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ABSTRACT

This study aims to develop reliable analytical methodology that is, cost-effective, and requires minimal sample
quantity to quantify uranium content in nuclear waste and others. The Energy Dispersive X-ray Fluorescence
Spectrometry (EDXRF) technique was used, and a rigorous comparison was made between the fundamental
parameters (FP) method and the empirical (EMP) method. Statistical evaluation of results demonstrated that the

FP method showed a satisfactory level of confidence for precision and limit of quantification.
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1. INTRODUCTION

Nuclear technology has been playing an important role in several science areas, such as
medicine, agriculture, materials and others. The advancements in this technology are represented by
the work of researchers, students and technicians at Universities, Research Institutes, and other
institutions worldwide. The uranium waste can be produced in experiments or processes using
uranium compounds. Despite specific standards and guidelines storage and identification [1,2], it
may be required to confirm uranium content in waste. Therefore, an analytical technique efficient
and efficacy for uranium content determination in waste is of great value.

The X-ray fluorescence spectrometry (XRF) is an instrumental analytical technique. It has been
applied in different areas of knowledge, such as nuclear, nanotechnology, environmental, health,
forensic and others [3-7]. XRF technique compared with atomic absorption spectrometry (AAS),
inductively coupled plasma optical emission spectrometry (ICP-OES) and others has been
highlighted for allowing direct and non-destructive, i.e., element identification and quantification
without previous sample chemical treatments [7].

Qualitative analysis is efficient because irradiated sample by X-rays generate photons with
characteristic energies of the elements present in the sample [8,9]. However, satisfactory
quantitative results are obtained using certified reference materials (CRMs), i.e. of chemical
composition similar to the unknown sample. The high cost or absence of CRMs have motivated
researchers and technique users to develop methodologies to decrease the use of specific CRMs.
Fundamental Parameters Method (FP) has been most applied and current [10]. This method, also
known as "Standardless Quantitative Analysis" allows the emission intensity of each element's
characteristic photons to be calculated using parameters such as primary spectral distribution
(polychromatic source), absorption coefficients (photoelectric and mass), fluorescence yield, and
others, providing a multivariate calibration curve [6].

Thus, this study aimed to develop a robust and reliable analytical methodology that is cost-
effective and requires minimal sample quantity to quantify uranium content in wastes by EDXRF.
The methodology is expected to assist in safeguarding and waste management area for quantifying

uranium content in unknown samples.
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2. MATERIALS AND METHODS

A set of six U3Os CRMs from National Nuclear Security Administration (NBL - C123-1, C123-
3, C123-4, C124-1, C124-3, C124-4) [11,12] and one CRM from Johnson Matthey Chemical
Limited (JMC — U308 — Spectrographically Standardized) was used for the fundamental parameters
(FP) method and the empirical (EMP) Method. The C123 -1,3 and 4 CRMs were used for
calibration curve and C124 -1,3 and 4 for evaluation, according to the guidelines on analytical
methodology validation.

The UzOg concentration was converted to Utotal according to equation 1:

Urora: (%) = (mn —Z__ﬂ("l”[%]) X 0,848 (1)

where,

Imp. = total mass of impurities according to the certificate [11,12];

0,848 g = gravimetric factor for converting U3Og to Urotal.

Circa 30-50 mg (one spatula tip) C123-1, C123-3, C123-4, C124-1, C124-3 and C124-4 CRMs
were placed within XRF X-Cell™ Sample Cups (Spex-31 mm), using polypropylene film (Spex
SamplePrep 3520 Polypropylene) as a support.

Data acquisition was performed using a Shimadzu Co. model 720 Energy Dispersive X-ray
Fluorescence (EDXRF) Spectrometer, configured with an X-ray tube and Rh anode (250W), Si (Li)
semiconductor detector, cooled with liquid N> and 3-millimeter collimator. The instrumental set up
were: voltage 50 keV, auto adjustable current of max. 1 mA and vacuum atmosphere between 30-10
Pa. For each CRM, 2048 points were measured, from 0.00 to 40.96 keV, with a 0.02 keV interval,
exposure time for 100s and detector "dead time" (DT) 39%.

Under established conditions acquisition of the count rate (cps pA™') for U-Lq using FP method
(ROI = 13.6-14.2 keV) were registered in EDX-720 software and obtained concentration for Ugoal.
The Ul concentration by EMP method was obtained using count rate (cps pA-1) and OriginPro8
Software. Applying Gauss Fit single peak (ROI = 13.6-14.2 keV), normal probability density,

according to equation 2:



where,
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yo=cps pA™ in the beginning of the curve;

A = area;

w = half height width;

Xc = average cps pA ™.

2)

The correlation between count rates (cps pA-1) versus Uroal concentration was calculated by

least squares method for FP and EMP methods. Precision was evaluated in terms percent relative

standard deviation (RSD%) using Horwitz equation as acceptability criterion. Accuracy in terms of

relative error (RE%) using Z-score test [13] as acceptability criterion. The limit of quantification

(LOQ) was calculated for 95% confidence level [13]. Comparison between FP and EMP methods

was performed using t-test, considering mean of two paired samples.

3. RESULTS AND DISCUSSION

The following parameters are shown in Table 1: concentration (%) and standard deviation for

nominal Urotal (+ 6) and determined by FP method (+ o); relative standard deviation (RSD%) and

calculated values for acceptability of precision (HorRat); relative error (RE%) and Z-score values,
calculated for acceptability of accuracy to following NBL CRMs - C123-1, C123-3, C123-4, C124-
1, C124-3, C124-4 and JMC CRM.

Table 1: Parameters determined for the FP Method.

UTotal (nominal)

UTotal FP

CRM (%) — — RSD% HorRat RE% Z-Score
(E=+0) (E+o0)
NBL-123-1 82.7+0.1 83.0£0.2 0.3 0.1 0.4 1.1
NBL-123-3 84.31 £0.05 822+0.2 0.3 0.1 2.5 8.4
NBL-123-4 84.58+ 0.05 86.4+£0.2 0.3 0.1 2.1 7.6
NBL-124-1 82.5+0.8 81.4+0.2 0.3 0.2 1.3 1.4
NBL-124-3 84.2 £0.1 81.7+0.2 0.3 0.1 3.0 9.2
NBL-124-4 84.5+0.1 79.7+0.3 0.3 0.2 5.8 17.5
JIMC 84.8 £0.1 85.5+0.2 0.3 0.1 0.8 2.7

X = average of measurements in triplicate; ¢ = standard deviation.
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Results showed that precision in terms of RSD% for FP method was satisfactory once it HorRat
test values are lesser than < 2 [13]. Regarding accuracy four CRMs were rejected (NBL 123-3,123-
4, 124-3 and 124-4), as values, it is > 3. JMC presented Z = 2.7 indicating a questionable result
[13].

The following parameters are shown in Table 2: concentration (%) and standard deviation for
nominal Urowl (£ 0) and determined by EMP method ( + o); relative standard deviation (RSD%)
and calculated values for acceptability of precision (HorRat); relative error (RE%) and Z-score
values, calculated for acceptability of accuracy to following NBL CRMs - C123-1, C123-3, C123-4,
C124-1, C124-3, C124-4 and JMC CRM.

Table 2: Parameters determined for the EMP Method.
UTotal (nominal) Urtotat EMP

CRM — _ RSD%  HorRat RE% Z-Score
(F+o0) (£+o0)
NBL-123-1 82.7+0.1 84 +£2 2.0 1.0 1.2 0.6
NBL-123-3 84.31+0.05 802 2.2 1.1 5.5 2.6
NBL-123-4 84.58+ 0.05 89 +2 1.8 0.9 53 2.9
NBL-124-1 82.5+0.8 75+£2 2.5 1.2 8.6 35
NBL-124-3 842 +0.1 77 +2 2.4 1.2 8.6 4.0
NBL-124-4 84.5+£0.1 672 3.1 1.6 21.0 8.5
IMC 84.8 £0.1 97+ 1 1.5 0.7 14.0 8.2

X =average of measurements in triplicate; ¢ = standard deviation.

Results showed that precision was also satisfactory for the EMP method once it HorRat test
values are lesser than <2 [13]. Regarding accuracy, four CRMs were rejected (NBL C124-1, C124-
3, C124-4 and JMC), as values, it is > 3. Results are questionable for C 123-3 and C123-4 (Z= 2.6
and 2.9, respectively).

Tables 1 and 2 agreement shows in terms of precision for FP and EMP methods. With regard to
accuracy showed disagreement according to the Z-score test. Thus, the methodology is precise, but
not accurate.

The comparison of FP and EMP methods result by t-test (mean of two paired samples) showed
the following values: tcaicutated = 0.58 and teriticat = 2.45. Thus, it was verified that FP and EMP results

are statistically similar.
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Regarding the Limit of Quantification (LOQ) it was observed that Method FP = 1.2% and EMP
= 1.6%. The comparison by t-test showed the following values: tcaicutated = 0.58 and teritical = 2.45.
Thus, it was verified that LOQs for FP and EMP methods are statistically similar.

This study allowed verifying that FP and EMP methods are statistically similar for uranium
determination. Although accuracy to have been unsatisfactory, fact that little sample using not
require chemical treatments in sample preparation and provides results fast, show applicability for

semi-quantitative analyses in uranium determination.

4. CONCLUSIONS

The necessity for chemical analysis of nuclear materials and waste pose challenges for
analytical experts. The proposed methodology proved to be an interesting alternative technique, in
the way it demands minimum handling and sample amounts, as it also eliminates the need of
previous chemical treatments for the identification and quantification of uranium content in
unknown samples. The results provided by the FP method showed applicability for semi-

quantitative analyses evidencing uranium content in wastes.

ACKNOWLEDGMENT

That article is a preliminary contribution for the COPDE/IPEN (CNEN/SP) Inter-Center Project
No. 6/2020.

REFERENCES

[1] TAEA — International Atomic Energy Agency. Safeguards Implementation Practices. Guide
on Establishing and Maintaining State Safeguards Infrastructure.
https://www.iaea.org/publications/10868/safeguards-implementation-practices-guide-on-
establishing-and-maintaining-state-safeguards-infrastructure. Last accessed: 08 Set. 2022.

[2] CNEN 8.01 - Norma CNEN NN 8.01. Geréncia de rejeitos radioativos de baixo e médio
niveis de radiacdo. http://appasp.cnen.gov.br/seguranca/normas/pdf/Nrm801.pdf. Last
accessed: 28 Aug. 2022.


about:blank
about:blank
about:blank

Scapin et al. ® Braz. J. Rad. Sci. @ 2023

[3] DEL SORDO FILHO, G.; TORRECILHA, J.K.; SCAPIN, M.A. et al. Characterization and
adsorption capacity of Brazilian kaolin. J Radioanal Nucl Chem, v. 329, p. 61-70, 2021.

[4] SILVA, P,; MADUAR, M.; SCAPIN, M.A; et al. Radiological assessment of pharmaceutical
clays. J Radioanalytical Nucl Chem. DOI: 10.1007/s10967-015-4404-y.

[5] MARTINS, A.P.G.; NEGRI, E.M.; SALDIVA, P.H.N.; et al. Green infrastructure to monitor
and minimize the impacts of air pollution. J Estudos Avancados (Online), 2021. DOLI:
10.1590/s0103-4014.2021.35102.003

[6] SCAPIN, M.A.; SILVA, C.P.; COTRIM, M.E.B.; et al. Application of multivariate calibration
for simultaneous determination of major and minor constituents in UsSiz by X-ray
fluorescence. J Radioanalytical Nucl Chem, v. 302 p. 1077-1085, 2014.

[7] SCAPIN, M.A.; SALVADOR, V.L.R.; COTRIM, M.E.B.; et al. Uncertainty measurement
evaluation of WDXRF and EDXRF techniques for the Si and Utotal determination in U3Si>
nuclear fuel. J Radioanal Nucl Chem, v. 287, p. 807-811, 2011.

[8] CRISS, J.W.; BIRK, L.S. Calculation Methods for Fluorescent X-Ray Spectrom. Anal Chem,
v. 40, p.1080-1086, 1968.

[9] BERTIN, E.P. In: Plenum Press Principles and practice of X-ray spectrometric analysis,
cap. 01, New York. 1970.

[10] GUILHEN, S.N.; COTRIM, M.E.B.; SAKATA, S.K.; et al. Application of the fundamental
parameter method to the assessment of major and trace elements in soil and sediments from
Osamu Utsumi uranium mine by WDXRF. Intern Engine J, v. 72, p. 609-617, 2019.

[11] NBL Program Office - U.S. Department of Energy (2020) Certified Reference Material
C123 (1-7) Uranium (U3Os) 18 Element Impurity Standard in Powder Form. Disponivel
em:<https://www.energy.gov/sites/default/files/2021/01/£82/C123%20%2817%29%20Uranium
%20%28U308%29%200x1de%20%20Powder%20Form%20%2818%20Element%20Impurity
%20Standa%29%20Dec%202020.pdf > Acessado 04/11/2022.

[12] NBL Program Office - U.S. Department of Energy (2008) Certified Reference Material
C124 Uranium (U30s) 24 Element Impurity Standard (Each unit consists of a set of 7
levels). Disponivel <https://science.osti.gov/-/media/nbl/pdf/price-
lists/certificates/ CRM_124 1-

7 Uranium_Normal Oxide U308 24 Element Impurity July 2008.pdf?la=en&hash=E5541F
31AE601B46D9D5BA29110716C8A9925096> Acessado 04/11/2022.


about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

Scapin et al. ® Braz. J. Rad. Sci. @ 2023

[13] Instituto Nacional de Metrologia, Normalizacdo e Qualidade Industrial — INMETRO (2020)
Orientacao sobre validacio de métodos analiticos (DOQ-CGRE-008)
http://www.inmetro.gov.br/Sidog/pesquisa_link.asp?seq_tipo documento=5&cod uo numerac

a0=00774&num_documento=008 Last accessed: 14 Jul. 2022.

This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the orig-
inal author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The
images or other third-party material in this article are included in the article’s Creative Commons license, unless indi-
cated otherwise in a credit line to the material.

To view a copy of this license, visit http://creativecommons.org/ licenses/by/4.0/.


about:blank
about:blank

	1.  INTRODuCTION
	2. materials and methods
	3. results and discussion
	4. CONCLUSIONS
	ACKNOWLEDGMENT
	REFERENCES

