 
±0.01 

0.32 
±0.01 

0.05 -
13.4 

± 0.07 

0.15 
± 

0.05 
9 1.9 15 

W2 0. 44±0.01 
W3 0. 25±0.006 
W4 0. 36±0.01 
W5 0. 51±0.01 
W6 0. 43±0.01 
W7 0. 32±0.01 
W8 0. 23±0.006 
W9 0. 24±0.006 
W10 0. 36±0.01 
Min 0.31 
Max 0.48 
Mean 0.39 

Median 0.40 
SD 0.06 

* W: water sample                    *WHO: World Health Organization 
* UNSCEAR: United Nations Scientific Committee on the Effects of Atomic Radiation 
* ICRP: International Commission on Radiological Protection 
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3.2.3 Isotopic ratio (235U/238U), ( 234U/ 238U) and (238U/totalU) calculations  

A: Black sand samples 
 The isotopic ratios are depicted and compared with standard values (Table 4). A 

significant deviation of 1.3 % in 235U/238U ratio for a scope of natural materials has been 
found, while isotopic ratios of 234U/238U stated a differences between 2 and 4% because of the 
effect of alpha retreat. Isotopic ratios 238U/totalU results for all samples are in good agreement 
with the reference natural (99.27%) [4] .  

Table 4. The isotopic ratio 235U/238U, 234U/238U and 238U/total U in black sand samples 

Sample 
235U/238U ref. 

value
% 

diff
% 

234U/238U  ref. 
value

% 

diff
% 

238U/totalU  ref. 
valu
e% 

diff
% IR% IR% IR% 

BS-1 0.73 

0.72  

1.39 0.0049 

0.005 

2.00 99.37 

99.27 

0.1 
BS-2 0.74 2.78 0.0051 2.00 99.23 0.05 
BS-3 0.72 0 0.0052 4.00 99.27 0 
BS-4 0.73 1.39 0.0049 2.00 99.24 0.04 
BS-5 0.71 1.39 0.0052 4.00 99.28 0.00 
BS-6 0.73 1.39 0.0048 4.00 99.27 0 
BS-7 0.74 2.78 0.0048 4.00 99.20 0.07 
BS-8 0.71 1.39 0.0052 4.00 99.24 0.03 
BS-9 0.74 2.78 0.005 0 99.26 0.02 

BS-10 0.72 0 0.0051 2.00 99.22 0.06 
Mean 0.73 1.39 0.0051 2 99.26 0.01 

IAEA31
3 0.72 0 0.005 0 99.22 0 

diff (%) = [ IR% − IR%N]/ IR%N× 100%, the IR% is the isotopic ratio measured by ICP-MS,  
IR%N is the corresponding theoretical value of (235U/238U) ratio . 
 
B: Seawater samples 

Table.5 showed a significant estimation of more than 0.03% in the 235U /238U ratio for a 
scope of natural materials. This is because of the variable solubility of uranium in various 
redox states and atomic field modification effects, and also for isotopic ratios 234U/ 238U, a 
natural deviations in the environment with differences (<10 %) [11]. This difference may be 
due to the trace amount of 234U isotope and the chemical treatment of the seawater samples or 
due to the effect of alpha retreat. The isotopic ratio 238U/total U results for all samples are in 
good agreement with the natural standard value (99.27%).  

Table 5. The isotopic ratio 235U/ 238U, 234U/ 238U and 238U/ total U in the collected seawater samples 
compared with reference values. 

Sample 

235U/ 
238U   

ref. 
value

% 

diff  
% 

234U/ 
238U   

ref. 
value

% 

diff  
% 

238U/  
total U 

ref. 
value

% 

 
diff  
% IR% IR% IR% 

W1 0.74 

0.72  

3.2 0.0049 

0.0050 

2.00 99.24 

99.27 

0.03 
W2 0.78 8.5 0.0053 6.00 99.21 0.06 
W3 0.68 4.4 0.0054 8.00 99.30 0.03 
W4 0.71 1.8 0.0048 4.00 99.32 0.05 
W5 0.73 1.8 0.0047 6.00 99.25 0.02 
W6 0.70 2.02 0.0050 0 99.26 0.01 
W7 0.70 1.90 0.0049 2.00 99.29 0.02 
W8 0.68 4.48 0.0048 4.00 99.30 0.03 
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W9 0.72 0.72 0.0051 2.00 99.27 0 
W10 0.70 2.02 0.0050 0 99.32 0.05 
Mean 0.71 1.8 0.0049 2 99.27 0 

IRISH 
WATER 0.705 2.02 0.0050 0 99.26 0.01 

 
4.  CONCLUSION 

Five different methods for improvement of separation/extraction of uranium and 
thorium from ore minerals samples were carried out in this work.  The treatment methods 
were compared together using different acid concentrations and microwave digestions. The 
ICP-MS was accurately used for quantifying both U isotopes and Th in the collected samples. 
These five approaches were also applied perfectly on IAEA certified reference materials as 
quality control program. It can be concluded that the developed digestion approach using 
microwave is the most effective method for recovery of Th and U content. Differences of 0.09 
and 0.17% were found for U and Th, respectively in relation to the  reference IAEA values. A 
significant positive correlation of U and Th levels in the black sand samples was found. Very 
accurate estimation of the isotopic mass ratios; (235U/238U), (234U/238U) and (238U/totalU), was 
found declaring natural origin of the investigated samples. It can also be reassured that 
Inductive Coupled Plasma-Mass Spectrometry (ICP-MS) is an efficient DA tool with high 
accuracy for the detection and analysis of  low concentration of U and Th and to evaluate the 
isotopic ratios. 
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