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ABSTRACT 

 
The objective of this study is to propose a new methodology for uranium analyses in urine using inductively 

coupled plasma - mass spectrometry (ICP-MS). The urine samples were provided by nuclear facility workers, 

specifically, employees of the Indústrias Nucleares do Brasil – INB, the company responsible for the production 

of nuclear fuel in Brazil. At nuclear fuel facility sites, ensure the safety of employees is essential due to the risks 

involved in such activity, mainly exposure to radiation. On account of that, there are federal laws that limit the 

ionizing radiation exposure among workers. The verification of compliance with the requirements in technical 

regulation is performed through monitoring programs. In vitro bioassay is a method to monitor the individual 

worker by the analysis of radionuclides in excreta samples (urine or feces). The determination of uranium in 

urine was performed without any sample pretreatment and the method was validated by observing a series of 

operational parameters set by the INMETRO DOQ-CGCRE-008 guide - Guideline on Validation of Analytical 

Methods. A limit of detection of 0.9 ng L
-1

 was achieved. For the evaluation of the trueness/recovery of the 

method, a NIST Standard Reference Material – SRM 2670a – Toxic Elements in Urine (Freeze-Dried) was 

used. The calculation of relative error for the Certified Reference Material was 1.96%. The reproducibility of the 

developed method was confirmed through intercomparison analyses. Through the evaluation of performance 

parameters, the ability of the developed method of determining uranium with high sensitivity and reproducibility 

was verified, enabling the use in either environmental or occupational exposures. 

 

 

1. INTRODUCTION 

 

 

Nuclear energy is a common topic in discussions about the increasing energy demand 

worldwide. In a complete energy-dependent economy, alternative sources of energy have 

been studied. While the energy sources considered sustainable still do not have suitable 

viability, nuclear energy seems to be an adequate solution. Among other advantages, it has 
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high productivity and generates small quantities of residues as compared to the amount of 

energy produced. Currently, there are 434 operating nuclear plants in 31 countries, 

representing two thirds of the global population, besides 65 nuclear plants under construction, 

including Angra 3 plant in Brazil, whose beginning of operation has been set for 2018. In this 

country, 4 to 8 new nuclear plants are expected to be built until 2030 [1].
 
There is a huge 

labor demand in this area, and this context highlights the significance of ensuring safety to 

employees due to the risks involved in such activity, mainly exposure to radiation. The need 

of extensive inspection resulted in the creation of an agency that establishes and verifies 

compliance with the requirements in technical regulation, the International Atomic Energy 

Agency (IAEA), and of an affiliate in Brazil, the Comissão Nacional de Energia Nuclear – 

CNEN (Nuclear Energy National Committee). 

 

The Indústrias Nucleares do Brasil – INB (Brazilian Nuclear Industries) act on the uranium 

productive chain, from mining to production of the fuel that propels the reactors in the 

nuclear plants. Connected with the Ministério da Ciência, Tecnologia e Inovação (Ministry of 

Science, Technology and Innovation), INB has its headquarters in Rio de Janeiro and is 

present in the states of Bahia, Ceará, Minas Gerais, Rio de Janeiro and São Paulo. INB adopts 

international security patterns in its industrials units, which guarantee the quality of its 

products, environmental preservation, employees’ safety and health, and well-being of the 

population [2]. 

 

In every nuclear facility, a Radiological Protection Plan (RPP) must be established, and it is 

related to all phases of its existence, since the beginning of its development, operation and 

finally, its decommissioning [3]. The RPP includes both employees and public protection 

through individual monitoring. The individual monitoring can be evaluated in terms of 

external and internal monitoring. External monitoring is the systemic assessment of the 

external doses received during labor activity. This evaluation is performed through measures 

of the exposure in the surface of the worker’s body [4]. 

 

Internal monitoring evaluates radionuclides incorporation. The main incorporation routes are 

inhalation and ingestion, although secondary routes of contamination can occur, for example, 

by wounds on the skin that can cause the transport of the radionuclide into the bloodstream. 

Once the radionuclides are in the blood, they are distributed by depositing in body organs and 

tissues and are excreted by urine and feces [3]. The internal dose assessment is performed 

using indirect or direct methods. Examples of indirect methods are biological (in vitro 

bioassay) and physical (air monitoring); and a direct method is in vivo bioassay associated 

with interpretative methods. In vitro bioassay is an indirect method used to estimate 

incorporated activity through radionuclide determination in urine and feces samples.  

 

The interpretation of bioassay results is done by biokinetic and dosimetric models for 

calculating the committed effective dose [5]. Biokinetic models allow quantitative assessment 

of activities presents in organs through results obtained in excreta. Dosimetric models assist 

in dose calculation in organs (committed equivalent dose) and in the whole body (committed 

effective dose). Thus an evaluation system for radiation exposure can be established, in order 

to achieve security of occupational activities which present a potential risk of radionuclide 

incorporation [2,6].  

 

Considering that inhalation or ingestion of uranium can cause toxic and radiological 

problems, it is required to determine the damage that is most limiting and if one of them can 
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be ignored in relation to the other. By the sets of ICRP 30, nephrotoxicity is the major 

damage in routine monitoration programs. For radionuclide internal deposition assessment, 

by in vitro bioassay analysis, urine samples are the most convenient material, since it contains 

only radionuclides that were absorbed in bloodstream, besides being easy to collect and 

analyze. Currently, most organizations collect samples of 24h period of urinary excretion of 

the individual [7]. 

 

Inductively coupled plasma – mass spectrometry is one of the most important techniques for 

elemental analysis, due to the low limits of detection achieved, high selectivity and 

acceptable precision and accuracy. The ICP-MS analyzes almost all elements of the periodic 

table. The extremely high temperature of the plasma ionic source breaks completely the 

bonds of the molecules present in the sample. In that way, ICP-MS is comparable to atomic 

absorption and emission techniques, being a sort of emission technique itself. One advantage 

of ICP-MS for inorganic elemental analysis is the capacity of isotope determination, being 

able to perform isotope ratio and dilution analysis [8]. Metal-trace analysis in biological 

samples is a challenge due to matrix effect problems (non-spectroscopic interferences). The 

complexity of matrix combined with low concentrations of analytes increase the difficulty 

level of measurements, which led to the search for more sensitive and robust techniques, with 

faster and more accurate results, such as ICP-MS. Biological analysis like urine analysis, is 

usually performed with dilution in order to reduce matrix viscosity and concentration. This 

problem can be also minimized by using a low flow nebulizer, avoiding the variation of 

signals while removing small amounts of the sample. Spectroscopic interferences are 

unlikely, due to high mass number of uranium and the improbable combination of elements 

from argon gas and sample creating a polyatomic interference of this level. 

 

Schramel et al. (1997) observed the advantages achieved by the technique and developed an 

analytical method to determine uranium and thorium in urine without any sample treatment. 

Iridium (
193

I) was used as internal standard and a 1 ng L
-1

 limit of detection was obtained. 

Due to the lack of standard reference material, a method validation was determined through 

comparison with alpha spectrometry results [9]. Batista et al. (2009) also developed a method 

for metal determination in urine involving a simple dilution step. Al, Ba, Be, Cd, Co, Cu, Cs, 

Mn, Ni, Pb, Pt, Sb, Se, Sn, Tl and U were determined and Ro, Ir and In were used as internal 

standards, achieving detection limits in concentration levels of ng L
-1

 for all metals analyzed. 

The developed method was applied in urine analysis of 412 healthy people and not 

occupationally exposed to metals in order to obtain metal reference values in Brazilian 

population [10]. There are other articles [11 and 12] describing uranium analysis in urine 

methods, and they provide data for establishment of sample treatment and validation 

procedures. 

 

It is essential that laboratories dispose of means and processes to demonstrate, through 

validation, that methods executed by them produce accurate and suitable results to satisfy an 

agreed requirement. If an existent method is modified to meet specific purpose or an entire 

new method is developed, the laboratory must ensure that the method under consideration has 

performance capabilities consistent with the application requirements [13]. Validation is the 

confirmation, through objective evidence, that the requirements of an application or intended 

specific uses were achieved. In Brazil, there are two accreditation agencies to verify the 

laboratories competence: ANVISA - Agência Nacional de Vigilância Sanitária (National 

Agency for Sanitary Surveillance) and INMETRO - Instituto Nacional de Metrologia, 

Qualidade e Tecnologia (National Institute for Metrology, Quality and Technology). These 
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agencies provide guidelines for procedure validation of analytical methods, respectively, 

ANVISA RE nº899/2003 and INMETRO DOQ-CGCRE-008/2011 [14 and 15]. In this paper, 

the guide used was INMETRO DOQ-CGCRE-008/2011 for method validation, according to 

validation parameters Selectivity/Specificity, Linearity, Working and Linear Working Range, 

Sensitivity, Detection and Quantitation Limits, Accuracy, Precision, Ruggedness and 

Uncertainty of Measurement [15].  

 

The aim of this study is to describe the development and validation of a method for uranium 

analysis in urine using inductively coupled plasma – mass spectrometry that can be used in 

routine monitoration programs of INB nuclear facility, producing data for dose assessment 

and verifying the compliance with the requirements by technical regulation. 

 

 

2. INSTRUMENTION AND MATERIALS 

 

 

2.1. Materials 

 

All standard compounds and reagents used were of analytical grade. Standard Uranium 1 

ppm solution and Nitric Acid (65%) Suprapur were used. The optimizing procedures of ICP-

MS were performed using a multi-elementary solution of Ba, Be, Ce, Co, In, Mg, Pb and Tl 

(10 ppm). All solutions were prepared with deionized water (R = 18Ω). 

 

2.2. Instrumentation 

 

Analysis were conducted using a Varian 810-MS quadrupole ICP-MS, with a plasma argon 

flow of 18 L min
-1

, auxiliary flow of 1.8 L min
-1

, torch depth of 6.5 mm, 15 s of stabilization 

and peak hopping as the acquisition mode, with 15 replicates.  

 

2.3. Experimental Procedures 

 

A solution of U was prepared with a concentration of 10 µg L
-1

 in 0.5% nitric acid. A Ba, Be, 

Ce, Co, In, Mg, Pb and Tl solution of 1 µg L
-1

 in 0.5% nitric acid was prepared for ICP-MS 

parameters optimization. A five point linear calibrated model with blank correction for U at 

10 ng L
-1

, 20 ng L
-1

, 50 ng L
-1

, 100 ng L
-1

 and 200 ng L
-1

 concentrations in a 0.5% nitric acid 

was prepared in an urine matrix. The model was considered linear and was used if the 

correlation coefficient value was 0.995 or greater. The model was confirmed by an internal 

calibration verification sample with a concentration of 20 ng L
-1

 of U and an initial blank 

verification in 0.5% nitric acid urine matrix.  

 

Urine samples were prepared first pipetting 1 mL of each solution and bringing up the 

volume of 5 mL with 0.5% nitric acid. NIST standard reference material 2670a – Toxic 

Elements in urine (Freeze-Dried) was prepared according to instructions through 

reconstitution with 20 mL of high pure deionized water. Both low level (0.102 µg L
 -1

) and 

high level (4.997 µg L
-1

) were prepared first pipetting 1 mL of each solution and bringing up 

the volume of 5 mL with 0.5% nitric acid.  



INAC 2013, Recife, PE, Brazil. 

 

 

 

3. RESULTS AND DISCUSSION 

 

 

3.1. Linearity, Linear Range and Linear Work Range 

 

Linearity of the developed method can be demonstrated by Fig. 1. The model achieved a 

correlation coefficient of 0.9999 and error below 2%. Method sensitivity, which corresponds 

to the curve slope, was 247.9 obtained by least squares curve fitting [15]. 

 

For any quantitative method, it is necessary to determine the range of analyte concentration 

or proper values over which the method may be applied. At the lower end of the 

concentration range, limiting factors are the values of the limits of detection and/or 

quantification. At the upper end of the concentration range, limitations will be imposed by 

various effects depending on the instrument response system [13]. In this paper, the choice of 

preliminary range was based on literature review [9, 10 and 12]. After confirmation of 

linearity of the model chosen and its suitability for concentrations found in samples, this 

linear range was selected to be the linear work range [16]. 

 

 

 
 

Figure 1: Fitted experimental points obtained by least squares curve fitting in ICP-MS 

for the developed method 

 

 

3.2. Limit of Detection and Quantitation 
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Table 1 shows the experiment executed to determinate the limit of detection of the method. 

Measurements of 12 independent sample blanks, using 15 replicates were performed and 

sample standard deviation were calculated from the data obtained. According to INMETRO 

DOQ-CGCRE-008, the limit of detection can be calculated by Equation 1: 

 

                                                          LD = X + t (n-1, 1-α).s                                                  (1) 
 

Where “X” means sample blank value, “s” is sample standard deviation and “t” comes from 

Student Distribution. For validation purposes, it is normally sufficient to provide an 

indication of the level at which detection becomes problematic. For this purpose the “blank + 

3s” approach will usually suffice, considering the measurement of 7 or more blank samples. 
 

 

Table 1: Data obtained for Limit of Detection calculation 
 

Sample Blank Measurements (counts/s) Mean (counts/s) s (counts/s) 

1222.3 1041.9 1024.9 988.0 1036.9 
1062.5 74.14 

1172.9 1052.3 1034.2 1019.6 1031.6 

 

 

Considering the fitted curve as being represented by the equation: 

 

                                                                    Counts/s = a C + b                                                             (2) 

 

Which “a” corresponds to the slope and “b” to the linear coefficient. Combining equation 1 and 2, the 

resultant equation set by IUPAC for calculating limit of detection is: 

 

                                                                     LD = 3.s / slope                                                                 (3) 

 

The Limit of Detection for the developed method is 0.9 ng L
-1

. In accordance with 

INMETRO DOQ-CGCRE-008, limit of quantitation must be calculated by Equation 4: 

 

                                                               LQ = X + 10.s                                                           (4) 

 

Similarly to limit of detection calculation, the limit of quantitation can be calculated by the 

equation: 

 

                                                              LQ = 10.s / slope                                                        (5) 

 

The Limit of Quantitation for the developed method is 2.99 ng L
-1

. INMETRO DOQ-

CGCRE-008 guide recommends for trace level analysis the use of the lowest level of the 

calibration curve as the Quantitation Limit. Thus, the Limit of Quantitation for the developed 

method is 10 ng L
-1 

[16]. 

 

3.3. Accuracy: Trueness and Precision 
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Accuracy expresses the closeness of a result to a true value. It is normally studied as two 

components, trueness and precision, since it seeks to quantify the likely accuracy of results by 

assessing both systematic and random effects on results [13].  

 

Practical assessment of trueness relies on comparison of mean results from a method with 

known values, that is, trueness is assessed against a reference value. Traceable values can be 

provided by certified reference materials. NIST SRM 2670a – Toxic Elements in Urine 

(Freeze-Dried) was used in this paper as the certified reference material. There are two 

different levels of uranium concentration in the reference material: 0.102 µg L
-1

 and 4.997 µg 

L
-1

. 

 

Trueness can be calculated from the equation: 

 

                         Trueness (%) = (measured value/certified value) x 100                                 (6) 
 

Calculated trueness for the developed method for NIST SRM 2670a were 97.16% and 

101.96%, respectively for low and high level. Relative errors for the measurements were 

calculated as 2.84% and 1.96% for NIST SRM 2670a, respectively for low and high level 

(Table 2). 

 

 

Table 2: Trueness of the method evaluated by a certified reference material 

 

Certified Reference 

Material 

Measured Value 

(ng L
-1

) 

Certified Value 

(ng L
-1

) 

Trueness 

(%) 

Relative Error 

(%) 

NIST SRM2670a – 

Low Level 
99.1 102.0 97.16 2.84 

NIST SRM 2670a – 

High Level 
5094.8 4997.0 101.96 1.96 

 

 

Another way to evaluate trueness is analyzing fortified samples blanks which are blank 

samples with known analyte quantities (spikes) [15]. The samples can be fortified at least 

three levels in the linear work range.  

 

In this paper, to evaluate recovery, 5 levels of spikes were prepared from 10 µg L
-1

 in 0.5% 

nitric acid Uranium solution and the results obtained are described in Table 3. 

 

 

Table 3: Recovery studies for five different levels of spiked solutions 

 

Sample Result (ng L
-1

) Recovery (%) Standard Deviation (%) 

20 ng L
-1

 18.7 93.5 5.78 

50 ng L
-1

 46.4 92.8 2.82 

75 ng L
-1

 72.6 96.8 3.21 

100 ng L
-1

 93.9 93.9 2.20 

150 ng L
-1

 136.9 94.7 3.26 
 

 



INAC 2013, Recife, PE, Brazil. 

 

From the results obtained, it is possible to observe the high level of recovery achieved, above 

90% for all levels studied, and a low standard deviation for the measurements [16].  
 

Precision is normally determined for specific circumstances which in practice can be varied. 

The two most common precision measures are repeatability and reproducibility. They 

represent the two extreme measures of precision which can be obtained. Repeatability will 

give an idea of the sort of variability to be expected when a method is performed by a single 

analyst on one piece of equipment over a short timescale, the sort of variability to be 

expected between results when a sample is analyzed in duplicate [13]. It is usually measured 

by varying the analyst, the equipment used or a different time of analysis. If a sample is to be 

analyzed by a number of laboratories, for comparative purposes, a more meaningful precision 

measure to use is reproducibility. Precision is usually stated in terms of standard deviation or 

relative standard deviation.  

 

In this work, one blank fortified urine sample of 100 ng L
-1

 was analyzed by this laboratory 

and in Instituto de Radioproteção e Dosimetria – IRD (Institute for Radioprotection and 

Dosimetry). The results obtained are shown in Table 4. 

 

 

Table 4: Intercomparison Results between Bioassay Laboratory – INB and Mass 

Spectrometry Laboratory – IRD 

 

U (µg L
-1

) 

Bioassay Laboratory – INB Mass Spectrometry Laboratory - IRD 

Result Standard Deviation Result Standard Deviation 

0.096 0.005 0.096 0.008 

0.098 0.005 0.109 0.008 

0.099 0.006 0.107 0.008 

 

 

From the results obtained, the reproducibility of the developed method is confirmed, with a 

low standard deviation for the measurements. Mean value found were 97.6 µ L
-1

 and 104 µ L
-

1
 for Bioassay Laboratory and Mass Spectrometry Laboratory, respectively. Relative errors 

were calculated as 2.4% and 4.0% for Bioassay Laboratory and Mass Spectrometry 

Laboratory, respectively. 

 

 

4. CONCLUSIONS  

 

 

This paper presents a viable, robust, simple and fast method for uranium analysis in urine. 

The method developed is able to determine uranium in urine samples of nuclear plants 

employees, specifically, of workers from Indústrias Nucleares do Brasil – INB. The results 

obtained from excreta analysis can be used to calculate doses and provide data for internal 

monitoring assessment program. The evaluation of performance parameters confirmed the 

efficiency of the method and its accuracy and precision. Its merits include high recovery, 

minimal sample preparation and low limits of detection and quantitation. These features 

qualify the method to be applied not only for occupational assessment, but also for 

environmental exposures. 
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