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ABSTRACT 

 
The production of nuclear fuel used in the research reactor at Instituto de Pesquisas Energéticas e Nucleares 

(IPEN/CNEN-SP) requires a series of chemical and metallurgical processes. The quality of the end product 

depends on the control over all the stages of the manufacturing process and over the quality of raw materials 

employed. In fact, spectrometric methods are increasingly used as quantitative analytical techniques applicable 

to uranium compounds because of simultaneous determination of several elements with minimum amounts of 

sample. However, the main obstacle of uranium compounds analysis by spectrometric techniques such as optical 

emission spectrometry with inductively coupled plasma (ICP-OES) is the complex emission spectrum of 

uranium. The ICP-OES is not appropriately capable of determining the major elements of interest without initial 

chemical separation of uranium. In this sense, the use of X-ray fluorescence spectrometry (XRF) has been 

considered for quantitative determination of main elements with the advantage of not being destructive and not 

requiring a prior preparation of samples for analysis. Due to the simplicity of this technique, its applicability 

includes research and quality control in universities, research institutions, petrochemical industries, metallurgy, 

mining, etc. In this work, some components considered impurities in nuclear fuel element samples used in the 

IEA-R1 research reactor of IPEN/CNEN-SP were chemically characterized by ICP-OES analysis after 

chromatography extraction separation by using TBP/XAD-14 system and compared to results obtained by 

energy dispersive X-ray fluorescence spectrometry (EDXRF) and wavelength dispersive X-ray fluorescence 

(WDXRF). 
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1. INTRODUCTION 

 

 

Uranium is the key and material basis for the sustainable use of nuclear energy. The 

optimized use and behavior of nuclear fuel in the reactor core are main factors for the 

sustainability of nuclear energy. The optimal use requires the improvement and economy of 

the fuel cycle and the availability of the plant, which is now advanced by projects and 

operational strategies of fuel and the core ("Burn up" long, long time of residence of fuel, 

higher heat rates), in order to meet more appropriate safety margins. Regarding the reliability 

of fuel, the chemical characterization coupled with environmental protection is particularly 

important in the cycle of production of uranium, subject to a growing number of international 

conventions and protocols
1
. 

 

Several methods have been used for the analysis and determination of uranium in 

concentrates of uranium, environmental samples and geochemical samples, but only few of 

them may be used for chemical characterization of the fuel element. The compounds of 

uranium used in nuclear reactors has strict limits for impurities in their composition, such as 

B, Cd, Li, Ag and rare earth elements, which have high cross-section of absorption of thermal 

neutrons
2
. Thus, in both view of metallurgy and neutrons economy, it is necessary to know 

the levels of these impurities and verify the existing specifications
3
. Many techniques have 

been employed for determination of impurities in uranium compounds; spectrochemical 

methods are the most used due to several factors such as simultaneously estimation of 

elements in a short time by using small amounts of sample. However, analyses of uranium 

compounds by means of emission have problems caused by the complexity of emission 

spectrum of uranium. The emission spectrography may uses fractional distillation technique 

to solve this problem, but this methodology can be restrictively applied to volatile 

impurities
4
. In fact, the emission spectrometry based on induced plasma (ICP-OES) is not 

able to determine most of the elements of interest, without previously carrying out a chemical 

separation of uranium.  

 

Although some authors condemn ICP-OES for some sorts of analysis due to restrictions 

caused by interferences from spectral lines of uranium, the separation of the uranium from 

fuel elements by various techniques has been widely addressed by many studies, provided by 

ion exchange chromatography, distillation, electrolysis, precipitation with hydrogen peroxide 

and by high performance liquid chromatography (HPLC) by separating the impurities with 

ion exchange columns 
2,4,5,6,7,8,9

.  

 

Separation techniques based on extraction chromatography with reagents such as tributyl 

phosphate (TBP), tri-n oxide-octylphosphine (TOP), tris (2-ethylhexyl) phosphate (TEHP), 

tri-n-octylamina, triisooctylamina, N-dihexilacetamida have been extensively used by 

combining the selectivity of solvent extraction with a considerably greater number of 

practical methods achieved by chromatographic techniques, in addition to less manipulation 

of the sample compared to the liquid-liquid extraction technique
10,11

. Silva et al
12

 determined 

Al, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb, Si and Zn in U3O8 samples by using extraction 

chromatography with TBP followed determination of impurities by ICP-OES. Extractions 

with pulp collectors and TEHP fluorpolymers were also tested
13,14

.  

 

Moreover, many researchers have studied the determination of rare earths in uranium 

compounds by using ICP-OES after chemical separation of uranium
15

. Salvador
16

 discussed 
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the possibility of the regular use of X-ray fluorescence technique (XRF) for the determination 

of trace-elements in nuclear fuel. Misra et al
17

 showed results comparable to those obtained 

by ICP-OES on concentration levels higher than 40ng.L
-1

 with the advantage of using a non-

destructive technique. Thus, based on the practice already demonstrated from previous 

studies
2,18

, in this study it will be tested a method source for the rapid and direct 

determination of impurities in the fuel element. It will be compared U3O8 analysis by XRF to 

those by ICP-OES, after solubilization of the matrix with concentrated nitric acid and 

separation of uranium by extraction chromatography using the Amberlite XAD-14 resin and 

tri-phosphate-n-butyl (TBP). The Laboratory of Chemical and Environmental Analysis 

(LAQA) from Instituto de Pesquisas Energéticas e Nucleares (IPEN/CNEN-SP) developed 

and carried out all tests of the chemical on the content of uranium, silicon, aluminum and rare 

earth metals and other impurities of the 26 fuel elements produced in the IPEN reactor since 

1988 and whose production ended in 1996 with the end of U3O8 enriched. Currently, efforts 

in developing the type dispersion fuel are directed to increase the density of uranium, as the 

initial estimate of production and improve the fuel-based U3Si2 with 4.8gU/cm
3
. Even though 

literature reports so far the difficult to determine metallic impurities in uranium matrices 

without the prior separation of analytes from uranium, this work shows some preliminary 

analysis in order to initiate research efforts to apply direct and non-destructive XRF 

techniques for the characterization of such materials. 

 

2. EXPERIMENTAL 

 

Different instrumental techniques were used for the determination of trace metallic impurities 

in uranium. The measurements of analytes were performed by ICP-OES, wavelength 

dispersive X-ray fluorescence (WDXRF) and energy dispersive X-ray fluorescence 

(EDXRF). The raw materials used in this experiment were enriched uranium, specifically 

U3O8 from the production unit of the fuel element (Centro de Combustível Nuclear – CCN) 

of IPEN/CNEN-SP. The sample was analyzed after previously calcined, ground and 

homogenized according to the procedure of control of the production unit of CCN-

IPEN/CNEN-SP to reach the ideal size and homogeneity. 

 

2.1. Optical Emission Spectrometry with Inductively Coupled Plasma (ICP-OES)  

 

The ICP-OES measurements were performed on a Spectro Flame M120, Spectro Analytical 

Instruments. All reagents used were of analytical grade (Merck or similar) and standards were 

prepared by dilution of 1,000 mg.L
-1 

certified solutions (Merck). Multielementar solutions 

containing Lithium (Li), Boron (B), Magnesium (Mg), aluminum (Al), Silicon (Si), Calcium 

(Ca), Vanadium (V), Chromium (Cr), Manganese (Mn), Iron (Fe), Cobalt (Co), Nickel (Ni), 

Copper (Cu), Zinc (Zn), Molybdenum (Mo), Cadmium (Cd), Barium (Ba), Lead (Pb ) and 

Tin (Sn) were prepared in 5% HNO3 (v/v). The water used during the project was purity of 

18.2MΩ cm (Barnstead system). The volumetric glass used, as well as the bottles of digestion 

in the microwave oven, was cleaned with Milli-Q water.  
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Table 1 - Key operating parameters of ICP-OES.  

 

Plasma Power (kW) 1,200  

Plasma gas flow (L min
−1

) 15.0 
 

Auxiliary gas flow (L min
−1

) 0.75  

Nebuliser gas flow (L min
−1

) 0.75  

 

 

 

2.1.1. Methods of digestion   

 

The conventional digestion method by using HNO3 is commonly applied to determine 

extractable elements in geological samples. In this study, a modified version of USEPA 

Method 3051 was used for digestion of U3O8. The method consisted of submitting 5.0g of 

sample to acid digestion with 18 mL of concentrated HNO3 for 30 minutes. The solution 

obtained was filtered through Whatman filter paper Nº 542, to remove any solid waste. The 

filtered material was collected in 50mL volumetric flask, taking care not to exceed this 

volume, providing up to final concentration 5-5.5M in HNO3. The uranium was separated by 

extraction chromatography system and subsequent analyses were by ICP-OES.    

 

2.1.2. Separation of uranium by column chromatography   

 

The preparation and conditioning of the column were performed as internal procedure CQMA 

DB-LAQA-0903, 001-01. In this process, the resulting solution was moved to the 50mL 

volumetric flask and percolated through a TBP/XAD-14 chromatography extraction system. 

After percolation of the first 25mL of the sample column with a flow rate of 1 drop per 

second, this volume was despised and gathered up the remaining volume in 100mL 

volumetric flask, washing the column with nitric acid 5M to complete the volume. The 

uranium was retained and the chemical species corresponding to the impurities present were 

collected in volumetric flask of 100mL for measurement on ICP-OES. A blank test was 

carried out by using the same procedure for each sample. The result was expressed in μg.g
-1

.  

 

 

2.2. Sample preparation for X-ray fluorescence analysis  

 

Pressed powdered samples with approximately 100 μm grain size were analyzed by WDXRF 

and EDXRF. Both instrumental techniques used analytical curve. Circa of 2 to 3g of boric 

acid (H3BO3) were accommodated in a special steel cylindrical mold (Hydraulic press – B. 

Herzog, model HTP40) and pressed at 20 MPa for 1 minute, obtaining one base; after were 

added amounts between 1.0-1.5g of powdered sample on this base and pressed at 100 MPa 

for 10 1 minute; thus a 20± 1 mm diameter and 10 ± 1 mm in thickness pellet was obtained. 
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2.2.1. EDXRF analysis 

 

A Shimadzu Co. X-ray fluorescence spectrometer, model EDX-720, with the established 

instrumental conditions, such as voltage (kV), current (µA), collimator, filters, fixed counting 

time for Rh anode tube was used. Analytical curves for Al, Ca, Fe, Ni, Si, Na, Zn, Zr, Cr, Mg 

and Mo were obtained by experimental intensity versus elemental concentration. Curves 

fitness was carried out by linear regression method for seven certified reference materials of 

natural uranium oxide (U3O8 in powder form - CRM 123). 

 

 

2.2.2. WDXRF analysis 

 

A Rigaku Co. X-ray fluorescence spectrometer, model RIX 3000, with the established 

instrumental conditions, such as voltage (kV), current (mA), collimators, filters, attenuator, 

analyze crystal, detector, 20 positions and fixed counting time for Rh anode tube was used. 

The analytical curves for the elements cited above were adjusted by two methods: one by 

linear regression (LR) and other by fundamental parameters with Rutherford backscattering 

(FP-RB) methods for the same certified reference materials
19,20,21

. Both themselves used 

experimental intensity versus elemental concentration. 

 

 

3. RESULTS  

 

The determination of impurities in nuclear grade uranium compounds such U3O8 is 

summarized at Table 2, showing the comparison among results obtained from ICP-OES, 

EDXRF and WDXRF techniques with specified values. The precision is given by %RSD as 

derived from 9 determinations. As it can be seen, there are no significant values obtained 

from EDXRF and WDXRF techniques. The determination limits achieved by ICP-OES 

method meet the required specification limits for all the elements. It is clear that prior 

separation of uranium helps in achieving lower detection limits. The results for analysis in 

EDXRF showed variations in repeatability because not only due to the matrix of uranium, but 

also because one of the main problems of this technique is the fact that beam does not cover 

the whole sample, resulting in different measurements. In addiction, it was noticed a low 

variation in intensity observed in the analytical curves obtained. WDXRF analysis showed 

better repeatability according to RSD, but the method needs an optimization of measurements 

conditions, when compared to ICP-OES measurements. Other elements than Fe, Ni, Si and 

Zn were not considered because it was not possible to achieve the minimum analytical 

accuracy for them. 
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Table 2. Determination of impurities present in the U3O8  sample. 

 

Elements 

 

ICP-OES 

 

EDXRF WDXRF-RL 

λ (nm) (μg.g
-1

) 
LD

1
 

(μg.g
-1

) 
(μg.g

-1
) 

RSD 

(%) 
(μg.g

-1
) 

RSD 

(%) 

Al 394.401 3.52 ± 0.89 0.5 * * 116 6.29 

B 249.773 <0.40 0.4 * * - - 

Ba 455.403 0.27 ± 0.02 0.2 * * - - 

Ca 317.933 24.9 ± 0.1 2.0 * * 71.3 18.0 

Cd 228.802 < 0.10 1.0 * * 38.7 60.5 

Co 228.616 < 0.40 0.4 * * - - 

Cr 267.716 1.29 ± 0.20 1.0 * * 739 0.766 

Cu 324.754 1.73 ± 0.48 0.5 * * 30.1 48.8 

Fe 259,940 11.2 ± 1.1 1.0 2,315 2.0 5,130 0.371 

Li 670.784 < 0.1 0.1 * * - - 

Mg 280.270 10.1 ± 1.1 0.5 * * 51.5 16.0 

Mn 257.610 0.24 ± 0.03 0.1 * * 57.2 11.8 

Mo 202.030 < 3.0 3.0 * * 49.9 97.2 

Ni 231.604 0.82 ± 0.04 0.5 325 11.1 437 5.24 

Pb 182.200 < 6.0 6.0 * * 20.3 7.65 

Si 185.067 15.5 ± 0.06 3.0 116 30.5 109 9.64 

Sn 283.999 < 5.0 5.0 * * 12.3 4.14 

V 294.464 0.64 ± 0.14 0.1 * * 58.1 62.8 

Zn 213.856 1.09 ± 0.28 1.0 31.2 69.1 -10.6 -63.6 
         1

Limit of Determination of impurities evaluated (DB-LAQA-0903. 001-01). 

      *Not considered 

 

 

 

Table 3 lists results obtained from WDXRF considering FP-RB and LR methods applied to 

U3O8 certified standard. WDXRF technique provided more acceptable results than those by 

EDXRF, especially for Ni, Si and Zn. Line interferences and inaccurate matrix correction are 

reasons for deviations from reference values. Otherwise, the comparison showed that even 

though the results obtained with the WD-XRF spectrometer do not meet the quality 

requirements of laboratory analysis, they are good enough for further investigations.  
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Table 3 – Results from WD for U3O8 standard. 

 

Elements 
CRM 123 

(μg.g
-1

) 

WDXRF  
EDXRF 

RBS PF 

(μg.g
-1

) RSD% (μg.g
-1

) RSD% (μg.g
-1

) RSD% 

Al 49.1±3.5 358 45.6 167 22.1 - - 

Ca 52.2±4.4 21.9 128 28.0 60.2 - - 

Fe 58.5±2.2 416 303 74.9 18.0 206 47.7 

Ni 52.1±0.6 75.6 150 49.0 23.4 25.0 157 

Si 56.5±3.6 98.6 7.97 50.2 13.4 82.0 58.0 

Na 79.5±2.0 54.3 118 146 18.3 - - 

Zn 52.7±5.4 44.3 62.5 31.7 98.0 44.0 38.5 

Zr 60±15 250 40.5 94.0 11.1 49.9 94.6 

Cr 23.1±0.7 105 188 43.5 32.7 - - 

Mg 20.3±0.4 -1.74 -2540 35.6 91.5 - - 

Mo 20.6±0.4 149 104 0 0 - - 

Cu 10.8±2.5 18.2 159 24.7 116 3.30 445 

Pb 9.5±0.9 20.2 148 18.7 71.3 - - 

Mn 11.8±1.1 18.0 119 31.2 74.1 - - 

Sn 9.5±0.7 61.2 63.8 36.8 70.0 - - 

V 9.4±1.3 75.8 47.4 21.6 66.2 - - 

Cd 1.10±0.04 42.7 57.4 33.6 51.6 - - 

 

 

 

4. CONCLUSIONS  

 

Preliminary data shown in this work indicate that the proposal to compare the two methods 

tested (EDXRF and WDXRF) to ICP-OES technique for determination of impurities on 

U3O8 samples depends on the better optimization of methods, improving counting statistics 

and matrix correction. The severe signal suppression of uranium on analytes by EDXRF 

analysis may be overcome by improving procedures for pellets making and reducing 

scattered background in spectra of bulk samples. It can result in better results as proposed by 

the project in progress. 
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