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RESUMO 

ESTRATÉGIAS DE CALIBRAÇÃO PARA DETERMINAÇÃO ELEMENTAR 

EMPREGANDO ANÁLISE DIRETA DE SÓLIDOS POR X-RAY 

SPECTROSCOPY E LASER-INDUCED BREAKDOWN SPECTROSCOPY. A 

análise direta de amostras sólidas empregando as técnicas como wavelength 

dispersive X-ray fluorescence (WD XRF), X-ray absorption near-edge structure 

(XANES) spectroscopy e laser-induced breakdown spectroscopy (LIBS), 

apresentam muitas vantagens para o desenvolvimento de novos métodos 

analíticos. Contudo, como a amostra é analisada integralmente (analito e matriz 

presente na porção analisada) por estas técnicas, fortes efeitos de matriz e 

preparo inadequado dos padrões de calibração sólidos, podem ocorrer e 

comprometer a determinação com exatidão e precisão necessárias. Várias 

estratégias de calibrações univariada e multivariada, e diferentes preparos de 

padrões de calibração sólidos, foram avaliadas para a determinação direta de i) 

Ca, P e S em suplementos minerais para bovinos por WD XRF, incluindo a 

análise de especiação de S (espécies enxofre elementar e sulfato); ii) de 

espécies de P (fosfato and fosfito) em fertilizantes e suplementos minerais para 

bovinos por espectroscopia XANES, e iii) de Ca e P em suplementos minerais, 

e de Al e Pb em resíduos eletroeletrônico, utilizando a LIBS. As estratégias 

avaliadas foram calibração com compatibilização de matriz, padronização 

interna, calibration-free, single-sample calibration, one-point and multi-line 

calibration, two-point calibration transfer, partial least squares regression e 

linear combination fitting.  Duas novas estratégias de calibrações univariadas 

foram propostas para a análise direta de sólidos por LIBS: i) multi-energy 

calibration e one-point gravimetric standard addition. Estratégias estas que 

possibilitam uma eficiente compatibilização de matriz e minimizam os efeitos de 

matriz. Considerando as vantagens e limitações das estratégias de calibração 

avaliadas, das características intrínsecas das amostras analisadas e dos 

analitos determinados, associadas a ferramentas quimiométricas apropriadas; 

novos métodos de determinação e de análise de especiação química são 

propostos nesta tese, com excelentes parâmetros de desempenho analítico. 

 

 

 



xii 
 

ABSTRACT 

CALIBRATION STRATEGIES FOR ELEMENTAL DETERMINATION USING 

DIRECT SOLID ANALYSIS BY X-RAY SPECTROSCOPY AND LASER-

INDUCED BREAKDOWN SPECTROSCOPY. Direct analysis of solid samples 

using techniques such as wavelength dispersive X-ray fluorescence (WD XRF), 

X-ray absorption near-edge structure (XANES) spectroscopy and laser-induced 

breakdown spectroscopy (LIBS); have many advantages for the development of 

new analytical methods. However, as the sample is analyzed in its entirety 

(analyte and matrix present in the analyzed portion) by these techniques, strong 

matrix effects and inadequate preparation of the solid calibration standards can 

occur and compromise the determination with the necessary accuracy and 

precision. Several univariate and multivariate calibration strategies and different 

preparations of solid calibration standards were evaluated for the direct 

determination of i) Ca, P and S in mineral supplements for cattle by WD XRF, 

including the speciation analysis of S (elemental sulfur and sulfate species); ii) 

species of P (phosphate and phosphite) in fertilizers and mineral supplements 

for cattle XANES spectroscopy, and iii) of Ca and P in mineral supplements, 

and Al and Pb in electronics waste using LIBS. The evaluated strategies were 

matrix-matching calibration, internal standardization, calibration-free, single-

sample calibration, one-point and multi-line calibration, two-point calibration 

transfer, partial least squares regression and linear combination fitting. Two new 

univariate calibration strategies have been proposed for the direct analysis of 

solids by LIBS: i) multi-energy calibration and one-point gravimetric standard 

addition. These strategies enable efficient matrix-matching and minimize matrix 

effects. Considering the advantages and limitations of the evaluated calibration 

strategies, the intrinsic characteristics of the analyzed samples and the 

determined analytes, associated with appropriate chemometric tools; new 

methods of determination and analysis of chemical speciation were proposed in 

this thesis, with excellent parameters of analytical performance. 
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1. Introduction 

Direct analysis of solid samples has many advantages and some 

limitations when used for elements determination by atomic spectroscopy. In 

order to obtain good figures of merit, calibration strategies for elements 

determination must efficiently overcome or minimize matrix effects from the 

solid sample integrally analyzed. In this section, the intrinsic characteristics of 

the direct solid analysis will be discussed, as well as univariate and multivariate 

calibration strategies, both employed for the techniques of direct analysis by 

wavelength dispersive X-ray fluorescence (WD XRF) and laser-induced 

breakdown spectroscopy (LIBS). 

1.1. Direct solid analysis 

The possibility of obtaining qualitative and quantitative information 

on the analyte by directly analyzing a solid sample, with none or minimal 

treatment, is attractive to analysts and employed using different analytical 

techniques such as WD XRF, LIBS, among others.1  

Direct solid analysis is a term used in Analytical Chemistry, when 

the solid sample is integrally analyzed, that is, in the portion of the sample used 

for analysis, the analyte and matrix are present. The solid analysis procedure 

can be obtained from a pressed pellet, fused discs (fusion), suspension, loose 

powder, or directly from the sample.1,2 Several advantages of this procedure 

make it attractive to be used in the development of analytical methods, when 

compared to traditional wet sample preparation methods (acid decomposition, 

for example), highlighting: 

i- simplification of sample pre-treatment, reducing the time spent on this 

stage of the analytical sequence, and thus increasing the analytical 

frequency; 

ii- nondestructive   semi-destructive analysis; 

iii- greater detectability of analytes by analytical techniques, because the 

sample is not diluted; 

iv- minimizing the risk of contamination and loss of analytes by 

volatilization or adsorption on the walls of the flasks, because flasks 

and reagents are not used for sample decomposition; 
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v- less danger to the analyst as it does not require toxic or corrosive 

reagents, such as oxidant acids that are normally used; 

vi- less waste generation, according to the principles of “green 

chemistry”; and 

vii- possibility of analyzing a small amount of the sample (e.g. µg, using 

LIBS), making it possible to evaluate the sample's micro-

homogeneity.1-3  

However, some factors are critical in the development of the 

analytical method and should be considered when using direct solid analysis, 

highlighting the homogeneity and the sample mass. Sample homogeneity is 

directly associated with particle size and distribution of the analyte in the 

sample. Thus, the smaller the particle size distribution interval (preferable ˂10 

µm) and its diameter the better the sample homogeneity and distribution of 

contained analytes.3 

 Homogeneity can be obtained using an adequate milling 

procedure considering the intrinsic characteristics of the sample and the mills. 

Thus, the particle size makes it possible to obtain homogeneity in the 

distribution of the analyte in the sample, which directly reflects on the precision 

of the measurements.3 

An example of how the sample's homogeneity reflects in the 

distribution of the analyte is shown in Figure 1.1. Using a mineral supplement 

for cattle, two pellets were prepared, one without homogenization and other with 

the sample homogenized in mortar and pistil. Using 100 LIBS spectra collected 

(matrix 10x10), a spectral image was obtained.4 From the emission intensity of 

each spectrum, for P I 213.63 nm line, an spectral image was obtained, being 

possible to visualize the spatial distribution of P macronutrient in the solid 

sample. 
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FIGURE 1.1 Spectral image for P I 213.63 nm using LIBS spectra obtained for a 

non-homogenized (a) mineral supplement for cattle pellet and other 

homogenized (b) in mortar and pistil (500 mg of sample, 2.7 J cm-2 laser fluence 

and 1 µs delay time). 

When the sample has been homogenized (Fig. 1.1b), phosphorus 

is homogeneously distributed on the sample surface, indicating that there is no 

significant influence of the particle size on the spatial distribution of this 

element. However, when the sample was not properly homogenized (Fig. 1.1a), 

many clusters, depicted by colors yellow and blue, of element are observed in 

certain regions of the sample. In addition, the relative standard deviation (RSD) 

values of the emission intensities of the spectra obtained in the homogenized 

sample showed an adequate RSD value (16%), when compared to the non-

homogenized sample (RSD = 25%), which will reflect directly in the accuracy 

and precision of LIBS determinations.  

Other factor that is highlighted is the sample mass analyzed, as 

the portion taken for analysis must be representative of the whole to ensure the 

precision and accuracy of the analytical results.2,3 In LIBS, masses around 500 

mg are used to obtain cohesive pellets, however only µg of sample per laser 

pulse is analyzed. Thus, a considerable number of laser pulses (usually above 

50 pulses) are performed in different regions of the sample, to obtain a 

representative analysis. 

Another example of how the mass of the analyzed sample is 

important in direct solid analysis is when WD XRF technique is used. For the 

quantitative analysis by WD XRF, the amount of sample to be pelleted (when 

necessary) must be standardized so that samples and calibration standards are 

a) b)

E
m

is
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n
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subjected to the same pressure, and thus obtain cohesive pellets with similar 

densities, so that the emission of X-rays is not affected.2 In addition, the mass 

attenuation coefficient (µ) that is related to the depth of penetration of 

electromagnetic radiation in a material, and depends on the mass and density 

of the sample; it must be similar for sample and standards, in order to obtain 

satisfactory accuracy and precision.5 

Matrix effects must also be considered and may limit the use of 

direct solid analysis in the development of some analytical methods. The 

sample matrix can influence the interaction of electromagnetic radiation with the 

analyte of different magnitudes and forms, and thus influence the obtaining of 

the analytical signal.1 The main matrix effects in the direct solid analysis are 

associated with spectral and non-spectral interferences. The non-spectral 

matrix effects are related to the physical and chemical properties of the sample, 

such as humidity, presence of easily ionizable elements, irregular surface, 

particle size, and elements that attenuate or intensify the analytical signal.2,5-9 

However, a way to overcome the matrix effects, and to make adequate 

determinations feasible, is to use appropriate calibration strategies. 

 

1.2. Calibration strategies employed in direct solid analysis 

Method calibration for quantitative analysis is an important step in 

the analytical method, and should be performed after considering the intrinsic 

properties of the analytical technique employed, the analyte and the sample. 

Difficulties in choosing the best calibration strategy to be used are found mainly 

when using direct solid analysis. When the sample matrix is integrally present in 

the analyzed portion, matrix effects can strongly influence the monitored 

analytical signals. Thus, the matrix effects will consequently influence the 

accuracy and precision of the analyte determination. However, the use of solid 

calibration standards and appropriate calibration strategies can minimize or to 

overcome matrix effects and allow good parameters for analytical 

performance.1,10 

Various calibration strategies i) traditional, ii) non-traditional and iii) 

multivariate are widely used, and others have recently been proposed.1,10-12 The 

choice of the calibration strategy for the method and the preparation of the solid 
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calibration standards to be used, strongly depend on the behavior of the analyte 

and the matrix when interacting with electromagnetic radiation. In the following 

paragraphs I will describe the main univariate and multivariate calibration 

strategies used in direct analysis of solids in both LIBS and WD XRF 

techniques. 

Matrix-matching calibration (MMC) is probably the most used 

strategy when direct solid analysis is performed. Solid calibration standards are 

usually prepared using a sample set with analyte concentrations determined by 

a reference method, a set of certified reference materials (CRMs), or sample 

dilution (with known analyte concentration) in sample concomitants. This 

strategy permits to minimize the matrix effects, since the physic-chemical 

properties of the calibration standards and samples are similar.10,13-16 Some 

limitations of MMC are related to the i) difficulty of obtaining a set of samples or 

CRMs with reference concentrations, due to the costs and availability of CRMs 

and some analytical techniques; and ii) most commercial CRMs do not ensure 

homogeneity for sample masses below 100 mg (a problem for LIBS which uses 

sample masses generally ˂10 mg). In addition, some solid samples are difficult 

to prepare and analyze by other techniques to obtain reference values.10,11,14 

The standard addition (SA) calibration is a strategy that corrects 

strong matrix effects, since the preparation of the calibration standards used to 

obtain the analytical curve, are made for each sample by the known addition of 

a standard containing the analyte. As the sample matrix will be present in all 

calibration standards, the matrix effects will be circumvented and thus allow 

determinations with appropriate accuracy.11,17,18 The requirement of 

considerable amount of sample for the preparation of the standards, an 

effective procedure of homogenization of the sample and solid standard 

containing the analyte and low analytical frequency, are examples of limitations 

of the use of SA.14  

Internal standardization (IS) calibration minimizes matrix effects 

and correct instrumental fluctuations during the acquisition of the analytical 

signal. The ratio of the analyte signal to the internal standard signal is used to 

obtain a calibration curve. It is advisable that the analyte and the element used 

as an internal standard should have similar physic-chemical properties, and that 

the concentration of the internal standard is constant in the prepared solid 
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standards and samples. In this case the magnitude of the matrix effects and 

instrumental fluctuations are efficiently corrected   normalized. Difficulties in the 

selection and addition of internal standard in the sample prevents the use of IS 

in some applications for direct solid analysis.11,13,19-22  

 Surely MMC, SA and IS are the traditional univariate calibration 

strategies most applied for chemical elements determination using direct 

analysis of solid samples in LIBS and WD XRF. However, multivariate 

calibration strategies are also applied to both techniques, such as partial least 

squares (PLS),23-26 principal component regression (PCR)23,26 and data 

fusion.27,28 

In multivariate calibration, chemometric tools try to find the 

relationship between samples (scores) and variables (loadings)29 and thus 

propose a calibration model with good predictive ability of the analyte 

concentration, for example. Thus, several variables are measured for a set of 

samples (for example, spectral intervals of atomic emission or X-ray 

fluorescence), and from the vector measured for each sample (first order 

calibration) are used to propose a model capable of determining all types of 

variation in these data. 

The main advantages of multivariate calibration are related to i) 

exploratory aspects, where several parameters obtained can be used to 

improve, understand and investigate the model generated (for example, based 

on the score values, it is possible to identify an outlier, which may be related to 

the different chemical composition of a particular sample in the sample set), ii) 

noise reduction using multiple responses, improving model robustness and 

precision and iii) inclusion of variables related to interferences in the model, 

which provides greater robustness to the model, since it is possible to obtain 

good predictive capacity when in the calibration model the interferents are 

considered, which can be generated by the sample matrix.29-31 

PLS regression is a multivariate technique that permits to obtain a 

calibration model in the presence of interferents, but not to correct it. Using 

nonlinear interactive partial least square (NIPALS) as algorithm for data 

processing, the PLS regression uses a selected number of latent variables to 

decompose not only the X matrix (independent variables) with n samples and m 

variables (        , where T is the score matrix, P is the loading matrix and 
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E is the matrix of residuals) but also the vector y (dependent variables) with n 

rows (reference concentration) (       , where U is scores, Q is loadings 

and F is residuals for y). Therefore, the PLS calculates the correlation between 

X and y maximizing the covariance between the scores. After this 

decomposition, the scores and loadings are used to calculate the regression 

coefficients b for the prediction of a vector ŷ,     , where b is a vector of 

regression coefficients, and ŷ corresponds to predicted concentrations of the 

element of interest.31-33 This strategy was successfully used for methods using 

the LIBS and WD XRF techniques, as in the direct determination and analysis 

of speciation of Cr in soil, plastic and paint by WD XRF;23 and rare earth 

elements in hard disk magnets by LIBS,25 among others.  

PCR regression is another multivariate calibration tool used in the 

analysis of solid samples.23,26 PCR is a regression based on the same 

decomposition as the PCA. First, the algorithm decomposes a matrix       

 , with n samples and m pixels or variables.  In the case of LIBS, the variables 

are the emission lines signals recorded and for WD XRF, the transition energies 

(Kα, Kβ, Lβ, …). Through a selection of principal components, important 

information is retained in the score matrix T. After this decomposition, the 

scores and loadings are used to calculate the regression coefficients b for the 

prediction of a vector ŷ with n rows, and predicted concentration of analyte.31-33 

An advanced approach for multivariate calibration is data fusion. 

This strategy combines multiple data sources obtained from different analytical 

techniques, for samples and standards, in a new single model with fused data. 

In addition, data fusion makes it possible to obtain more information on data 

and analytical parameters.27,28 An interesting method was proposed by 

GAMELA et al. (2020), using the data fusion  by LIBS and WD XRF, and the 

multivariate model generated by multiple linear regression (MLR), as a 

calibration strategy for the direct determination of K, Mg and P in bean seed 

samples. Good analytical performance parameters were obtained with the data 

fusion obtained by direct analysis of the samples, when compared with the 

matrix-matching calibration univariate strategy.27 

In the study by DE OLIVEIRA et al. (2019),28 the data fusion from 

the spectra obtained by LIBS and near-infrared spectroscopy (NIR), using the 

PLS multivariate model was successfully applied in the direct analysis of 
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vegetable samples for determination of micro- and macronutrients. The 

elementary information obtained by the LIBS spectra merged with the spectral 

information regarding the molecular composition of the samples by NIR, made it 

possible to obtain a model with exact predictions of the concentration of the 

analytes.28 

There are many calibration strategies proposed for direct solid 

analysis, and all of them have advantages and limitations in their 

implementation. However, the choice of the best strategy is directly related with 

the ability of the calibration to overcome and   or minimize the matrix effects for 

each analyte. Although LIBS and WD XRF techniques allow for multi 

elementary determinations, not necessarily a given calibration strategy will allow 

good analytical performance parameters for all analytes. This can occur 

because the magnitude and complexity of the matrix effects (spectral or non-

spectral) can act differently for each analyte. Thus, it is necessary to evaluate 

the preparation of the solid calibration standards, the available strategies and 

develop new calibration strategies that permits to overcome these effects, and 

thus directly analyze the solid sample and determine all analytes with 

satisfactory precision and accuracy. 

 Others calibration strategies that are specific and recently 

proposed for the WD XRF and LIBS techniques will be discussed in detail in the 

Chapters 2 and 3, respectively. 
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Chapter 2 – X-ray spectroscopy 
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2. X-ray spectroscopy 

X-ray spectroscopy is the study of the interaction of 

electromagnetic radiation called X-ray with the matter. X-rays can be defined as 

electromagnetic radiation of wavelengths (λ) in the range of approximately 10-6 

to 10 nm, produced by deceleration of high-energy electrons and   or by electron 

transitions in the inner orbitals of atoms.6 

The interaction of X-rays with matter can be described in different 

ways, highlighting scattering (coherent or incoherent), transmission, diffraction 

and absorption.6 When absorbed, they can produce other X-rays due to the 

photoelectric effect, as illustrated in Figure 2.1 for a sulphur atom. This 

phenomenon is very important for X-ray fluorescence spectrometry, which is 

based on the measurement of the characteristic X-ray fluorescence by atoms 

present in the sample. 

FIGURE 2.1 Representation of the X-ray fluorescence phenomenon for a 

sulphur atom. 

Primary X-ray photons, from an X-ray tube or synchrotron 

radiation, for example; when absorbed by an electron in the innermost layer of 

the atom, provoke electron ejection, forming a vacancy. Subsequently, an 

electron from a higher energy level fills this vacancy and emits a characteristic 

fluorescent X-ray photon (line) resulting from this electronic transition. Electron 

transitions are virtually instantaneous, taking place within 10-12 to 10-14 s of the 

creation of an electron vacancy.6 The energy (referring to the given λ) and the 

intensity of this emitted photon are used in X-ray fluorescence spectrometry for 

the qualitative and quantitative analysis. 
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When an X-ray photon interacts with sample containing sulphur, 

for example, X-ray fluorescence can occur (Fig. 2.1). And if the L layer electron 

fills the electronic vacancy in the K layer, we will have an electronic transition 

called SKα and an X-ray fluorescence line at λ = 0.537 nm. 

Several techniques can be used to obtain X-ray fluorescence or X-

ray absorption measurements, the most used are wavelength dispersive X-ray 

fluorescence (WD XRF), energy dispersive X-ray fluorescence (ED XRF), total 

reflection X-ray fluorescence (T XRF), micro X-ray fluorescence (µ-XRF), X-ray 

absorption near-edge structure spectroscopy (XANES) and extended X-ray 

absorption fine structure spectroscopy (EXAFS). These techniques differ mainly 

in the detection mode and source of the primary X-ray generation, review 

articles and books can be consulted for further details about the state of the 

art.1,2,5,6,34-36 

In the experimental procedure performed in this PhD thesis, were 

used one X-ray fluorescence technique (WD XRF) and one X-ray absorption 

technique (XANES), as analytical tools for the direct solid analysis (mineral 

supplements for cattle) and suspensions (fertilizers) in order to evaluate i) 

calibration strategies, ii) preparation of solid calibration standards, iii) analysis of 

chemical speciation, iv) evaluation of matrix and chemical effects and v) 

elementary determination. 

2.1 Wavelength dispersive X-Ray Fluorescence 

Wavelength dispersive X-ray fluorescence (WD XRF) is an 

attractive multi-element, non-destructive analytical technique that enables direct 

solid analysis of many types of samples.1 A simplified representation of the 

instrumental arrangement of a WD XRF spectrometer is shown in FIGURE 2.2 
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FIGURE 2.2 Simplified representations of the components of a WD XRF 

spectrometer.  

Using an appropriate current and voltage, the primary X-ray 

emission can be produced by the deceleration of high-energy electrons, from a 

W filament, on a metallic target (for example, from Rh target). The interaction of 

primary X-rays focused on the sample surface, promotes electronic transitions 

and X-ray fluorescence of the elements present in the sample. In addition, the 

deceleration of primary X-rays by atom’s electron field produces white or 

continuous radiation.6 

Subsequently, the primary collimator intercepts divergent X-ray 

from the sample (fluorescent and continuous radiation) to ensure that an 

effectively parallel beam arrives at both the analyzing crystal. Using an 

appropriate crystal analysis (from different materials such as LiF, Ge, among 

others) this radiation is dispersed at different wavelengths according to Bragg's 

law:           , where n is order of the diffracted beam and is numerically 

equal to the path difference, in wavelengths, for two successive planes; λ is 

wavelength, d is interplanar space of diffracting planes and θ is Bragg angle, 

the angle between the incident X-ray and the diffraction planes. The choice of 

analyzing crystal should consider the intrinsic characteristics of the analyte and 

the crystal (as desired resolution and sensitivity).5,6 

The different diffracted λ are sent to the detector using a 

secondary collimator. The detection of X-rays by WD XRF can be sequential or 

simultaneous, and is usually done using the flow proportional counter (FPC) 

detector or scintillation counter (SC) detector. An X-ray detector transduces, 
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converts X-ray photons (a form of energy) into electrical voltages pulses that 

can be measured electronically.5,6 So a multi-element X-ray fluorescence 

spectrum (intensity in count per second (cps) versus 2θ degrees) that can be 

used for qualitative and quantitative purposes.  

WD XRF has been used in several qualitative analysis proposals, 

such as i) acquisition of spectral image of Ni and Cu analyzing Ni film on a Cu 

plate, using a spectrometer equipped with a high sensitivity imaging sensor and 

10s counting time;37 and Cu, Br, Sn and Pb spectral image of an electric 

device;38
 ii) particulate matter in filters for the acquisition of elementary 

information used in environmental monitoring;39 iii) human hair to assess the 

chemical composition after cosmetic treatment;40 among others. 

I highlight in qualitative analysis by WD XRF the possibility of 

carrying the analysis of chemical speciation of certain elements using high 

resolution-energy spectrometers and the direct solid analysis. X-ray spectra are 

sensitive to the oxidation states of the analyte, due to the electronic transitions 

resulting from the electrons of the analyte and their interaction with the ligands 

(chemical effects). After appropriate data treatment and suitable instrumental 

conditions, WD XRF can be an excellent analytical tool for chemical speciation 

analysis, due to the minimal manipulation of the sample and non-destructive 

analysis, which minimizes one of the main problems observed in this type of 

analysis: the inter-conversion of chemical species of the analyte and laborious 

sample preparation. By monitoring different electronic transitions it was 

possible, for example, to analyze the speciation of S (S 0 and S +VI; S –II and S 

+VI),41-43 Cr (Cr +III and Cr +VI),23 Fe (Fe +II and Fe +III)43 and Mn (Mn +II, Mn 

+III and Mn +IV).44 

For quantitative analysis, analytes in the concentration range of ug 

g-1 to % can be determined by WD XRF. This technique has been used in the 

analysis of different samples as i) human placenta to verify correlations 

between the neonate weight and maternal age;45 ii) bivalve mollusks for direct 

determination of Ca, K, Mg, Na, P, S, Fe and Zn nutrients;16 iii) plant material for 

determination of major, trace and non-essential elements;46 iv) sediment for 

determination of bromine;22 v) silicate rocks and soils employing fused glass 

discs for determination of 26 major and trace elements;47 vi) hard drive disks 

from electronic waste for determination of Nd,48 among others. 
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Although WD XRF is an excellent analytical tool in the 

development of quantitative methods, efforts are necessary to select efficient 

calibration strategies and preparation procedure of the solid calibration 

standards that make it possible to overcome matrix and chemical effects.  

The quantification method using the fused glass discs is generally 

effective to reduce secondary X-ray absorption and enhancement (matrix effect) 

by coexisting elements in a sample.49 However, some algorithms, available in 

some WD XRF spectrometer software, allow corrections of absorption and 

enhancement effects, with theoretical calculation, such as fundamental 

parameter method, fundamental algorithm and theoretical α coefficient 

method.11,50 Some calculations were proposed to establish the relationship 

between concentrations of elements and measured intensities, such as 

Sherman formula and De Jongh formula.11,50 However, other matrix effects 

related to measured intensity (or peak width and peak positions) and matrix 

composition is complicated, and the influence of effects cannot be evaluated 

quantitatively. Thus, the use of appropriate calibration strategies is necessary. 

Univariate and multivariate calibration strategies such as MMC, SA, IS and 

PLS, when used in WD XRF, make it possible to correct the matrix effects and 

provide excellent analytical performance parameters. 

Recently three new calibration strategies for WD XRF were 

proposed by CASTRO et al. (2020).48 The strategies i) one-point gravimetric 

standard addition - OP GSA, ii) multi-energy calibration - MEC and iii) two-point 

calibration transfer - TP CT, were evaluated for the direct determination of Nd in 

hard drive disks magnets samples. In these new calibration strategies only one 

calibration standard is required for TP CT and two solid calibration standards for 

MEC and OP GSA. Using five different electronic transitions of the analyte (Nd 

Lγ1, Nd Lβ2, Nd Lβ3, Nd Lβ4 and Nd Lα1) is obtained a linear model for MEC. 

Using only an electronic transition to OP GSA and TP CT it was possible to 

obtain a calibration curve or linear model. These new univariate strategies make 

it possible to efficiently matrix-matching method (MEC and OP GSA), identify 

spectral interference (MEC), require few solid calibration standards (only one for 

TP CT) and obtain results with satisfactory precision and accuracy.  
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2.1.1 Direct determination of calcium and phosphorus in mineral 

supplements for cattle by wavelength dispersive X-ray fluorescence (WD-

XRF). Microchemical Journal 137 (2018) 272-276. 
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2.1.2 Wavelength dispersive X-ray fluorescence (WD-XRF) applied to 

speciation of sulphur in mineral supplement for cattle: evaluation of the 

chemical and matrix effects. Microchemical Journal 147 (2019) 628-634. 
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2.2 X-ray absorption near-edge structure spectroscopy 

Using X-ray absorption near-edge structure (XANES) 

spectroscopy and employing direct solid analysis, information regarding the 

identity, quantity, oxidation state and coordination geometry of an element in a 

sample can be obtained. With XANES, measurements are made of the X-ray 

absorption coefficient, µ(E), in function of the incident energy, that comes 

energy from a synchrotron radiation source. When a beam of X-ray photons 

passes through a material, the intensity of the incident X-rays decreases 

according to the absorption characteristics of the irradiated material.35 The µ(E), 

gives the probability that X-rays will be absorbed according to Lambert-Beer’s 

law,       
  ( ) , where I is the X-ray intensity transmitted through the sample, 

I0 is the incident intensity, and x the sample thickness.35,51,52 

X-ray absorption phenomenon occurs when an electron, from the 

innermost layer of an atom (i.e. 1s or 2p levels), absorbs a photon with 

quantized energy and promotes that electron to unoccupied higher energy 

levels (photoelectric effect),35,53 as illustrated in the FIGURE 2.3.a. 

 

FIGURE 2.3 Illustration of (a) X-ray absorption phenomenon and (b) K-edge 

XANES spectrum obtained for a phosphorus atom (hypophosphite species - P 

+I). 

X-ray absorption spectra (XANES spectrum) are obtained by 

scanning using different values of incident energy (FIGURE 2.3.b). When an 

abrupt increase in the absorption coefficient of the material as a function of the 
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incident energy is observed, its indicates that the energy of the incident X-ray 

photon has enough energy to eject electrons from a certain internal electronic 

layer of the absorber atom. Them, the probability of the electron absorbing 

these X-ray photons and promoting this electronic transition is high.51,53 

This abrupt increase in the absorption coefficient is called the 

absorption edges, and they are named according to the origin of the electron 

that was ejected (electronic transition). The energy related to this absorption 

edge will depend on the element and its oxidation state. Thus, the K edge is 

related to the electron ejection of the principal quantum level 1 (1s). For 

elemental phosphorus (P 0), for example, the absorption edge K XANES refers 

to energy of 2145 eV, while for the hypophosphite species (P +I) is around 2148 

eV. P K-edge position requires greater energy with increasing oxidation state (P 

0 = 2145 eV, P +I = 2148 eV, P +III = 2149 eV and P +V = 2150 eV) and can be 

affected by nature of the ligand attached to P.53 

Considering the edge position and presence of particular 

fingerprint peaks it is possible to identify different chemical species of the 

analyte. In this way, the XANES spectrum (referring to the energy range of -50 

to +200 eV in relation to the absorption edge) can be an excellent analytical tool 

for the analysis of chemical speciation, since information is obtained regarding 

the oxidation state, electron in orbitals, coordinating geometry of a given 

element.51 After this absorption edge (referring to the energy range of +200 to 

+1000 eV) oscillations in the spectrum referring to information on the molecular 

structure location (distance between the absorbing atom and neighboring 

atoms) can be obtained through the extended X-ray absorption fine structure 

(EXAFS) spectroscopy (FIGURE. 2.3.b); and widely used in the characterization 

of matter.51,52 

The source of synchrotron radiation is appropriate to be used in 

XANES and EXAFS spectroscopy, making possible to obtain high energy and 

intensity of monochromatic X-ray radiation, necessary to occur the X-ray 

absorption phenomenon; and detectors with appropriate resolution in the 

acquisition of the spectra.35,53 A simplified example of the instrumental 

components in a soft X-ray spectroscopy beamline, required to obtain XANES 

measurements, is illustrated in FIGURE 2.4. In Brazil, the National Synchrotron 
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Light Laboratory, in Campinas - São Paulo, makes it possible to obtain XANES 

spectra using the available instrumentation. 

 

FIGURE 2.4 Simplified representations of the components of a soft X-ray 

spectroscopy beamline using synchrotron radiation and detection in X-ray 

fluorescence mode. 

Two detection modes can be used for X-ray absorption 

measurements, i) the most usual are the measurements of photons transmitted 

through the sample by monitoring the incident and transmitted photon flux with 

photodiodes; and ii) X-ray fluorescence mode (more sensitive) using a solid-

state detector of X-ray at 90° with respect to the incoming beam. In X-ray 

fluorescence mode, the absorption coefficient is measured as a function of the 

X-ray fluorescence yield IF normalized by X-ray incident (I0) in the sample 

( ( )       ⁄ ), thus avoiding the spectroscopically irrelevant elastic scattering 

contribution.52,54 

These techniques allow direct, non-destructive analysis with 

minimal preparation of different types of samples in solid, liquid and gas.35 

Some limitations of this technique are the longtime of acquisition of the spectra 

(above 5 min), and availability to use the instrument in beamline of synchronous 

radiation.  

The XANES spectra obtained can be used for qualitative and 

quantitative analysis. The qualitative analysis highlights the analysis of chemical 

speciation of different elements in different types of samples, as in i) analysis of 

asphaltenes and resins from Argentinian petroleum to identify nine organic and 

inorganic species of S;55 ii) in obtaining spectral images for the species Fe +II 

and Fe +III in brain gliomas;56 iii) soil analysis for speciation and quantification 

of Cr +III and Cr +VI;57 iv) different plant parts and rhizospheric soil to determine 

the forms of Zn +II at the root-soil interface and inside the plant, resulting from 
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the different Zn complexes formed;58 v) industrial waste for speciation of Sb +III 

and Sb +V;59 vi) an arsenite-oxidizing bacterium (Comamonas terrae) isolated 

from agricultural soil for speciation and assessment of the biotransformation of 

As +III into the less-toxic As +V specie;60 vii) sphalerit ores to verify the 

occurrence of Ge +IV, Cu +I and Fe +II monitoring the K-edges XANES for all 

elements;61 among other samples. 

In elementary determinations using XANES spectroscopy, 

concentrations of the analyte in the order of µg g-1 are determined with accuracy 

and precision. The use of chemometric tools are essential and widely used for 

appropriate interpretation and processing of XANES spectra, highlighting the 

linear combination fitting (LCF),55,62-64 PCA,64,65 PLS regression,57,64,66 and 

multivariate curve resolution alternating least-squares algorithm (MCR-

ALS);54,67-70 in addition to software suitable for data processing (spectral 

normalization) and database, as ATHENA, ARTEMIS and HEPHAESTUS.71 

The LCF is an essential tool for the semi-quantitative and 

qualitative analysis of the oxidation state and the chemical environment of the 

analyte present in the samples. From LCF of the different XANES spectra 

obtained for the known standard species with the XANES spectrum obtained in 

the sample, weights are obtained for each chemical species of the analyte in 

the sample, which represent the proportion-contribution of each reference 

species in the sample analyzed after fitting.55,62 This strategy has been used 

successfully, for example, in the determination of six forms of phosphorus 

(phosphate adsorbed on aluminum (hydr)oxides, phosphate adsorbed on iron 

(hydr)oxides, crystalline aluminum phosphates, crystalline iron phosphates, 

calcium phosphates and organic P (lecithin)) in unfertilized and fertilized soils.63 

The PCA is used to interpret the XANES spectra obtained and to 

verify spectral similarities, as in the analysis of phosphorus speciation in 

fertilizers and mineral supplements, where using the P K-edge XANES and 

PCA was possible to observe three clusters referring to the samples that 

contains in its formulations, the chemical species phosphate, phosphite and 

both.64 And in the study by LEVINA et al. (2015), anti-diabetic vanadium 

complexes containing V +IV and V +V were monitored by V K-edge XANES 

after reaction with blood and its components; and using PCA, differences in the 

biotransformation products of the complexes were observed.65 
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However, PLS regression is used as a multivariate calibration 

strategy in XANES spectroscopy. This strategy was used in the analysis of toxic 

metal speciation such as; i) Cr +III and Cr +VI, and in the determination of total 

Cr in contaminated soils with Cr concentration above 10 ug g-1;57 ii) Cd +II in 

soils monitoring the transition Cd L3-edge XANES;66 and major metals such as 

iii) iron from pyrite, olivine and goethite minerals in estuarine sediments, with a 

standard error of prediction ≤ 1.7%.72 

Another chemometric tool used for the quantitative speciation of 

chemical species in mutual transformation is the multivariate curve resolution 

alternating least-squares algorithm (MCR-ALS). Multivariate curve resolution 

(MCR) methods allow modeling an experimental dataset as the product of a 

spectral matrix 𝐒, composed of a minimal-uncorrelated set of pure spectra, for 

their signal-related concentration profiles, ordered in a matrix 𝐂. This kind of 

data factorization can be calculated through an iterative alternating least-

squares algorithm (ALS).54,67-68 MCR-ALS was employed for the determination 

of the spectra of pure constituents and respective concentration profiles 

characterizing the time evolution of X-ray absorption spectra in speciation of Cu 

during the reduction of Cu-based catalyst supported in alumina (reduction of Cu 

+II to Cu 0 involving a Cu +I species at 250 °C) with hierarchical porosity.68 

The combination of PCA, MCR-ALS, W L3-edge and Mo K-edge 

XANES spectra allowed to determine the number of intermediate species, their 

chemical nature and concentration profiles during sulfidation of the 

H4SiMo3W9O40 catalyst supported in alumina.69 In another study, the 

quantification of the number of intermediate species and identification during the 

sulfidation process of the two catalysts (Mo/Al2O3 and CoMo/Al2O3) was 

investigated by time-resolved X-ray absorption spectroscopy and using the 

chemometric methods mentioned previously.70 These studies highlight the 

importance of XANES spectroscopy and the synergy with chemometric tools for 

pattern recognition and multivariate calibration for the characterization of 

different materials (mainly catalysts) and direct analysis of chemical speciation 

in analytical chemistry. 
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Determination and speciation of phosphorus in
fertilizers and mineral supplements for cattle by X-
ray absorption near-edge structure spectroscopy:
a simple nondestructive method†

Diego Victor Babos, Jeyne Pricylla Castro, Daniel Fernandes Andrade,
Vinicius Câmara Costa and Edenir Rodrigues Pereira-Filho *

X-ray absorption near-edge structure (XANES) spectroscopy is an excellent analytical tool for the

determination of the direct speciation of phosphorus in complex matrices as agricultural inputs. The use

of linear combination fitting (LCF), principal component analysis (PCA) and partial least squares (PLS)

enabled the development of a simple nondestructive method for the quantitative determination of

different species of phosphorus in fertilizers and mineral supplements for cattle. The samples were

classified into three classes using PCA: the samples containing phosphite, the samples containing

phosphate and the samples containing both these species. The LCF is an interesting strategy for the

qualitative and quantitative analyses of chemical species by XANES spectroscopy. Using LCF, the

trueness of the phosphite and phosphate species added to the samples was found to be in the range of

96–113%. The strong matrix effects in the mechanism of X-ray absorption for P K-edge XANES

spectroscopy prevented the determination of the phosphorus species in the fertilizers (trueness was in

the range of 65–121%) and mineral supplements for cattle (trueness was in the range of 12–48%) using

the PLS models.

1. Introduction

Brazilian agriculture and cattle breeding have received world-
wide importance either by addressing the food demand or due
to the technology that has been developed and used in this
economical sector. To increase the quality of agricultural
products and herd and crop productivity, phosphorus-based
inputs have been increasingly employed.1 The use of phos-
phorus in the form of phosphite in agricultural activities has
several advantages, such as high phosphorus solubility and
absorption by the plant, as compared to the case of phosphate
products, which directly inuence metabolism and physi-
ology.2,3 In addition to the low relative cost of the raw material,
many studies have shown that phosphite can act as a fungicide,
providing remarkable results in the control of plant diseases.1–3

In cattle breeding, phosphorus deciency is a signicant
factor for low milk and meat productivity. Thus, mineral
supplementation of animals with phosphorus is necessary
because phosphorus is a nutrient that directly affects the
animal bone composition.4,5 Phosphorus is the most expensive

mineral supplement for cattle, and the phosphate rock needs to
be industrially processed for the removal of potential toxic
elements, such as F and Pb, before it can be safely used as
a source of this nutrient.4 Many alternative sources of this
element have been introduced to reduce the price, which can
pose risks to the animal and consumer health.4–6

The analytical methods used to determine the speciation of
phosphorus usually require sequential extraction,7,8 separa-
tion,9,10 and conversion of solid samples into solutions.11,12

Conventional wet or dry solid sample preparation procedures
are oen time-consuming, laborious (approximately 16 hours
are required for the extraction of an analyte from the sample),13

vulnerable to contamination and analyte loss, require a large
amount of reagents and energy, and generate a signicant
volume of toxic waste.

In addition, an inadequate sample preparation method for
speciation may change the oxidation states of the analyte,
interconvert the species and result in the generation of erro-
neous chemical identications; although most of the proce-
dures for the determination of phosphite require the conversion
of phosphite to phosphate (using appropriate oxidizing agents)
for spectrophotometric determination, erroneous conclusions
in the determination of phosphite can be obtained if this
conversion is not efficiently conducted.12,14 Thus, procedures
that allow minimum manipulation of the sample and
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techniques that permit non-destructive analysis should be
evaluated as they present an excellent alternative to the
conventional methods of phosphorus speciation. X-ray
absorption near-edge structure (XANES) spectroscopy is a tech-
nique that presents many advantages that allow its use in the
development of elementary speciation methods.

XANES spectroscopy using synchrotron radiation is a well-
established technique that provides information regarding the
electronic (oxidation state), structural (coordination geometry)
and magnetic properties of matter.15,16 XANES spectroscopy
measurements can be performed on solids, gases, or liquids,
including moist or dry soils, mineral suspensions, and aqueous
solutions.9,16 Some methods of chemical speciation by XANES
spectroscopy in different samples have been reported in the
literature: for example, for the speciation of Cr,17,18 Ni,19 Sb,20

As,21 Cd,22,23 Fe,24 S,25,26 Ce,27 and Zn;28 phosphorus speciation by
P K-edge XANES spectroscopy has been extensively explored in
the analysis of complex environmental samples such as sedi-
ments, soils and minerals.7,8,13,29–32 However, to the best of our
knowledge, analytical methods for the speciation of P in agri-
cultural inputs, such as mineral supplement samples for cattle
and fertilizers, by XANES spectroscopy have not been reported
in the scientic literature.

Quantitative data of the chemical species are obtained by
XANES spectroscopy for environmental samples regardless of
their physical state provided that the integrity of the original
species is maintained throughout the entire analytical proce-
dure.18 Although this technique has signicant potential in the
identication of chemical species, its analytical sensitivity still
needs to be improved.19 Another challenge associated with
quantitative XANES methods is the choice of the calibration
strategy because the availability of certied reference materials
that can be used in calibration by matrix matching is limited.
However, linear combination tting (LCF) and chemometric
tools, such as partial least squares (PLS) regression,18,33 multi-
variate curve resolution (MCR)34 and articial neural network,33

are being successfully employed in the quantitative analysis of
chemical species by XANES spectroscopy.

In this context, the development of new analytical methods
for the determination of phosphite and phosphate content in
fertilizers and mineral supplements for cattle will improve the
quality control of these agricultural and cattle breeding inputs
and thus generate more condence not only in the entire
production chain but also for the consumer. In this study,
simple nondestructive methods for the determination and
phosphorus speciation were developed using XANES spectros-
copy. The PLS models and LCF for the quantitative analysis of
phosphite and phosphate were also compared and evaluated.

2. Experimental
2.1 ICP OES instrumentation and determination of total
phosphorus in fertilizers

An inductively coupled plasma optical emission spectrometer
(iCAP 6000, Thermo Scientic, Waltham, MA, USA) was used to
determine the amount of total phosphorus in fertilizer samples
(n ¼ 3). The instrumental conditions were established

according to the manufacturer's recommendations and
previous experience. The following procedure was employed to
analyze the samples: 250 mg of fertilizer was accurately weighed
in falcon tubes and diluted in 50 mL of 1% HNO3 (v/v). The
emission line of phosphorus was monitored at 213.6 nm at the
radial viewing mode. The concentrations determined by ICP
OES were used as reference values (n ¼ 3) for total phosphorus.

2.2 Reagents, analytical solutions and samples

All solutions were prepared using high-purity water (18.2
MU cm�1 resistivity) obtained via the Milli-Q® Plus Total Water
System (Millipore Corp., Bedford, MA, USA). Standard solutions
of 120 mg L�1 P were prepared via suitable dilution of the stock
standard solution containing 1000 mg L�1 P (Specsol, São
Paulo, Brazil) and used to construct the calibration curve for ICP
OES measurements.

The salts K2HPO4$3H2O ($99.0%, Merck, Darmstadt, Ger-
many) and Na2(HPO3)$5H2O ($98.0%, Riedel-de Haën, Ger-
many) were used as standards to prepare the calibration
solutions containing phosphorus in the form of phosphate
(PO4

3�) and phosphite (HPO3
2�) species, respectively. For the

LCF and PLS models, calibration solutions in the following
concentrations were used: 0, 0.05, 0.075, 0.1, 0.125 and 0.15% P
(w/w) in the phosphate and phosphite species.

All the glass and polypropylene vessels were washed with
detergent, soaked in 10% HNO3 (v/v) for 24 h, and then thor-
oughly rinsed with deionized water prior to use.

Herein, ve samples of liquid fertilizers, containing macro
and micro nutrients or only potassium phosphite, were
commercially acquired from Rio Paranáıba (Minas Gerais,
Brazil) and São Carlos (São Paulo, Brazil), and ve reference
materials (RM) of the mineral supplements (RM 17-03, RM 18-
03, RM 18-06, RM 18-09 and RM SM 03-10) for cattle were
provided by Empresa Brasileira de Pesquisa Agropecuária
(Brazilian Agricultural Research Corporation). The analyzed
mineral supplements for cattle were also composed of macro-
andmicrominerals (e.g., P, Ca, Cu, Fe, Mn and Zn) as well as less
than 42% protein equivalent.

2.3 Preparation of samples for the speciation of phosphorus
by XANES spectroscopy

The phosphorus standard solutions, containing the phosphate
and phosphite species, and all the analyzed samples (fertilizers
and mineral supplements for cattle) were prepared using only
ultra-pure water. The fertilizer samples # 1, # 2, # 3, # 4 and # 5
were diluted 1-, 1-, 5-, 10- and 50-fold, respectively. All mineral
supplement samples for cattle were diluted 60-fold with water.
The dilution of the samples is necessary to ensure that the self-
absorption phenomenon does not occur during the P K-edge
XANES measurements.

The accuracy of the proposed methods was also evaluated via
addition/recovery tests. The fertilizer and mineral supplement
samples were spiked with 0.077% P (w/w) in the phosphate and
phosphite species; the fertilizers samples # 1 and # 4 were
diluted 2- and 20-fold, respectively, and the mineral

This journal is © The Royal Society of Chemistry 2019 Anal. Methods, 2019, 11, 1508–1515 | 1509

Paper Analytical Methods

Pu
bl

is
he

d 
on

 1
1 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
E

 F
E

D
E

R
A

L
 S

A
O

 C
A

R
L

O
S 

on
 3

/3
/2

02
0 

8:
01

:5
4 

PM
. 

View Article Online

37



supplements for both the cattle samples # 1 and # 2 were diluted
150-fold.

The samples, standard solutions and blanks (only ultra-pure
water) were added to the sample port of the Teon plates.
Samples were conditioned in the sample port using an o-ring and
a lid (stainless steel or copper) with the Ultralene® lm. Then,
the sample port containing a rod was inserted into the sampling
chamber initially pressurized with N2 gas for further analysis.

2.4 XANES data collection

The spectral data for phosphorus K-edge XANES were obtained
at the beamline of so X-ray spectroscopy (SXS) at the Brazilian
Synchrotron Light Laboratory (LNLS), Campinas, São Paulo,
Brazil. The LNLS storage ring was operated at the energy of 1.37
GeV with the electron beam currents between 130 and 250 mA.
The beamline SXS, with the energy range of 1–5 keV, was
equipped with a dual crystal-type InSb (111) monochromator
under high vacuum (5 � 10�8 mbar).

XANES spectra were obtained in the uorescence mode using
a silicon dri diode detector (Ampetek – X123SDD). A uorescence
detector was used to reduce the amount of elastic scattered
background and thus improve the signal-to-noise ratio. The
measurements were conducted under standard operating condi-
tions, i.e., aer calibrating the X-ray energy to the K-edge of P using
Ca3(PO4)2 as a standard (0.1% P (w/w) and 0.28 g Ca3(PO4)2 diluted
in 2.25 g BN), the spectrum was assigned a reference energy (E0)
value of 2150.7 eV using the maximum peak.

All the uorescence yield spectra were obtained in the energy
range between 2120 and 2280 eV. The energy step resolution
was 1 eV between 2120 and 2143 eV, 0.2 eV between 2144 and
2160 eV, and 1 eV between 2161 and 2280 eV. All measurements
were conducted using a dwell time of 1 s per energy step.
Moreover, nine scans were measured for each sample.

The XANES data were processed using the Athena soware
suite, version 0.9.25.35 Multiple spectra were merged and
normalized using the following procedure: a linear baseline
function was subtracted from the pre-edge spectral region
(between �30 and �8 eV relative to E0), and a quadratic function
was used to create background-corrected spectra across the post-
edge region between 15 and 130 eV relative to E0 for each sample.

2.5 Principal component analysis (PCA)

Principal component analysis of the rst derivative and mean-
centered spectra in the 2120–2280 eV range (225 variables)
was conducted using the Pirouette soware, version 4.5 (Info-
metrix, Bothell, WA).

Aer performing the calculation, the variables have been
projected to the principal components (PCs), and each PC (from
1 to the number of initial variables) is a vector that explains the
higher variance in the data. PCs are calculated in the decreasing
order of explained variance, and the main requirement is to
select an appropriate number of PCs smaller than the number
of the original variables. The PCA provides the weights needed
to obtain a new variable that best explains the variation in the
whole dataset in a certain sense. This new variable including the
dening weights is called the rst principal component.36

2.6 Linear combination tting (LCF) analysis

The linear combination tting of the fertilizers and mineral
supplements for cattle in the XANES spectra was conducted in
the spectral region from 2120 to 2190 eV using the Athena
soware, version 0.9.25. The calculations were performed using
weighted combinations of the spectra from two known stan-
dards, K2HPO4$3H2O (PO4

3� and P5+) and Na2(HPO3)$5H2O
(HPO3

2� and P3+), to t the sample spectra.
The parameter R factor can be used to verify the goodness-of-

t for the LCF. The R factor is the sum of the squares of the
differences between the data and the t at each data point
divided by the sum of the squares of the data at each corre-
sponding point. This parameter represents the mean square
mist between the data and the t for both the real and the
imaginary parts of the Fourier transform and has been dened
in eqn (1).16

R factor ¼
P
i

ðdatai � fitiÞ2
P
i

datai
2

(1)

In general, the R factor values less than 0.05 are considered
to reect a reasonable t.

Using the weights (weightspecie) assigned to the XANES
spectra of the sample with the phosphate or phosphite species
obtained by LCF and the total concentration of phosphorus,
[P]total, in the samples determined by ICP OES, the concentra-
tion of the phosphate or phosphite species, [P]specie, determined
in the sample is given by eqn (2).

[P]specie ¼ weightspecie � [P]total. (2)

2.7 Partial least squares (PLS)

The calibration models were obtained by the partial least
squares (PLS) regression of the sample data set using the
Pirouette soware, version 4.5. In the application of PLS, the
data set was divided into 11 samples for calibration, i.e. 6
standards for phosphate (in the concentration range from 0 to
0.15% w/w P) and 5 standards for phosphite (in the concen-
tration range from 0 to 0.125% w/w P), and 14 samples for
validation: 5 fertilizers, 5 mineral supplements for cattle, 2
fertilizers and 2 mineral supplements for the cattle samples
both fortied with the phosphate and phosphite standards as
described in section 2.3 Preparation of samples for the specia-
tion of phosphorus by XANES spectroscopy.

The rst derivative was applied to the obtained spectra for
the standards, the samples and the blank. Later, the data was
mean-centered. All the PLS models were constructed using 225
independent variables representing the data points of the K-
edge XANES spectra in the energy range between 2120 and
2280 eV. To predict the concentration of P in the unknown
analyzed samples, the regression was made by the obtained
XANES spectra in the proposed models.

The standard error of calibration (SEC) and the standard
error cross-validation (SECV) were calculated using the
following equations:

1510 | Anal. Methods, 2019, 11, 1508–1515 This journal is © The Royal Society of Chemistry 2019
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SEC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PNcal

i¼1

ðyi � ŷiÞ2

Ncal � k � 1

vuuut
(3)

where yi and ŷi are the reference and predicted values, respec-
tively, Ncal and k are the number for the standards 11 (phos-
phite) and 12 (phosphate) in this study and the number of latent
variables, respectively.

SECV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PNcv

i¼1

ðyi � ŷiÞ2

Ncv

vuuut
(4)

where Ncv is the number of samples used in the cross-validation
process (1 in this study).

2.8 Limits of speciation and method detection limits in
XANES spectroscopy

The limit of speciation (LOS) of the method for phosphate and
phosphite was determined according to the recommendations
of Bacquart et al.37 and Porcaro et al.38 LOS corresponds to 10
times the standard deviation (SD) of the blank measurements
evaluated (LOS ¼ 10 � SDblank). For phosphate and phosphite,
the values of E0 at 2150 eV and 2149 eV, respectively, were used
to calculate the standard deviation of the normalized X-ray
absorptions (norm m(E)) for the blank measurements (n ¼ 8).

The method detection limit (MDL)40 was evaluated via XANES
analysis. TheMDL is dened as the standard deviation (SD) of the
blank measurements (n¼ 8) multiplied by the t value of the n� 1
sample (for a 99% condence level) (MDL ¼ t value � SDblank).

3. Results and discussion
3.1 Principal component analysis and discrimination of
phosphorus species

Phosphorus has a variety of oxidation states between P0 in it is
elemental form and P5+ as PO4

3�. The position of the P K-edge
(�2140–2190 eV) can shi by �8 eV (ref. 39) depending on the
oxidation state (higher energy with increasing oxidation) and
can be affected by the nature of the ligand attached to P. The P
K-edge XANES spectra consisted of one sharp transition arising
from an electron transition from the ls core level to the t*2 (p-
like) antibonding orbital.16

The K-edge XANES spectra for the phosphate – PO4
3� (P5+)

and phosphite – HPO3
2� (P3+) species show spectral differences

that can be observed in Fig. 1. The E0 values for phosphite and
phosphate were 2149 eV and 2150 eV, respectively. The P K-edge
XANES spectra for fertilizers, F (Fig. S1a†), and mineral
supplements, S (Fig. S1b†), are shown in the ESI† (Appendix).

By analyzing the PCA (Fig. 2) of the P K-edge XANES spectra
for the fertilizers and mineral supplements, the presence of
phosphate and phosphite was identied.

Herein, three classes of samples (samples formulated by
phosphate, phosphite and with both species) were analyzed to
assess the P K-edge XANES spectra. The scores and loadings of
the rst two principal components were evaluated. Fig. 2a
presents the score plot for PC1 � PC2 of different samples with

Fig. 1 The phosphorus K-edge XANES spectra for phosphate (K2-
HPO4$3H2O, PO4

3�) and phosphite (Na2(HPO3)$5H2O, HPO3
2�), both

at 0.125% P (w/w).

Fig. 2 Characterization of samples as a function of the phosphorus
species present in the formulation. Scores (a) and loading (b) plots of
the first two principal components from the PCA.

This journal is © The Royal Society of Chemistry 2019 Anal. Methods, 2019, 11, 1508–1515 | 1511
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98.0% of the explained variance, and an ellipse with a 95%
condence interval41 was applied in the PCA score plot, showing
that the samples were within the 95% condence limit. Fig. 2b
presents the loading plots for PC1 and PC2 obtained using
different P K-edge XANES spectra. In Fig. 2a, there is a separa-
tion between the three classes of samples according to the
different phosphorus species present in this study. The samples
composed of only phosphate (square) or phosphite (circle) were
separated from the sample that was composed of both species
(fertilizer #3, gray lozenge). This differentiation was possible
because the energies of the X-ray absorption edges were distinct
for phosphite (2149 eV) and phosphate (2150 eV). The PC1
loading plots (Fig. 2b) showed a positive peak in the region from
2146 to 2149 eV that coincided with the spectrum of phosphite.
This observation was also conrmed by the scores plot (Fig. 2a),
in which the samples with phosphate were in the negative part
of the scores. The PC2 loading plot showed a positive peak from
2149 to 2150 eV that coincided with the phosphate spectrum,
and similar results were observed for the scores plot.

3.2 Linear combination tting of the P K-edge XANES
spectra

The linear combination tting (LCF) models the spectrum for
a sample of unknown species with a linear combination of
spectra from the standards of known structure and composition
that are candidate species within the sample. Another possible
use of the LCF would be to determine the species and quantities
of standards in a heterogeneous sample.16,35

The standard spectra of phosphate and phosphite (both
0.125% P (w/w), Fig. 1) were applied for the linear combination
tting of the fertilizer andmineral supplement samples. Ideally,
the scaling factor (weight) obtained from the LCF represents the
fractions of each standard species within the unknown sample.
The accuracy of the tting results is limited by the accuracy of
the standards in representing the chemical species present in
the sample and the uniqueness of the XANES spectral features
between standards.16

The LCF for fertilizer #3 and mineral supplement for cattle
#5 is shown in the ESI Fig. S2a and S2b† (Appendix), respec-
tively. The LCF results identied the weights (proportions) of
standards that yielded the best t to the data. For fertilizer #3
(Table 1), the R factor value was 0.028, indicating a good t, and
the weights for phosphate and phosphite were 0.37 � 0.01 and
0.63 � 0.01, respectively. For the mineral supplement #5 (Table
1), the R factor value was 0.061, and the weights for phosphate
and phosphite were 0.91 � 0.15 and 0.09 � 0.15, respectively.
Using these weights, it was concluded that fertilizer #3 had both
phosphorus species (PO4

3� and HPO3
2�) in its formulation,

whereas the mineral supplement for cattle #5 only contained
the phosphate species.

Using these weights and eqn (2), the concentrations of both
PO4

3� and HPO3
2� species were determined for all the samples

and are presented in Table 1. The measured concentrations
ranges were 0.017–6.48% P (w/w) for phosphite and 0.29–1.24%
P (w/w) for phosphate in the fertilizers. Moreover, the measured
concentrations ranges were 0.48–0.77% P (w/w) for phosphiteT
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and 7.55–8.03% P (w/w) for phosphate in the mineral supple-
ments for cattle.

The specications of all the tested supplement samples were
consistent with the information described on the labels; the
mineral supplements for cattle were composed of only phos-
phate as the source of phosphorus. However, for the fertilizers,
the determined values for the PO4

3� and HPO3
2� species were

not in agreement with the label specications of the fertilizers
#2 and #5, as shown in Table 1.

The trueness of the total phosphorus determined by LCF as
compared to that determined by the ICP OES technique and the
informative values for the reference materials were in the range
of 93–103%. These values demonstrate satisfactory accuracy of
the proposed method.

The LCF and P K-edge XANES spectroscopy were demon-
strated to be excellent analytical tools for the speciation and
determination of phosphate and phosphite in phosphorus-
based agricultural inputs.

3.3 Partial least squares regression models for the
determination of phosphite and phosphate

Multivariate calibration models for the determination of phos-
phate and phosphite species in the analyzed samples were
calculated using partial least squares (PLS). The rst derivative
was applied to the obtained spectra for the standards, samples
and blanks. The rst derivatives for the fertilizers and mineral
supplements are shown in the ESI Fig. S3a and S3b† (Appendix),
respectively. Aer this, the data were mean-centered, and cross
validation (leave-one-out) was carried out to select the adequate
number of latent variables (LV). In the PLS models, the calcu-
lation for phosphate and phosphite used 1 and 2 LV,
respectively.

The SEC (SE for calibration) and SECV (SE for cross valida-
tion) values obtained for the models proposed were 0.0198% P
(w/w) and 0.018% P (w/w), respectively, for phosphite. For
phosphate, an SEC of 0.0075% P (w/w) and an SECV of 0.0083%
P (w/w) were obtained. When the reference and predicted values
were compared, the linear equations for the PLS models

obtained were y¼ 0.0087 + 0.9129x (phosphite) and y¼ 0.0155 +
0.9244x (phosphate). Good linear determination coefficient (R2)
values were obtained for the models proposed for phosphite (R2

¼ 0.8558) and phosphate (R2 ¼ 0.9511).
The concentrations of the PO4

3� and HPO3
2� species were

determined using the PLSmodels for all samples and are shown
in Table 2. The measured concentration ranges were 0.022–
4.36% P (w/w) for phosphite, 0.38–1.22% P (w/w) for phosphate
for the fertilizers and 0.97–4.18% P (w/w) for phosphate for the
mineral supplements for cattle. In the case of the supplement
samples, the concentrations of the phosphite species were
lower than the SECV (0.018% P (w/w)). It was concluded that the
information provided by the manufacturers of the mineral
supplements for cattle was consistent because these samples
were composed of only phosphate as the source of phosphorus.

The trueness of total phosphorus determined by PLS as
compared to that determined by the ICP OES technique or the
values of the reference materials were in the range of 65–121%
for fertilizers and 12–48% for the mineral supplements for
cattle.

The trueness was not satisfactory for the predictions of
phosphate concentrations in the mineral supplement samples
by PLS. The matrix effects may have interfered with the sensi-
tivity of the measured analytical signals of the X-ray absorption
because all supplement samples contain a solid material in the
suspension. The model generated was sensitive to these uc-
tuations in the obtained analytical signal. For this reason, the
trueness obtained was not satisfactory.

3.4 Addition/recovery tests

Further tests were performed to verify the accuracy of the
analytical methods developed for the determination of phos-
phorus species by LCF and PLS. The tests were performed for
the fertilizer and supplement samples spiked with 0.077% P (w/
w) in the phosphite and phosphate species.

The trueness of the phosphite and phosphate species added
to the samples varied in the range of 96–113% for the LCF
method (Table 3), demonstrating the accuracy of the

Table 2 Results (mean) for phosphate and phosphite determined (n ¼ 9) in fertilizers and mineral supplements for cattle by the proposed PLS
models P K-edge XANES methoda

Sample

PLS model Total% w/w P

Trueness
(%)

Sample label
description

Species founded by
the proposed methodPhosphate Phosphite PLS found

Reference values
(ICP OES)

Fertilizer 1 <SECV 0.057 0.057 0.086 � 0.001 65 Phosphite Phosphite
Fertilizer 2 <SECV 0.022 0.022 0.018 � 0.0004 121 Both species Phosphite
Fertilizer 3 0.375 0.280 0.655 0.801 � 0.006 82 Both species Both species
Fertilizer 4 1.22 <SECV 1.22 1.23 � 0.020 99 Phosphate Phosphate
Fertilizer 5 0.689 4.362 5.05 6.40 � 0.08 76 Both species Both species
Supplement 1 <SECV <SECV — 8.61 � 0.51 — Phosphate —
Supplement 2 0.97 <SECV 0.97 8.90 � 0.47 12 Phosphate Phosphate
Supplement 3 1.05 <SECV 1.05 8.45 � 0.17 13 Phosphate Phosphate
Supplement 4 1.69 <SECV 1.69 8.36 � 0.54 21 Phosphate Phosphate
Supplement 5 4.18 <SECV 4.18 9.48 � 0.51 48 Phosphate Phosphate

a Phosphate SECV: 0.0083% w/w P. Phosphite SECV: 0.018% w/w P.
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measurements for all the samples using LCF. For the PLS
method, the trueness of phosphite and phosphate added to the
fertilizers and the mineral supplement samples for cattle varied
in the range of 74–114% and 35–149%, respectively.

The trueness of the species in the mineral supplement
samples was not satisfactory for the PLS calibration method due
to matrix effects. This may be related to the quality of the spectra
obtained for phosphate and phosphite in these samples by
XANES. Possible interferences in the acquisition of the spectra,
which generated uctuations in the analytical signals obtained,
affected the calibration model proposed by the PLS regression.

3.5 Limits of speciation and method detection limits for
phosphite and phosphate

The calculated limits of speciation (LOSs) of the method for
phosphate and phosphite were 11 and 14 mg L�1, respectively.
This value is helpful in estimating the feasibility of further
experiments.

The standard deviations of 1.13 and 1.35 were obtained for
phosphate and phosphite, respectively, for the maximum
normalized absorption (norm m(E)) P K-edge XANES spectra. For
eight analyses with seven degrees of freedom and a 99%
condence level, the value of the Student's t test was 3.499.
From this analysis, the method detection limit (MDL) values for
the phosphate and phosphite species were found to be 4.0 and
4.7 mg L�1, respectively. The MDL depends on multiple factors
such as the atomic number of the analyte, the energy of the
incoming beam, the integration time, and the detector charac-
teristics. Therefore, the value reported herein specically
applies to the analytes and instrumental parameters evaluated
in this study.

4. Conclusions

XANES spectroscopy is an excellent analytical tool for the direct
speciation of phosphorus in complex matrices as agricultural
inputs. The use of LCF, PCA and PLS aided in the development
of a simple nondestructive method for the speciation and
determination of phosphorus in fertilizers and mineral supple-
ments for cattle. Linear combination tting is an interesting
strategy and efficient method for the qualitative and quantitative

analysis in chemical speciation by XANES spectroscopy. Strong
matrix effects in the mechanism of X-ray absorption for P K-edge
XANES spectroscopy prevented the determination of the phos-
phorus species in the mineral supplements for cattle using the
PLS models. The proposedmethods are environmentally friendly
since the direct sample analysis reduces the environmental
impact caused by the use of hazardous reagents commonly
employed for sample preparation in speciation.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This study was supported by the São Paulo Research Founda-
tion (FAPESP, 2016/01513-0, 2016/17221-8 and 2016/17304-0)
and the Conselho Nacional de Desenvolvimento Cient́ıco e
Tecnológico (CNPq, 141311/2017-7, 401074/2014-5 and 305337/
2015-0). We are also thankful to the Brazilian Synchrotron Light
Laboratory (LNLS) for the XAS measurements (process number
SXS-20170074) and EMBRAPA Southeast Livestock for donating
the reference materials. We would like to thank Dr Flávio C.
Vicentin and Felipe A. Del Nero for assistance during LNLS
experiments. This study was nanced in part by the Coor-
denação de Aperfeiçoamento de Pessoal de Ńıvel Superior –
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 Figure S1. Phosphorus K-edge XANES spectra for fertilizers (F) (a) and mineral 

supplement for cattle (S) (b).
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Figure S2. Linear combination fitting using two standards (phosphite and phosphate) for (a) fertilizer #3 and (b) mineral supplement for cattle #5.
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Figure 3S. First derivative of the P K-edge XANES spectra of the (a) fertilizers (F) and 

(b) mineral supplement for cattle (S) samples analyzed by the proposed PLS models.
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3.1 Laser-induced breakdown spectroscopy 

Laser-Induced breakdown spectroscopy (LIBS) is a technique that 

has been widely used in direct analysis of solid, liquid or gaseous samples, to 

obtain qualitative and quantitative multi-element information of its 

constituents.1,2,7,73 

LIBS have interesting advantages when compared to other 

plasma-based spectroscopic techniques, which have made it an excellent 

analytical tool in proposing new methods. I highlight as main characteristics: i) 

the possibility of being used to directly analyze solid samples with none or 

minimal treatment; ii) allows multi-elementary analysis of surfaces and different 

depths in solid samples, with spatial resolution of a few μm; iii) the sampled 

masses are in the range of 0.1 to 100 μg, or more, depending on the 

characteristics of the sample and the laser; iv) can be used in unhealthy 

environments and for remote monitoring of potentially dangerous samples; v) 

fast analysis with short spectrum acquisition time (1 to 10 spectra per second, 

depending on the laser repetition rate); vi) the cleaning and / or removal of films 

on the surface to be analyzed can be carried out in a programmed way, 

applying some pulses with the laser itself; vii) use of few consumable materials 

(no Argon or Nitrogen gas required for plasma generation); and viii) the 

technique can be used both in the laboratory and in field analysis (portable 

LIBS).1,2,7,10,12,73-75 

Despite these attractions, LIBS still requires considerable efforts in 

quantitative analysis, due to: i) calibration difficulties, preparation of standards, 

and the absence of reference materials with certified properties for masses <0.1 

mg; ii) limits of detection in the order of 50 µg g-1, which may make it impossible 

to use the technique in elementary determination whose analyte concentration 

is less than this quantity; iii) strong matrix effects (spectral and non-spectral) 

that compromise quantitative determination with required precision and 

accuracy; and iv) poor reproducibility due to sample heterogeneity (high values 

of relative standard deviation).1,2,8,10,12,73-75 

The instrumental arrangement of the LIBS technique is basically 

composed of a laser source (light amplification by stimulated emission of 

radiation), sample holder, optical components, spectrometer, detector and 
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computer for system control and recording of the LIBS emission spectrum, as 

shown in FIGURE 3.1. 

 

FIGURE 3.1 Simplified representations of the instrumental components of a 

LIBS system. 

When firing a laser pulse over the surface of a given sample, 

several phenomena occurred due to the interaction of electromagnetic radiation 

with the sample. The formation of a microplasma (with temperatures in the 

order of 10000 K) and the emission of radiation characteristic of the species 

present in this plasma (ions, atoms and molecules) can be considered the two 

phenomena that contribute significantly in the search for chemical information of 

a given sample.1,7,10,73 

The chemistry of plasma induced by laser is of great complexity 

and a very rich source of chemical information. The multi-element spectra 

obtained by this technique contain the following information i) chemistry of the 

sample analyzed, such as identity (specific wavelengths) and concentration of 

analytes (emission intensity); and ii) physical properties, such as the 

temperature and electronic density of the plasma formed.10,73 FIGURE 3.2 

shows the main processes that occur due to the interaction of the laser pulse in 

a given material, in a LIBS system. 
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FIGURE 3.2 Main processes that occur due to the interaction of a laser pulse in 

a given sample. 

Each sample has a unique chemical composition and structure, 

resulting from the presence, nature and position of its atoms, which when 

irradiated by a laser pulse determine all the processes resulting from this 

interaction, as result, take place the decomposition and vaporization 

mechanisms of the particles, the extent of fragmentation, atomization, excitation 

and plasma formation; which will directly reflect on the atomic, ionic and 

molecular band emissions of the analytes by LIBS.1,2,10,73 

All these processes, described in Figure 3.2, occur quickly, with a 

time of less than 1s. For analytical purposes, the delay time to start collecting 

chemical information and the acquisition time of the analytical signal, from the 

moment a laser pulse was given, are important variables and should be 

optimized considering the characteristics of the sample and the analyte, so that 

all processes take place and reproducible measures are obtained. In addition, 

other variables such as laser fluence (laser pulse energy per unit area, J cm-2) 

and the number of pulses in the sample must be optimized to obtain quantitative 

and representative ablations.73,75 

 FIGURE 3.3 shows the profile of the analytical signal obtained 

(emission intensity) in relation to the time required for the phenomena to occur 

after the laser pulse on the sample surface.75 I highlight the time required for the 

emission related to the continuum (background emission, due to the 
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recombination of free electrons and ions in the plasma, for example) and 

emission of the ionic, atomic and molecular species of the analyte. An optimized 

delay time allows to obtain a good signal-to- a  ground ratio of the lines and   or 

emission bands of the analyte.2,75 

 

FIGURE 3.3 Temporal evolution of some processes that occur in the plasma 

and related variables (delay time and signal acquisition time). 

However, some physical-chemical processes may not be allowed; 

others, when they occur, can be suppressed and subordinate to the presence of 

specific species that act as precursors in the plasma. In addition, the quantity 

and type of excited species that populate the plasmas produced by laser are 

strongly determined by several variables,10 such as the type of molecular solid 

(predominantly organic or inorganic),76 the composition of the surrounding 

atmosphere (O2, N2, Ar, H2, air), as well as the applied pressure, where the 

plasma evolves,77,78 and laser irradiation parameters such as wavelength (266, 

532 or 1064 nm),79 pulse duration (femtoseconds (fs) or nanoseconds (ns))77,79 

and laser fluence.80 

This multiplicity of factors are critical especially when using 

qualitative analysis to monitor molecular emission, as they make it very difficult 

to assign a specific molecular emission profile to each molecule. The complexity 

of plasma chemistry was verified by SERRANO et al. (2016),79 and according to 

them, four routes can lead to the formation and optical emission of diatomic 
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molecules present in plasma from LIBS: a) from the portion of fragmented 

molecules, i) decomposition reactions (ABCD  AB + CD); and b) the portion of 

atomized molecules, ii) atomic recombination (Anative + Cnative  AC); iii) single 

displacement reactions (A*
2 + Cnative   environment  AC + A), and iv) double 

displacement reactions (A*
2 + BC  AC + AB).79 Great efforts have been made 

to investigate the mechanisms of formation of diatomic molecules, as well as 

their connections with the binding structure of molecular solids, aiming at many 

qualitative and quantitative applications.  

In the qualitative analysis I highlight the advance of laser-induced 

breakdown isotopic molecular spectroscopy (LAMIS). PIESTCH et al. (1998),81 

used LAMIS, based on the optimization of predetermined instrumental 

parameters, for the isotopic analysis of 235U - 238U in uranium sample, 

monitoring the ionic line at 424.42 nm, with an isotopic shift of 0.025 nm. In 

another study, the detection of isotopes of 1H - 2H (OH and OD), 10B - 11B (BO), 

12C - 13C (CN and C2) and 16O - 18O (OH), and the determination of B isotopes 

using PLS regression were demonstrated by RUSSO et al. (2011), using 

LAMIS.82 

In the direct qualitative analysis I also highlight the use of LIBS in 

the acquisition of spectral and hyperspectral images.4,83-84 These images are 

important for the analysis of superficial and in depth characterization of the 

sample (see FIGURE 1.1), aiming at the identification and location of essential, 

toxic, strategic, major elements, among others. Using a hyperspectral image, 

obtained through the score maps from a PCA, it was possible to verify the 

distribution of macronutrients (Ca, K, Mg, Na and P) on the surfaces and in 

depth of different edible seeds,84 and of toxic, precious and strategic metals in 

electronic waste electronic circuit board,4 for example. And recently 

NARDECCHIA et al. (2020),85 proposed a new spectral analysis strategy, called 

embedded k-means clustering in order to explore a big LIBS imaging data set 

(millions spectra) acquired from mineral sample. 

The LIBS spectra associated with chemometric tools for the 

recognition of unsupervised patterns (hierarchical cluster analysis - HCA and 

PCA) and supervised (partial least squares discriminant analysis (PLS-DA), k-

nearest neighbor (KNN), linear discriminant analysis (LDA) and soft 

independent modeling of class analogy (SIMCA)) are used in many qualitative 
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applications. For example, CASTRO & PEREIRA-FILHO (2016)86 used SIMCA, 

KNN and PLS-DA to classify samples of steel and alloy, according to the 

concentration of Fe. And BELLOU et al. (2020),87 classified olive oil samples 

and verified the authentication of their geographic origin and detection of 

adulteration, using PCA and LDA. 

In quantitative analysis, LIBS is a fantastic analytical tool 

employing direct analysis of solids, due to the advantages already mentioned. 

However, the choice of the calibration strategy, the matrix effects and the 

preparation of solid calibration standards are still major challenges that must be 

evaluated and circumvented, to ensure quantitative results with good figures of 

merit. 

Normalization strategies of the LIBS emission spectra and 

appropriate chemometric tools have also contributed to the successful use of 

calibration strategies. Spectral normalizations are used to improve analytical 

performance, as they can correct or compensate some instrumental fluctuations 

in the obtained signals (area or height), baseline corrections when necessary, 

and sample matrix differences during data acquisition; that reflect repeatability, 

accuracy and precision of measurements.86,88 

Various types of matrices were analyzed by LIBS for quantitative 

analysis, and using different calibration strategies, such as: i) sunscreen to 

determine Ti, evaluating four calibration strategies (MMC, MLR, PLS and 

PCR);26 ii) biochar-based fertilizers to determine N by monitoring the CN 

molecule and using MMC,89 and iii) human hair to determine Cu and Zn using 

standard addition.90 

FIGURE 3.4 shows the main univariate (highlighting the number of 

solid calibration standards required) and multivariate (most used and new 

approaches) calibration strategies reported in the scientific literature for LIBS. 

All strategies have advantages and limitations that must be verified for the 

development of a new analytical method, also considering the characteristics of 

the sample analyzed and the analyte by LIBS technique. In the next pages, I 

briefly describe the advantages, limitations and applications of each of these 

calibration strategies. 
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FIGURE 3.4 Calibration strategies i) univariate (calibration-free - CF, one-point calibration-free - OP-CF, calibration-free inverse 

method, Cδ graphs, one-point and multi-line calibration - OP MLC, single-sample calibration - SSC, two-point calibration transfer - 

TP CT, slope ratio calibration - SRC, multi-energy calibration - MEC, one-point gravimetric standard addition - OP GSA,  external 

calibration - EC, matrix-matching calibration - MMC, Internal standardization - IS, standard addition - SA and inverse regression) 

and ii) multivariate (partial least squares - PLS, principal component regression - PCR, multiple linear regression - MLR, artificial 

neural network - ANN, multivariate curve resolution alternating least-squares algorithm - MCR-ALS, data fusion, random forest 

regression, parallel factor analysis - PARAFAC and machine learning regressions) used in LIBS method. 
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Calibration-free - CF, proposed in 1999 by CIUCCI et al.,91 

considers the principles and equations that govern the emission of plasmas in 

the local thermodynamic equilibrium (LTE) for the quantitative analysis by LIBS. 

The CF LIBS assumes that there a stoichiometric ablation and complete 

atomization, thermal equilibrium, homogeneous plasma, thin radiation and 

detection of all elements. In LTE, excited levels and ionization states are 

populated according to the Boltzmann distribution and Saha-Boltzmann 

equilibrium equation, respectively. The graphical representation of a group of 

spectral lines in a Boltzmann plane is commonly used to determine the plasma 

temperature.91-93 

The McWhirter criterion is very used to verify the LTE validity of 

the analyzed plasma. It is based on the requirement that in LTE the rate of 

collision processes must be dominant over the radiative processes.92 LTE is 

valid if when the electron number density calculated is of the order of 1017-1018 

cm− 3. 

The main advantage of CF is that it does not require solid 

calibration standards (for a matrix-matching, for example), because it requires 

only physic-chemical parameters of the plasma and the intensity of the 

integrated signal of the analyte emission line and all others elements present in 

the plasma, for the determination of the analyte.93 This advantage is very 

interesting for the analysis of samples with complex matrices, without solid 

commercial calibration standards or with a small number of samples (which 

could be analyzed and used as standards). The main limitations of CF are 

related to the self-absorption effect, matrix effects, difficulties in obtaining 

results with accuracy for minority analytes and laborious processing.93 The 

absorption of photons within the laser-induced plasma is called self-

absorption.93 This phenomenon is observed mainly for emission lines where the 

lower level of transition is equal or close to the ground state. Self-absorption 

phenomenon underestimates the concentration of the analyte and consequently 

impairs the accuracy in the determinations using the CF. 

 The CF was a strategy used successfully in the analysis of 

modern bronzes,93 seafood,94 titanium alloys,95 oxide materials96 among others. 

One-point calibration-free - OP-CF,97 calibration-free inverse 

method98 and Cδ graphs99 are strategies that use LTE principles, as CF. 
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However, these three calibration strategies use only one solid calibration 

standard, with a similar matrix to that of the samples, in order to obtain 

instrumental parameters that provide greater accuracy in LIBS determinations.93 

In OP-CF, the parameters referring to the knowledge of the 

response curve of the spectrometer in the spectral regions and of the spectral 

Aki (transition probability between the upper and lower levels of the transition) 

parameter are obtained with greater precision, from the analysis of a standard 

with known composition. In addition, the possible variations in the LIBS plasma 

parameters obtained in the samples, in relation to the standard (one-point), 

such as plasma temperature, density of the number of electrons, amount of 

mass ablated; will be taken into account and fully compensated in the 

analysis.93,97 The OP-CF was used as a calibration strategy in the analysis of 

copper-based alloys97 and modern bronzes,93 for example. 

In the calibration-free inverse method,98 using the LTE equations, 

the concentration of the analytes in a reference sample is determined using 

different temperatures, and assuming that the real electronic temperature of the 

plasma is the one that provides the determinations of the analytes in 

accordance with the reference values. Thus, the plasma temperature value 

obtained with accuracy in this procedure is used in the analyte determination 

calculations in other similar matrix samples and ablated under the same 

conditions as the reference sample.93 CF inverse method was used in the 

analysis of archeological findings of copper-based alloys (proof concept),98 

modern bronzes,93 and depth profiles of copper-based alloys,100 for example. 

The Csigma (Cδ) graphs approach, proposed by ARAGÓN & 

AGUILERA (2014),99 can be considered a calibration curve for LIBS that allows 

to include several lines of emission of different elements in the same ionization 

state in many concentrations. The method is based on the Boltzmann, Saha 

and radiative transfer equations for plasmas in LTE. Cδ graphs are based on 

the calculation of a line  ross se tion (δl) for each of the experimental data, 

starting from the atomic data of the line, the temperature and the electron 

density. The Cδ curve represents the dependence of the line intensities, divided 

by their Lorentzian width (I/Δλ) as a fun tion of Cδ, and is determined using the 

spectral lines measured on a single standard of known composition.93,99 From 

this characterization the intensity and self-absorption of a given spectral line of 
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an element at a certain concentration may be determined by LIBS.99 The Cδ 

graphs was used to determine Fe, Mn, Mg, Si and Cr in fused glass samples,99 

Cu, Pb, Sn and Zn in modern bronzes,93 and Si, Fe, Cu, Mn, Mg, Cr, Ni, Zn, Ti 

and Ca in aluminum alloys,101 for example. 

One-point and multi-line calibration - OP MLC, recently proposed 

by HAO et al. (2018),102 uses a single solid standard for matrix-matching and 

several analyte emission lines to obtain a linear calibration model. From the plot 

on the x-axis of the emission intensities of lines of different sensitivities of the 

analyte in the standard (with a matrix similar to that of the analyzed samples 

and with known analyte concentration, Cstandard) and on the y-axis the intensities 

of the emission lines of the analyte in the sample with unknown concentration, a 

linear calibration model is obtained. From the slope of this model it is possible to 

calculate the concentration of the analyte, Canalyte in the sample (Canalyte = slope 

x Cstandard).
102 

The limitations of the strategy are related to the difficulty of 

choosing a standard with appropriate concentration, which can compromise 

determinations with satisfactory accuracy, if the samples show great variability 

of analyte concentration; and choice of emission lines with low sensitivity (more 

susceptible to spectral interference).103,104 However, OP MLC was the 

calibration strategy used to determine Cr, Mn, Ni and Ti in low-alloy steel 

samples,102 Ca, K and Mg in cocoa beans,103 and direct determination of Al and 

Pb in waste printed circuit board (PCB).104 

Single-sample calibration - SSC proposed by YUAN et al. 

(2019)105 is a strategy based on a simple correlation between emission 

intensities of the analyte and other elements present in the analyzed plasma of 

the unknown concentration sample, with the concentrations of the analyte and 

other elements and their respective emission intensities obtained in the analysis 

of single calibration standard. Based on the Lomakin-Scherbe formula, it is 

possible to use this correlation from parameters obtained from only one 

calibration standard, with a matrix similar to that of the samples, for matrix-

matching and direct determination of the analyte by LIBS.104,105 

Some limitations of SSC are related to the use of emission lines 

with spectral interference, so they must be chosen very carefully to overcome 

this limitation; and samples and standard with significant variability in physical 
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and chemical properties, which can compromise the accuracy of the 

determinations.103,104 However using SSC, analytes in samples of brass, steel, 

nickel-based alloy,105 cocoa beans103 and waste PCB 104 were determined. 

Slope ratio calibration - SRC proposed by NUNES et al. (2019)106 

and posteriorly the Two-point calibration transfer - TP CT proposed by CASTRO 

et al. (2019)25 are strategies based on the increase of the ablated mass with the 

number of accumulated laser pulses on a single solid calibration standard. 

However, in TP CT, only two sets of accumulated pulses are needed to obtain a 

linear calibration model, simplifying and facilitating the treatment of the data, 

while in SRC five sets of accumulated pulses are used. 

The emission intensity is directly proportional to the analyte 

amount in the ablated sample mass, which, in turn, is proportional to the 

number of laser pulses.106
 Thus, two linear models are obtained for SRC and 

TP CT. The plot in the x-axis of the number of accumulated spectra, and in the 

y-axis the intensity obtained by the sum of the intensity (monitored by the 

analyte in each set of accumulated spectra) obtained for the sample and single 

standard calibration (with known analyte concentration, Cstandard and matrix 

similar to the sample). From these models, two slopes are calculated (referring 

to the model obtained for the sample and the other for the standard) and used 

in the calculation of the analyte concentration in the sample (Canalyte = 

(slopesample   slopestandard) x Cstandard) by LIBS.25,106 

The main advantages of these strategies are that they require a 

single solid calibration standard and correct matrix effects. However, the 

difficulty of choosing a standard with appropriate concentration of the analyte is 

a limitation of these strategies, because the concentration of the standard used 

in the calculation can under or over-estimates the concentration of the analyte 

in the sample.  

SRC was used in the analysis of plant material in order to 

determine macro and micronutrients.106 The TP CT was used in the direct 

determination of B, Fe, Dy, Gd, Nd, Pr, Sm and Tb in hard disk magnets,25 Al 

and Pb in waste PCB,104 and Ca, K and Mg in cocoa beans.103 

Multi-energy calibration - MEC proposed by VIRGILIO et al. 

(2017)107 was evaluated for the spectrometric techniques inductively coupled 

plasma optical emission spectrometry (ICP OES), high-resolution continuum 
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source flame atomic absorption spectrometry (HR-CS FAAS) and microwave-

induced plasma optical emission spectrometry (MIP OES); and BABOS et al. 

(2019),14 proposed MEC for direct solid analysis by LIBS.  

The MEC is an efficient matrix compatibility strategy that uses only 

two solid calibration standards prepared for each sample and many analyte 

emission lines (of different sensitivities) to obtain a linear calibration model. As 

the two standards are prepared using the sample itself, strong matrix effects are 

corrected and provide results with satisfactory accuracy.14 

The first standard is a pellet that contains an i) portion of sample 

and another portion of diluent (blank) that can be a salt, oxide, binder or a 

sample that does not contain analytes, for example. And the second standard is 

a pellet that contains a ii) portion of sample and a standard containing the 

analytes which can be CRM, salts or sample with reference values of the 

analytes; and it is mandatory that the two standards (i and ii) have the same 

proportion, sample: blank and sample: standard.13,14 

By plotting the emission intensities of the analyte obtained on the 

analysis of the second standard on the x-axis (sample: standard) and on the y-

axis the emission intensities obtained for the first standard (sample: blank), it is 

possible to calculate the slope of this linear model. As the concentration of the 

standard added to the sample is known, and using the slope calculated for the 

linear model it is possible to determine the concentration of the analyte in the 

sample (Canalyte = (slope x Cstandard)   (1- slope)). 13,14,107 

The main advantages of MEC are related to the possibility of 

identifying emission lines with spectral interferences (an outlier is observed in 

the linear model), using only two solid calibration standards for each sample 

and efficient matrix-matching. The main limitations are the difficulty in choosing 

the appropriate blank and requiring efficient homogenization of the two 

standards, to ensure the precision of the measurements.13,14,107 

MEC LIBS was used in the direct analysis of different matrices to 

determine different elements such as: Ca, Cu, Fe, Mn and Zn,14 and Ca and 

P,13 both in mineral supplements for cattle; Ca, K and Mg in dietary 

supplements,108 Al, Fe and Ti in high-silicon-content samples,109 In in liquid 

crystal display,110 Ni and Cr in nickeliferous ores,111 and B, Fe, Dy, Gd , Nd, Pr, 

Sm and Tb in hard disk magnets.25 
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One-point gravimetric standard addition - OP GSA, proposed by 

Babos et al. (2019),13 like MEC, uses only two solid calibration standards for 

each sample to obtain the calibration curve: i) sample + diluent and ii) sample + 

standard. Differently conventional standard addition (SA) calibration, which 

employs around five solid calibration standards, OP GSA requires only one 

standard addition point. By extrapolating the analytical curve obtained, it is 

possible to determine the concentration of the analyte in the sample.13 

The use of only one standard addition point by OP GSA has some 

advantages when compared to SA, because i) it needs a small amount of 

sample to prepare the standards and consequently there is ii) increased 

analytical frequency.13 The F-test is performed in order to observe the 

significance of the calculated models and their linearity.112 However, an efficient 

homogenization of the diluent or of the standard in the sample is required to 

obtain adequate precision of the measurements (low RSD value).13,25 

OP GSA was the calibration strategy employed in the direct 

determination of Ca and P in mineral supplements for cattle,13 and of base and 

some rare earth elements in hard disk magnets.25 

External calibration - EC is very useful in the development of 

analytical methods using direct LIBS analysis. However, obtaining solid 

calibration standards is difficult to perform EC. Ideally, EC is a strategy that 

should be applied using calibration standards, where the sample matrix does 

not interfere with stoichiometric ablation and have a linear behavior of the 

emission signals of standards and samples, that is, there are no matrix effects. 

However, obtaining solid calibration standards without these requirements is 

difficult, and so most methods that use EC employ the matrix-matching 

calibration (MMC) method.7,13 

Examples that demonstrate the difficulty of obtaining standards for 

EC and the need to use MMC, were reported by MILLAR et al. (2018),113 for the 

determination of Cl in cement-bound materials by LIBS. In this study, the 

authors evaluate different compositions containing different Cl-salts, water-to-

cement ratios and additives, for the process of preparing solid standards. The 

authors demonstrated that the use and preparation of calibration standards 

using Portland cement, a water to cement ratio of 0.5 and added NaCl in the 

mixing water, allows to obtain determinations with accuracy. In another study, 
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MARTINEZ & BAUDELET (2020),114 prepared a solution of alginic acid and 

keratin, spiked with ZnO nanoparticles, which was cross-linked and dried to 

obtain a hard film, as calibration standards. Using these standards it was 

possible to determine Zn in human nail by LIBS using the normalization of the 

Zn line by C I 193.09 nm and matrix-matching; due to the similarities of the 

plasma and crater properties obtained for sample and standard. 

Recently DUPONCHEL, et al. (2020),115 proposed the calibration 

for LIBS using the Inverse regression. From sets of soils and glass samples, 

used as calibration standards, an inverse regression model (concentration = f 

(analyte emission signal), where f is function) was obtained, compared to the 

simple regression model (signal of analyte emission = f (concentration)); and 

used to determine Ca in soils and Na in glass.115 

The authors demonstrated that, i) the predictive capacity of the 

models using inverse regression provided better statistical parameters when 

compared to simple regression (using specific experimental conditions); ii) that 

the lower the signal-to-noise ratio, the greater the differences between the 

regressions, and iii) advised the researchers to use the inverse regression when 

the number of calibration standards is small.115 

The matrix-matching calibration - MMC, internal standardization - 

IS, standard addition - SA, partial-least squares - PLS, principal component 

regression - PCR, multiple linear regression - MLR, data fusion, have been 

detailed in section 2.1. Calibration strategies employing in direct solid analysis 

and descriptions of the advantages and limitations of all these strategies can be 

obtained. 

Chemometric tools are employed as multivariate calibration 

strategies and are reported in the scientific literature for LIBS.10,12 The most 

used are PLS, PCR, MLR and artificial neural network - ANN. 

The ANN is able to propose a calibration model based on 

nonlinear and complex relationships, especially when the nonlinear 

relationships between experimental data are unknown. Similar to the way the 

human brain recognizes, manages and learns patterns; in experimental data the 

artificial neural network can learn and recognize the relationships between the 

set of input data (dependent variables with a certain associated weight) and 

generate a response corresponding to the variable, that is, the output 
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parameter.10,116,117  The ANN was used, for example, to determine Cu in soils,116 

and Al, Ca, Cu and Fe in soils with errors of prediction lower than 20%.117 

Limitations of this strategy are associated with the need for 

training and expertise of the analyst, in addition to taking care not to over-adjust 

the model, attributing erroneous weights to the input data, for example, as they 

may compromise the figures of merit the method.10 

Multivariate curve resolution alternating least-squares algorithm - 

MCR-ALS, as well as XANES, is also used in LIBS for quantitative and 

qualitative analysis. El HADDAD et al. (2019),118 used MCR-ALS applied to the 

LIBS data allowed the identification, quantification and imaging of minerals on 

rock tiles, even in the presence of 10 mixed mineral phases. The method 

presented a mineral quantification root mean square error below 10% for the 

main minerals.  

In another study, EL RAKWE et al. (2016),119 explored the 

temporal and spectral dimensions of the LIBS spectra obtained from the 

analysis of metallic Al, using MCR-ALS and independent component analysis 

(ICA). Thus, the temporal evolution of the LIBS signal was measured between 

0.2 and 15 µs after the laser pulse, to assess mainly the kinetics of ionic 

recombination and molecular formation (AlO) within the plasma. 

The main advantage of MCR-ALS over other chemometric 

methods for multivariate calibration is that it requires relatively fewer calibration 

standards to obtain regression models. However, treatments require expertise 

from the analyst, and difficulties in determining the number of factors or 

components that cause the variability in the data set, can be observed.118,119 

Machine learning regression is closely related to computational 

statistics, is the study of algorithms that improve automatically through 

experience. Machine learning algorithms build a mathematical model based on 

sample data, known as "training data", in order to make predictions or decisions 

without being explicitly programmed to do so.120,121 Several machine learning 

algorithms are used in LIBS determinations, using the mentioned principles. 

An interesting example is described by BOUCHER et al. (2015).121 

In this study, the authors evaluated and described nine machine learning 

regression methods for the determination of ten major elements in rocks by 

LIBS; the linear regression methods being: i) partial least squares- PLS-1 
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(single response model), ii) PLS-2 (multiple response model), iii) PCR, iv) least 

absolute shrinkage and selection operator (lasso) regression, v) elastic net, and 

vi) support vector regression with linear kernel (SVR-line), and nonlinear 

regression methods including vii) kernel PCR (kPCR), viii) SVR with second 

order polynomial kernel (SVR-poly) and ix) k-nearest neighbor (kNN) 

regression. 

Random forest regression - RFR is an advanced algorithm of 

machine learning, proposed by by LEO BREIMAN in 2001,122 that have been 

used for LIBS. A random forest is a classifier consisting of a collection of tree-

structured classifiers (h(x, θk), k=1,…) where the (θk) are independent identically 

distributed random vectors and each tree casts a unit vote for the most popular 

class at input x. It is based upon an ensemble of decision trees, from which the 

prediction of a continuous variable is proved as average of the predictions of all 

trees. Some advantages of this regression are the good tolerance for the noise, 

as well as avoid over-fitting of the regression however; it requires analyst 

expertise for its implementation.122,123 

The RFR was used as multivariate calibration strategy in the direct 

determination of Cr, Cu, Ni, Mn and Si in steel by LIBS. In this study, the 

authors mention that the RFR model can eliminate the influence of nonlinear 

factors due to self-absorption in the plasma and provide a better predictive 

result.123  And other applications as i) in the determination of nonmetals, P and 

S in steel samples using RFR,124 and ii) Cu, Zn, Cr and Ni in oily sludge 

samples, using wavelet transform-random forest (WT-RF), were also observed 

in the scientific literature.125 

The parallel factor analysis - PARAFAC was recently applied to 

LIBS data by CASTRO et al. (2020),126 to characterize and assist in the 

determination of Al, Ag, Au and Cu in PCB. PARAFAC is a decomposition 

method applied for multi-way data (higher order data arranged in arrays). It can 

estimate the spectra and concentration profiles of the underlying chemical 

analytes if the data behave according to the model. The decomposition uses 

trilinear components, with each component consisting of one score and two 

loading vectors.126,127 

For LIBS data, the authors evaluated the trilinear components: 

samples versus variables (emission lines) versus depths (laser pulses from 1 to 
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10). Using PARAFAC was possible i) to identify spectral interference in the Cu 

emission line, due to the presence of Ti, ii) using multi-way data was possible to 

create a map of the PCB colored by concentration, and visualize where the 

element is predominantly located in sample, and iii) use classification models 

for Au and Ag using PLS-DA after removal of the interferents.126  Thus, 

PARAFAC and LIBS present a synergy and advantages that should be 

increasingly explored in the direct analysis of solids. 

The multivariate calibration chemometric tools are very important 

and have significantly contributed to the development of analytical methods 

using the direct analysis of solids by LIBS, due to all the advantages described 

previously. 

However, a question is valid: what is the best calibration strategy 

for LIBS? From the above, considering the advantages and limitations of each 

of the univariate and multivariate calibration strategies, I believe that the best 

calibration strategy to be employed will depend on trained human resources to 

identify and understand some phenomena resulting from the laser-sample 

interaction (mainly matrix effects), as well as the intrinsic characteristics of: i) 

each of the available calibration strategies, ii) the analytes; iii) the sample 

analyzed and that iv) provides results with satisfactory precision and accuracy. 

It is an apparent trend for LIBS calibration to use few solid 

calibration standards and greater exploration of instrumental parameters, of the 

properties of laser-induced plasma, associated with chemometric treatments, in 

proposing new calibration strategies that can significantly contribute to the 

development of analytical methods of quantification using the direct solid 

analysis by LIBS. 
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3.1.1 Calibration strategies to overcome matrix effects in laser-induced 

breakdown spectroscopy: direct calcium and phosphorus determination 

in solid mineral supplements. Spectrochimica Acta Part B 155 (2019) 90-
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effects in laser-induced breakdown spectroscopy (LIBS). These calibration strategies were evaluated for direct
determination of Al and Pb in waste printed circuit boards (PCB) using direct solids analysis by LIBS. Each
strategy has limitations and advantages of its implementation, for the correction of matrix effects, so that it
allows elementary determination with adequate accuracy. The MMC and CF proved to be excellent calibration
strategies for the determination of strategic (Al) and toxic (Pb) elements by LIBS, with good recoveries (ranging
from 80–120%) and low relative standard deviation (RSD%) values. A detailed discussion of the advantages and
limitations of each of these five calibration strategies evaluated for LIBS is presented in this study. Lead con-
centrations in waste PCB samples are 5–12 times higher than established by Directive 2011/65/EU, and the
samples analyzed contain between 3 and 55 g kg−1 Al, being an interesting economic and recycling source for
this metal.

https://doi.org/10.1016/j.jhazmat.2020.122831
Received 13 March 2020; Received in revised form 16 April 2020; Accepted 7 May 2020

⁎ Corresponding author.
E-mail address: janzano@unizar.es (J.M. Anzano).

Journal of Hazardous Materials 399 (2020) 122831

Available online 23 May 2020
0304-3894/ © 2020 Elsevier B.V. All rights reserved.

T

77

http://www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2020.122831
https://doi.org/10.1016/j.jhazmat.2020.122831
mailto:janzano@unizar.es
https://doi.org/10.1016/j.jhazmat.2020.122831
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2020.122831&domain=pdf


1. Introduction

Contemporary society utilizes several types of high-tech electrical
and electronic devices and instruments. The study of waste electrical
and electronic equipment (WEEE) generation is therefore of great in-
terest due to the environmental, economic, recycling and reuse ques-
tions posed by this type of waste (Costa et al., 2018a; Tansel, 2017).
According to a study published in 2017, the projection of WEEE pro-
duction is expressive (Andrade et al., 2019a, 2019b, 2019c, 2019d),
being 52.2 million tons in 2021 (Baldé et al., 2017).

WEEE contains a diverse, complex and valuable composition, con-
sisting mainly of polymers, metals (base, toxic, noble and technological
elements) and ceramics. Printed circuit boards (PCB), which are part of
the electronic devices present in the WEEE, contain large amounts of
valuable and dangerous metals such as, for example, Al and Pb.
Depending on the electronic device, the metal content on PCBs can
range from 2–19 % Al and 1–3% Pb, among others (Andrade et al.,
2019b; Arshadi et al., 2018; Carvalho et al., 2015; Perkins et al., 2014;
Yamane et al., 2011; Yang et al., 2019). Aluminum and Pb can be re-
cycled, adding value to the WEEE and generating a source of income.
Lead is a toxic metal which in high concentrations can pollute the en-
vironment. According to Directive 2011/65/EU, the maximum con-
centration allowed is 0.1 % by weight in homogeneous materials
(RoHS, 2011).

The preparation of waste PCB samples for elemental analysis is a
challenging task due to the complexity of its composition and its re-
fractory character, being rich in oxides of Mg, Si and Ti, flame re-
tardants, metals and polymers. Thus, the need to use vigorous condi-
tions in the acid decomposition step is evident in order to obtain a
homogeneous and representative solution for subsequent quantitative
analysis by conventional analytical techniques (Arshadi et al., 2018).

LIBS technique has some advantages that could be used for the di-
rect analysis of waste PCBs, such as: minimum sample preparation, fast
multi-element analysis (μs), semi-destructive analysis (μg), and
minimum waste generation. A limitation of this technique is related to
matrix effects, which may compromise accuracy in quantitative ana-
lysis (Andrade et al., 2020; Carvalho et al., 2018a; Costa et al., 2019;
Cremers and Radziemski, 2006b; Gondal et al., 2010; Kim et al., 2013;
Lasheras et al., 2011; Miziolek et al., 2006).

As the sample is analyzed integrally (analyte and matrix simulta-
neously) by the LIBS instrument, the physicochemical properties of the
sample and the laser-sample and/or laser-plasma interaction may in-
fluence the atomic/ionic/molecular emission phenomenon of the ana-
lyte (Cremers and Radziemski, 2006a; Miziolek et al., 2006). As in the
majority of applications the goal is quantitative analysis, requiring ca-
libration standards in some strategies. In addition, different matrix ef-
fects can occur in the plasma formed in the samples and in the cali-
bration standards. Consequently, the figures of merit of the method can
be jeopardized, and thus may make it impossible to determine the
analyte with satisfactory accuracy using direct solid analysis by LIBS
(Hahn and Omenetto, 2010, 2012; Sattar et al., 2019).

Matrix effects (spectral and non-spectral) can be avoided or mini-
mized by careful peak selection or peak fitting of the analytical line and
/ or selecting lines that do not exhibit spectral interference, in addition
the use of high resolution spectrometers in LIBS (makes it possible to
identify and overcome some spectral interferences) (Takahashi and
Thornton, 2017; NIST, 2020).

The non-spectral matrix effects are directly correlated to the phy-
sical and chemical properties of the sample, and these effects are more
difficult to overcome because there are many possibilities of how the
matrix may be influenced by the analyte emission phenomenon
(Cremers and Radziemski, 2006a; Takahashi and Thornton, 2017). The
main non-spectral matrix effects are related to the sample's irregular
surface, inhomogeneous particle size and humidity (Carvalho et al.
2018, Takahashi and Thornton, 2017), the predominant chemical
composition of the sample (organic or inorganic forms) (Eppler et al.,

1996), the temperature of the sample (Lednev et al., 2019), the pressure
used to compress the sample to form pellets (when necessary) (Popov
et al., 2018), the presence of easily ionizable elements (EIEs) (Morais
et al., 2018; Popov et al., 2018), the interaction of the laser with the
sample, heat of vaporization, thermal conductivity, and the absorption
coefficient, which affects the transport of an ablated mass which will be
vaporized and atomized into the plasma (Takahashi and Thornton,
2017), among others (Lasheras et al., 2013; Rezaei et al., 2018). These
matrix effects may contribute to the non-stoichiometric ablation of the
sample and thus reduce the possibility of using LIBS for quantitative
analysis.

In order to overcome these matrix effects, univariate and multi-
variate calibration strategies are used for LIBS: matrix-matching cali-
bration (MMC) (Costa et al., 2018b; Gomes et al., 2013; Vieira et al.,
2018), standard addition (SA) (Yi et al., 2016; Wu et al., 2019), one-
point gravimetric standard addition (OP GSA) (Babos et al., 2019),
internal standardization (IS) (Aquino et al., 2016; Carvalho et al.,
2018b; Lasheras et al., 2013; Sperança et al., 2019) calibration free (CF)
(Cavalcanti et al., 2013; Ciucci et al., 1999; Li et al., 2019; Tognoni
et al., 2010), one-point and multi-line calibration (OP MLC) (Hao et al.,
2018), multi-energy calibration (MEC) (Andrade et al., 2019b; Augusto
et al., 2019; Babos et al., 2018; Carvalho et al., 2019; Castro et al.,
2020; Fortunato et al., 2019), two-point calibration transfer (TP CT)
(Castro et al., 2020), and single-sample calibration (SSC) (Yan et al.,
2019).

It should be noted that many calibration possibilities are available
for LIBS, but the question is what is the best calibration strategy that
could be applied for the determination of Al and Pb in samples as
complex, of environmental and economic interest as waste PCBs. In
order to answer this question, five calibration strategies were selected
and evaluated their performance based on various parameters such as
standard error (SE), recovery and other figures of merit, considering the
limitations and intrinsic advantages of each calibration for overcoming
matrix effects and for the determination of these metals. Two strategies
widely reported in the literature (MMC and CF) and three that have
recently been proposed (TP CT, OP MLC and SSC) for calibration were
evaluated for direct waste PCB analysis and determinations of toxic
(Pb) and strategic (Al) elements by LIBS.

2. Experimental

2.1. Instrumentation

LIBS spectra were obtained using an experimental set-up based on a
Q-switched Nd:YAG laser (BrilliantQuantel, model Ultra CFR) with a
1064 nm wavelength, a 7.7 ns pulse duration and a maximum laser
pulse energy of 50 mJ. The sample was placed inside a sample chamber
and the laser beam directly focused on it through a 150 mm focal length
lens. The target surface was positioned approximately 77 mm below the
focal lens. The light emitted by the plasma was collected by optic fibers
connected to an Echelle spectrometer (Andor Mechelle ME5000,
195 mm focal length, F/7, l/Al 5000). The spectrometer is equipped
with an intensified charge coupled device detector (Andor iStar DH734,
1024 × 1024 pixels 13.6 × 13.6 μm2 by pixel, 18 mm of intensifier
diameter). The wavelength and spectral resolution of the spectrometer
were calibrated using a low pressure mercury-argon lamp by measuring
both the spectral positions of the lines and their spectral profiles. The
LIBS system requires some instrumental parameters to be optimized
such as laser pulse energy, delay time, signal acquisition time and lens-
sample distance.

An inductively coupled plasma optical emission spectrometer (ICP
OES) (iCAP 7000, Thermo Scientific, Waltham, MA, USA) was used in
the determination of Al and Pb in printed circuit board waste after acid
digestion of the samples (n = 3). The concentrations obtained were
used as reference values for the LIBS method. The emission lines
monitored during ICP OES determinations were Al 167.079 nm and Pb
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216.99 nm using axial viewing mode.
A scanning electron microscope (SEM) (JEOL JSM 6360-LV)

(General Research Support Service of the University of Zaragoza) with
voltage up to 30 kV and a maximum resolution of 3.0 nm was used for
the morphological surface visualization of the waste PCBs. In order to
perform the analysis, one waste PCB sample was pelletized and selected
(S2). Additionally, the pellet was analyzed by SEM in order to obtain
information about the crater formed by the laser pulse and then to
calculate both the irradiance and laser pulse fluence values.

2.2. Reagents and samples

Standard solutions containing Al and Pb were prepared by diluting
standard stock solutions containing 1000 mg L−1 (Specsol, São Paulo,
Brazil), and acidified with HNO3 10 % v v−1, and used for ICP OES
analysis.

Six PCBs from desktop computers were collected at São Carlos (São
Paulo State, Brazil) and then ground in a knife mill (IKA, A11) (the
particle size was estimated to be lower than 500 μm) to obtain homo-
geneous and representative samples. Approximately 200 mg of PCB
samples were weighed and compressed using a manual hydraulic press
(Perkin Elmer IR Accessory Hydraulic Press) with 10 × 104 N for 2 min,
to obtain pellets (n = 3) for LIBS analysis. It is necessary to press the
sample to obtain cohesive pellets that contribute to the reproducibility
of the laser-sample interaction and consequently to the precision of the
measurements.

2.3. Sample preparation for determination of Al and Pb by ICP OES

The samples of PCBs were digested using microwave-assisted
heating for analysis and to obtain reference values of Al and Pb that
were subsequently used in the proposition of the calibration models and
verification of the accuracy of the proposed LIBS method. Masses of
approximately 100 mg of PCB were accurately weighed directly in the
perfluoroalkoxy alkanes (PFA) digestion vessels and microwave-as-
sisted digested using a single reaction chamber oven (UltraWave™,
Milestone, Sorisole, Italy). Volumes of 5 mL of concentrated HNO3 were
used as an oxidizing agent in the decomposition. The microwave
heating program was applied as follows: (1) 5 min to reach 100 °C, (2)
15 min to reach 180 °C, (3) 15 min to reach 240 °C and (4) 7 min held at
240 °C. Subsequently, the digests were diluted to 50.0 mL with distilled-
deionized water and filtered on qualitative filter paper 80 g m−2

(Unifil, Germany) for subsequent ICP OES analysis.

2.4. Optimization of LIBS instrumental parameters

Using a full factorial design 23 with center and axial points, the
instrumental conditions (delay time, gate width and laser pulse energy)
were optimized. The variables studied were evaluated at five levels:
delay time (0.01, 0.4, 1.2, 2.0 and 2.54 μs), gate width (0.32, 1.0, 2.0,
3.0 and 3.68 μs) and laser pulse energy (20, 25, 35, 42.5 and 47.5 mJ).
The variable levels were coded between -1.68 (lower level) and +1.68
(higher level), with the central point (coded as 0) used to calculate
experimental errors. Table S1 presented at Supplementary material
shows more details about the experimental design performed. Due to
experimental setup limitations the delay time values were coded from
-1.49 (0.01 μs) to 1.68 (2.54 μs) The S2 waste PCB sample containing
55 ± 3 g kg−1 Al and 11.6 ± 0.8 g kg−1 Pb was used to optimize the
instrumental conditions used in the LIBS analyses. The Al and Pb re-
ference concentrations were obtained after microwave digestion and
ICP OES determinations.

The signal-to-background ratio (SBR) calculated for each monitored
emission line of Al and Pb (besides the lines of Ca, Fe, Si and Ti used for
calibration free) were used as responses of the factorial design. A
mathematical approach developed by Derringer and Suich (1980),
based on desirability functions applied to optimize multi-response

experiments, was used in this study. This strategy first converts each
experimental response into an individual desirability value (di), which
ranges between 0 ≤ di ≤ 1. In this case, di = 1 corresponds to a desired
response (high SBR), while di = 0 represents a response that is outside
the acceptable region (the lowest SBR). The individual desirability
value was combined into a single response after an arithmetic mean
calculation (the overall desirability, OD). In this study, was ex-
ceptionally used the arithmetic mean because some experiments re-
sulted in di = 0.

2.5. Calibration strategies

Five calibration strategies were evaluated for the determination of
Al and Pb in waste PCB samples by LIBS. For all the calibration stra-
tegies, the calibration standards and samples were pelletized (n = 3)
using approximately 200 mg of waste PCB. The resulting pellets were
analyzed using 50 pulses in different spots to obtain a single average
spectrum. For each sample, six average spectra were obtained (total of
300 shots per sample).

Eight different strategies for normalization of the spectra (Castro
and Pereira-Filho, 2016; Sperança et al., 2018) were evaluated. These
normalizations are important to minimize the signal fluctuations (area
or height) and sample matrix differences during data acquisition.

2.5.1. Matrix-matching calibration – MMC
For MMC method, calibration curves in the range from 3.1 to 55 g

kg−1 Al and 0.72 to 11.6 g kg−1 of Pb were obtained using four samples
of waste PCBs as solid standards. The curves were obtained by plotting
the analytical signal (y-axis emission intensity) versus the analyte con-
centration (x-axis).

Four emission lines with different relative intensities for Al (Al I
308.21 nm, Al I 309.40 nm, Al I 394.40 nm and Al I 396.15 nm) and two
lines for Pb (Pb I 363.95 nm e Pb I 405.78 nm) were evaluated to obtain
the calibration curves. The choice of the best normalization mode and
the most appropriate emission line was made using as a criterion the
obtaining of calibration curves that enable the smallest errors of pre-
diction of the analyte concentration in the samples.

The concentration of the analyte, using MMC, is calculated using
equation 1,

=C Intensity intercept
slopeanalyte (1)

where Canalyte is the concentration of Al or Pb determined in the sample,
Intensity is the analytical signal of the emission line obtained, slope and
intercept, both obtained by the calibration curve.

2.5.2. Two-point calibration transfer – TP CT
For TP CT only one sample is used as the calibration standard, and

the linear model is obtained with two analytical signals monitoring only
one analyte emission line. The linear model plot is made using two sets
of spectra in the x-axis, and in the y-axis the intensity of the emission
line is obtained using only the sum of the intensity of the spectra
(height or signal area) through normalization 5.

Using the reference concentration (Cstandard) of the analyte in the
calibration standard, and the slopes obtained in linear models for the
sample (slopesample) and for the calibration standard (slopestandard), the
analyte concentration (Canalyte) can be obtained using Eq. 2 (Castro
et al., 2020).

= ×C
slope

slope
Canalyte

sample

standard
standard

(2)

For TP CT the emission lines Al I 396.15 nm and Pb I 405.78 nm
were used to obtain linear models.
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2.5.3. One-point and multi-line calibration – OP MLC
For the OP MLC, only one sample is used as the calibration standard

and several emission lines are used to obtain calibration linear models
for Al and Pb. In the x-axis, the emission intensities are used for all the
monitored analyte lines in the standard calibration, and in the y-axis
the intensities are used for all the monitored lines in the sample.

The analyte concentration (Canalyte) is calculated using equation 3,

= ×C slope Canalyte standard (3)

where the slope is obtained for the linear model, and Cstandard is the
concentration of the analyte in the sample used as the standard cali-
bration (Hao et al., 2018).

Using four atomic emission lines for Al (308.21 nm, 309.27 nm,
394.40 nm and 396.15 nm) and two atomic emission lines for Pb
(363.95 nm and 405.78 nm), linear models were obtained for each
analyte in the respective samples.

2.5.4. Single-sample calibration – SSC
In the SSC method, only one sample is used as the calibration

standard and several emission lines of the analyte present in the stan-
dard and sample (unknown) are used. The SSC does not require a ca-
libration curve or linear models (Yan et al., 2019).

For this strategy, the emission intensities of Al I 396.15 nm, Pb I
405.78 nm and Mg II 279.55 nm were used to determine the con-
centration of the analyte. The S2 PCB sample containing 55 ± 3 g kg−1

Al, 11.6 ± 0.8 g kg−1 Pb and 11.4 ± 1.8 g kg−1 Mg (obtained after
microwave digestion and ICP OES determination) was used as the ca-
libration standard.

The analyte concentration (Canalyte) is calculated using Eq. 4,

=

×

=
×

Canalyte

C I
I

i
N C I

I1

standard analyte analyte sample

analyte standard

standard element
N

element sample
N

element standard
N (4)

where Cstandard analyte and Ianalyte standard are the concentration and in-
tensity of the emission line of the analyte in the PCB sample, respec-
tively, used as the calibration standard (#S2 PCB). The Ianalyte sample is
the emission intensity of the analyte in the unknown sample. The

INelement sample is the emission intensity of the element N in the sample of
unknown concentration, and CN

standard element and IN element standard the
concentration and the emission intensity of the element N, respectively,
in the sample used as the standard calibration.

2.5.5. Calibration free – CF
For CF only physicochemical parameters of the obtained plasma and

from the monitored emission lines of the analytes and from all species
present are necessary for the quantification. A calibration standard is
not required.

The analyte concentration (Canalyte) is calculated using Eq. 5,

=I
A g

ln
C
U T K T

Eln
( )

1
ki k

analyte

B
k

(5)

where Iλ is the integrated intensity of the emission line, Aki the tran-
sition probability, gk the degeneration of the upper level, KB the
Boltzmann constant, T the temperature of the plasma, Ek the energy
level of the excited state, F the experimental factor, and U(T) the par-
tition function of the species present in the plasma (Ciucci et al., 1999;
Li et al., 2019; Tognoni et al., 2010,).

All the calculations were processed using the LIBS++ software
(ARWAN technology, developed by Palleschi et al.). For the calculation
of the plasma temperature, the emission lines for Ba (Ba I 705.99, Ba II
614.17 and Ba II 649.69 nm), Fe (Fe I 374.55, Fe I 382.04, Fe I 405.58,
Fe I 438.35, Fe II 239.92 nm) and Ti (Ti I 498.17, Ti I 499.10 and Ti II
333.94 nm) were used.

The plasma electron density (Ne) was calculated from the Hα line in
656.28 nm and using Eq. 6,

= ×FWHA nm N
m

0.549
10

e
23 3

0.67965

(6)

where FWHA denotes the full width at half area of this hydrogen
emission line (Cavalcanti et al., 2013; Ciucci et al., 1999,).

Fig. 1 show a pictorial description of all the calibration strategies
(calibration curve, linear model or correlation) used for Al.

Fig. 1. Scheme representation of the calibration strategies evaluated for direct determination of Al in waste PCBs by LIBS.
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2.6. Determination of analytical performance parameters

The precision (n = 3) was calculated using all the samples. The
standard error (SE) and root mean square error of prediction (RMSEP)
were calculated for analytes, using Eqs. 7 and 8, respectively:

= ˆSE
yi y
n
( )

1

2

(7)

= ˆRMSEP
yi y

n
( )2

(8)

where yi is the analyte reference concentration obtained by ICP OES, ŷ
is the concentration predicted by the calibration model using LIBS, and
n is the number of samples analyzed.

Slope and intercept values and respective confidence interval (95 %
confidence level) obtained for linear regression for concentration re-
ference (ICP OES method) versus concentration predicted (LIBS method)
plots, were used for results comparison obtained in the direct de-
terminations of analytes using five calibration strategies for LIBS. The
ideal situation is a slope and intercept equals to 1 and 0, respectively.

3. Results and discussion

3.1. Optmization of LIBS instrumental conditions

The instrumental conditions of the LIBS system influence the laser-
matter interaction and also the quality of the emission spectrum ob-
tained. The laser pulse energy, delay time and gate width of the spec-
trometer were optimized using a full factorial design 23 with center and
axial points (see Table S1).

The regression model based on the obtained OD (Table S1) was
calculated to determine the best description of the experimental region.
The quality of the model was evaluated through analysis of variance
(ANOVA). After observing the values calculated for ANOVA, it was
possible to verify that the regression of the model is not statistically
significant at the 95 % confidence level. These results demonstrate that
it is not possible to obtain a model with good predictive capacity.

By evaluating Table S1, it was observed that experiment 8 presented
the highest OD value (OD = 0.89) when compared to the other ex-
periments. Thus, the evaluated conditions of this experiment were used
in all measurements by LIBS in this study, with a delay time of 2 μs, a
gate width of 3 μs and laser pulse energy of 42.5 mJ.

3.2. Laser-sample interaction: energy parameters

The physical and chemical properties of the sample strongly influ-
ence the laser-sample interaction and consequently the formation of the
plasma, modifying its characteristics (temperature and electronic den-
sity, among others). Using SEM analysis and laser pulse energy opti-
mized for analyses of waste PCBs, some parameters were obtained from
the laser-waste PCB pellet interaction.

The crater formed by the laser pulse over the surface of the pelle-
tized waste PCB sample S2 (200 mg compressed using 10 × 104 N for
2 min) is shown in Fig. 2. The estimated crater diameter was 470 μm.
The figure shows the heterogeneity of the morphology and composition
of the sample since waste PCBs consist of several polymeric, ceramic
and metallic components. The importance of a milling step to obtain a
representative sample and thus enable a stoichiometric ablation is also
evident, besides the need to obtain several spectra in different regions
of the pelletized sample for precision in determination (low RSD va-
lues). The laser-sample interaction is complex and many phenomena
occur as a result.

The irradiance (W cm−2) and the laser pulse fluence (J cm−2) were
calculated from the diameter of the crater. Using a laser pulse of
42.5 mJ and a pulse duration of 7.7 ns, a power of 5.5 MW was

generated. Even if low energies are used, it is common to obtain high
power values because the pulse duration lasts for nanoseconds. The
crater radius reached 235 μm, obtaining an irradiance of 3.2 GW cm−2

and a laser fluence of 24.5 J cm−2. These parameters were calculated
for the optimized instrumental conditions used to obtain all the LIBS
spectra for the waste PBC samples.

3.3. Evaluation of calibration strategies for LIBS

The matrix effects are the main sources of the linearity deviations
between concentration and emission intensity in the analysis of solids
by LIBS aimed at elementary determination. Thus, five calibration
strategies (i- MMC, ii- TP CT, iii- OP MLC, iv- SSC and v- CF) were
evaluated to overcome or minimize matrix effects in the determination
of Al and Pb in six waste PCBs by LIBS. The criterion for selecting the
analytes emission lines (λ) used in each calibration strategy was made
considering the accuracy of the determinations based on the recovery
value. Recoveries values in the range of 80–120% were considered
satisfactory for all the evaluated calibration strategies.

Using matrix-matching calibration for Al, a calibration curve
(coefficient of determination: R2 = 0.8146) was obtained by mon-
itoring the emission line Al I 396.15 nm in the following samples: S1,
S2, S3 and S4. For the validation of the method, two samples with in-
termediate concentrations to the calibration standards (S5 and S6) were
analyzed. Recoveries values of 99 % and 116 %, and relative standard
deviation (RSD) values ≦4% were obtained, demonstrating the sa-
tisfactory accuracy of MMC for Al determinations (see Table 1).

For Pb, the calibration curve obtained monitoring the emission line
Pb I 405.78 nm at samples S2, S3, S4 and S5, showed a good coefficient
of determination (R2 = 0.8426) using the MMC strategy. For samples
S1 and S6 (used for validation), good recoveries values of 102 % and
111 % and RSD ≦ 8% were obtained for Pb determinations by LIBS (see
Table 2).

For two-point calibration transfer strategy, the S4 (13.4 ± 0.7 g
kg−1 Al) and S1 (7.6 ± 0.6 g kg−1Pb) samples were used as calibration
standards for Al and Pb, respectively. Since only two calibration points
("concentrations") are used, the linearity and significance of the model
can be verified from the test F, and in this case the ratio Fexperimental/
Ftabulated was calculated. This ratio ≥10 demonstrated that the var-
iances are statistically different (the quadratic mean of the regression is
statistically different when compared with the quadratic mean of the
residues), thus the model can be considered linear and statistically
significative, and the TP CT can be used (Pereira and Pereira-Filho,
2018). The ratio found for all samples analyzed for Al ranged from 7 to
416 and for Pb ratios of 5–116 were obtained, indicating that the
models are linear and that two-point calibration is feasible.

For Al, recovery values ranging from 84 to 112 % were obtained

Fig. 2. Crater and superficial morphology of waste PCB sample (S2) obtained
by scanning electron microscopy (SEM).
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using TP CT, except for S1 (683 %), S2 (125 %) and S3 (61 %). For Pb,
recovery values ranging from 89 to 104 % were obtained, except for
sample S4 (132 %) (Tables 1 and 2). It was not possible to determine Pb
in the S3 sample using LIBS and TP CT (or any other calibration strategy
evaluated), since the concentration in this sample (0.72 ± 0.09 g
kg−1Pb) is lower than the standard error (SE) calculated for the LIBS
method (Table 3). RSD values ≦17 % and ≦22 % were obtained in the
determinations of Al and Pb, respectively, using TP CT.

For one-point and multi-line calibration, the samples of waste PCBs
used as solid standards for Al and Pb were S5 (10.2 ± 1 g kg−1 Al) and
S2 (11.6 ± 0.8 g kg−1 Pb), respectively. Good linear models were
obtained, with excellent coefficients of determination for Al (R2 ranging
from 0.9790 to 0.9960) and Pb (R2 = 1), using four atomic emission
lines for Al and two lines for Pb.

For Al, recoveries values ranging from 78 to 109 % were obtained
using OP MLC, except for S3 (57 %). For Pb, excellent recoveries values
ranging from 83 to 103 % were obtained for all the samples analyzed
(Tables 1 and 2). The values of the experimental slopes calculated for
the linear models do not present significant differences from the theo-
retical slope (see Tables 1 and 2), providing good values of recoveries
and demonstrating a satisfactory accuracy of the determinations. RSD
values ≦9% and ≦25 % were obtained in the determinations of Al and
Pb, respectively.

Using the single-sample calibration for Al determination, the emis-
sion lines and concentrations of Al and Pb for all the samples and
standard were used, except for samples S1 and S3. For these two
samples, the intensity of the emission lines of Al, Pb and Mg and the
respective concentrations of these elements in the calibration standard
were used. Recoveries values ranging from 82 to 116 % were obtained
using SSC, except for S1 (220 %).

However, for Pb determination the emission intensity of the Pb, Al
and Mg lines was used for all the waste PCB samples, together with the

respective concentration values of these three elements in the calibra-
tion standard, except for sample S1. Only the Pb and Mg elements were
monitored for this sample, together with their respective concentrations
in the standard for correlation with the S1 sample. Recoveries values
ranging from 81 to 116 % were obtained using SSC, except for S6 (71
%) - see Table 2. Using the SSC as a calibration strategy, RSD values of
≦21 % and ≦25 % were obtained in the determinations of Al and Pb,
respectively.

Calibration free was another strategy evaluated for the determina-
tion of the analytes in the complex and refractory waste PCB samples.
For CF it is necessary to obtain some physical parameters of the plasma,
such as the temperature and electronic density, to verify the local
thermodynamic equilibrium (LTE) (Ciucci et al., 1999; Tognoni et al.,
2010).

For the calculation of the plasma temperature using the Saha-
Boltzmann equation, the emission intensities of different lines in dif-
ferent ionization states (atomic and ionic) for Ba, Fe and Ti were used.
The average plasma temperature was 8145 ± 227 K, considering the
six waste PCB samples analyzed. The physical parameters of all the
elements evaluated in the CF-LIBS are shown in Table S2, see
Supplementary material.

The electron density was calculated from the collision-induced en-
largement of the Balmer Hα line to the hydrogen. The average plasma
electron density was 0.65 ± 0.29 1017 cm−3, considering all the
samples analyzed.

From these values obtained for the temperature and electronic
density of the plasma (McWhirter criterion) (Tognoni et al., 2010) it is
possible to assure the existence of LTE in all the samples analyzed.
Thus, also taking into account stoichiometric ablation and using opti-
cally thin plasma, the concentration of Al and Pb in the samples can be
determined.

For Al, excellent recovery values ranging from 90 to 106 % were

Table 1
Concentrations (mean ± standard deviation, g kg−1 Al, n = 3) and recovery (%) for Al in PCB samples determined by LIBS using matrix-matching calibration
(MMC), two-point calibration transfer (TP CT), one-point and multi-line calibration (OP MLC), single-sample calibration (SSC) and calibration free (CF).

Sample ICP OES MMC TP CT OP MLC SSC CF

g kg−1 Theoretical slope* Experimental Slope g kg−1

S1 3.1 ± 0.4 – 21.2 ± 3.6 (683) 0.30 0.28 ± 0.03 2.9 ± 0.3 (93) 6.8 ± 1.1 (220) 3.3 ± 0.1 (106)
S2 55 ± 3 – 68.9 ± 8.4 (125) 5.39 5.87 ± 0.11 59.8 ± 1 (109) – 49.8 ± 9.2 (91)
S3 21.4 ± 0.6 – 13.0 ± 1.4 (61) 2.09 1.19 ± 0.07 12.1 ± 0.6 (57) 24.8 ± 5.1 (116) 21.4 ± 3.1 (100)
S4 13.4 ± 0.7 – – 1.32 1.02 ± 0.08 10.4 ± 0.8 (78) 13.5 ± 1.4 (101) 13.1 ± 3.4 (98)
S5 10.2 ± 1 11.8 ± 0.1 (116) 11.4 ± 0.9 (112) – – – 10.4 ± 2.1 (102) 10.0 ± 2 (98)
S6 15.2 ± 0.9 15.0 ± 0.5 (99) 12.7 ± 1.4 (84) 1.49 1.23 ± 0.05 12.6 ± 0.5 (83) 12.4 ± 0.6 (82) 13.6 ± 1.2

(90)

Samples used for calibration.
* Theoretical slope: =slope Canalyte

Cstandard
.

Table 2
Concentrations (mean ± standard deviation, g kg−1 Pb, n = 3) and recovery (%) for Pb in PCB samples determined by LIBS using matrix-matching calibration
(MMC), two-point calibration transfer (TP CT), one-point and multi-line calibration (OP MLC), single-sample calibration (SSC) and calibration free (CF).

Sample ICP OES MMC TP CT OP MLC SSC CF

g kg−1 Theoretical slope* Experimental Slope g kg−1

S1 7.6 ± 0.6 7.8 ± 0.5 (102) – 0.655 0.574 ± 0.089 6.7 ± 1 (88) 7.3 ± 0.6 (96) 5.9 ± 0.6 (78)
S2 11.6 ± 0.8 – 11.6 ± 0.8 (100) – – – – 14.1 ± 3.6 (121)
S3 0.72 ± 0.09 – < 1.1 0.062 0.008 ± 0.002 < 1.2 < 1.7 < 2.7
S4 4.7 ± 0.9 – 6.2 ± 0.1 (132) 0.405 0.413 ± 0.029 4.8 ± 0.3 (103) 5.4 ± 0.3 (116) 5.5 ± 0.8 (116)
S5 10.7 ± 0.6 – 9.5 ± 2.1 (89) 0.922 0.766 ± 0.059 8.9 ± 0.7 (83) 8.6 ± 2.1 (81) 10.3 ± 2.2 (97)
S6 6.9 ± 1.6 7.6 ± 0.6 (111) 7.2 ± 0.9 (104) 0.595 0.611 ± 0.160 7.1 ± 1.8 (103) 4.9 ± 0.8 (71) 11.2 ± 2.2 (162)

-Samples used for calibration.
* Theoretical slope: =slope Canalyte

Cstandard
.
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obtained using CF for all the samples analyzed. The recovery values for
Pb ranged from 78 to 121 %, except for S6 (162 %) - see Tables 2 and 3.
RSD values of ≦26 % were obtained in Al and Pb determinations.

Some parameters related to the analytical performance and pro-
cessing of the data used for each of the evaluated calibration strategies
are shown in Table 3. It is interesting to observe how these parameters
and the processing of the spectra can change depending on the cali-
bration strategy (SE and RMSEP, for example). This is an indication of
how matrix effects can be minimized by using appropriate data pro-
cessing and calibration strategies.

From the equations of the linear regression of the validation set (ICP
OES concentration reference versus LIBS predicted concentration plot),
it is possible to see that, in almost all cases the values, considering the
confidence interval, that the for the angular coefficient interval includes
the number 1 and the intercept includes the number 0, see Figs. S1 and
S2 in Supplementary material.

3.4. What is the best calibration strategy for the determination of Al and Pb
in waste PCBs by LIBS?

In the plasma induced by LIBS, physicochemical phenomena and
matrix effects occur during and due to laser-sample interaction, which
in turn act on the atomic emission of the analytes, directly influencing
the determination of Al and Pb in the samples of waste PCBs. However,
with the data obtained from the evaluated calibration strategies, it can
be seen that some of these strategies were very efficient, producing
results with satisfactory accuracy. It can also be seen that the intrinsic
properties of each analyte and of each calibration strategy directly in-
fluence the choice of the best calibration strategy.

The matrix-matching calibration gave excellent results for the de-
termination of both analytes, with satisfactory recovery and RSD va-
lues. The MMC proved to be an efficient calibration strategy for the
analysis of solids by LIBS, because since a set of waste PCB samples
were used as calibration standards, the possible matrix effects are
minimized when the physical properties of the calibration standards are
close to those of the analyzed samples.

One limitation of the use of MMC in this study is that there is no set
of certified reference materials (CRM) of waste PCBs, with reference
values for Al and Pb, which could be used as solid standards when
obtaining the calibration curve. Few initiatives are observed in the

literature in order to produce a reference material for WEEE and a good
example was published by Andrade et al., 2019a, 2019c. Thus, it was
necessary to first obtain reference values of the analytes by analyzing a
set of samples by a reference technique (in this study an ICP OES was
used) for use as calibration standards for the LIBS method.

In some cases it is necessary to use vigorous conditions for the de-
composition of the samples (high temperatures and high volume of
concentrated acid, as in this study). This represents a limitation in the
use of MMC in the absence of adequate sample preparation instruments
and reference values of the analytes required for later use of the sam-
ples as solid calibration standards for LIBS.

Two-point calibration transfer requires only one calibration stan-
dard (CRM or one reference value sample) and one sample with un-
known concentration to determine the analyte concentration. In this
calibration strategy, each set of spectra obtained in the LIBS analysis for
standard and sample are divided into two sets and subsequently
summed (the number of spectra composing set 2 must have approxi-
mately two-fold the number of spectra of set 1) (Castro et al., 2020).

If the standard and the sample have similar physical properties (for
efficient matrix-matching), and the concentration of the standard is
close to that of the sample, TP CT minimizes the matrix effects and
enables a high degree of accuracy when determining the analyte con-
centration in the sample, using only one calibration standard and one
linear model with two points. Tables 1 and 2 show that good recoveries
values (ranging from 80 to 120%) were obtained for Al and Pb, when
the concentration of the standard used was close to the concentration of
these analytes in the sample. For samples with concentrations very
different from those of the standards used, there was an under- or over-
estimation of the analyte concentration.

The TP CT is an interesting simple calibration strategy for LIBS
analysis when there is not a great variability of analyte concentration in
the analyzed samples and when a standard with an appropriate con-
centration similar to that of the samples is used. This situation can be
achieved in routine analysis.

Another strategy evaluated was one-point and multi-line calibration
- OP MLC. Excellent results were obtained for all the determinations of
Al (except for sample S3) and Pb in the waste PCB samples by LIBS. The
OP MLC requires only one calibration standard and several lines of
analyte emission to obtain the linear model, which facilitates the im-
plementation of this calibration strategy when few solid calibration

Table 3
Analytical performance parameters.

Parameter Matrix-matching calibration Two-point
calibration transfer

Calibration free One point and multi-line calibration Single-sample calibration

Emission line
(nm)

Al I 396.15 Al I 396.15 Several lines* Al I 308.21 Pb I 363.95 Al I 396.15
Pb I 405.78 Pb I 405.78 Al I 309.27 Pb I 405.78 Pb I 405.78

Al I 394.40 Mg II 279.55
Al I 396.15

Normalization selected
Al Each individual spectrum is

divided by its Euclidean norm and
the average is calculated

Sum Average of the
spectra

Each individual spectrum is divided by
its Euclidean norm, and the average is
calculated

Each individual spectrum is divided
by its Euclidean norm and the
average is calculated

Pb Average of the spectra Sum Average of the
spectra

Average of the spectra Average of the spectra

Signal type
Al Height Height Area Height Area
Pb Height Height Area Area Height
SE (g kg−1)
Al 1.6 12.2 2.4 5.6 2.9
Pb 0.76 1.1 2.7 1.2 1.7
RMSEP (g kg−1)
Al 1.1 10.9 2.2 5.0 2.6
Pb 0.49 0.87 2.4 0.91 1.3
RSD range (%)
Al 1 - 4 8 - 17 3 - 26 2 - 9 5 - 21
Pb 6 - 8 2 - 22 10 - 26 6 - 25 6 - 25

* see Table S2 in Electronic Supplementary Information (ESI).
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standards are available in the laboratory routine. Extra care has to be
taken when using the OP MLC to remove lines with low intensity that
present spectral interferences, since they can harm the linear models
and consequently the measurement accuracy (Hao et al., 2018).

The determination of Al and Pb was also evaluated using the single-
sample calibration method - SSC, which is another recent calibration
strategy for LIBS that uses only one sample as standard (reference). In
this strategy, a simple correlation calculation is necessary to determine
the analyte concentration in the sample with unknown concentration
(Yan et al., 2019). Using SSC, good recoveries values were obtained for
both Al (except sample S1) and Pb (except sample S6).

For the use of SSC, the extent of the matrix effects between the
sample and the standard should be considered the same for all elements
present in the LIBS-induced plasma sample and the standard, since a
direct correlation between the emission intensity and concentration of
these elements will be used for the determination of the analyte. In
addition, it should be considered that none of the emission lines used in
the SSC (analyte emission lines and other elements used in the corre-
lation) present spectral interferences, so that results can be obtained
with satisfactory precision and recovery (Yan et al., 2019).

Finally, using calibration free (CF) it was possible to obtain good
results with excellent accuracy for Al and Pb determinations, except for
Al determination in sample S6, using direct analysis of waste PCB
samples by LIBS.

Not requiring a calibration standard is an advantage of CF, which
makes it an excellent calibration strategy for use in elemental de-
termination by LIBS in complex samples difficult to decompose.
However, the quality of data acquisition and treatment in CF is a critical
factor for obtaining satisfactory results. It is necessary to ensure that the
emission measurements are obtained in LTE in the plasma, that the
physical parameters used are correctly obtained and calculated with
precision, and that only emission lines free of spectral interferences and
self-absorption are employed in cf. Despite it is a laborious calculation
procedure, CF allows the achievement of good results.

In this context, it is evident that it is difficult to choose the best
calibration strategy for the direct determination of Al and Pb in waste
PCBs by LIBS, since it depends on many variables. However, a knowl-
edge of the advantages and limitations of each calibration strategy and
a consideration of some intrinsic characteristics (physicochemical
properties) of the sample and the analytes can help in selecting the best
strategy that efficiently overcomes matrix effects and enables de-
termination with satisfactory accuracy.

Table 4 shows some characteristics, advantages and limitations of
the five calibration strategies evaluated in this study. This may help the
reader to choose and evaluate the best calibration strategy for LIBS that
could be used in different analytical contexts.

It is worth noting that there seems to be a tendency in recently
reported new calibration strategies for LIBS to use no or few calibration
standards (only 1 or 2) and to increasingly explore the physicochemical
parameters and correlations of concentrations of the species present in
the plasma induced by laser in each sample analyzed. Examples are TP
CT, OP MLC, SSC evaluated in this study and other strategies recently
reported in the scientific literature such as MEC (Babos et al., 2018) and
OP GSA (Babos et al., 2019; Castro et al., 2020) calibration.

3.5. Evaluation of Al and Pb concentrations in waste PCBs: economic and
environmental questions

As mentioned previously, waste PCBs can contain high concentra-
tions of valuable and toxic metals. The recycling and appropriate dis-
posal of this waste can both provide a source of income and contribute
to environmental protection. In this context, LIBS is an excellent ana-
lytical tool for the monitoring of metals in the waste and for the de-
velopment of methods for the analysis of solids and the direct de-
termination of Al and Pb present in PCBs.

Were calculated estimations of the commercial value (in US$) per Ta
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ton of each of the six samples of waste PCBs analyzed, considering only
the measured concentrations of Al (ranging from 3.1 to 55 g kg−1 Al)
and Pb (ranging from 0.72 to 11.6 g kg−1 Pb). Considered the prices of
1803 US$ ̸ tonne Al and 1919 US$ ̸ tonne Pb quoted on the London
Metal Exchange, the second world center for industrial metals trading
(London Metal Exchange - LME, 2019).

The commercial value per tonne of the analyzed samples, con-
sidering only the Al and Pb contents, range from 20 to 121 US$ ̸ tonne
of waste PCB (prices for the S1 and S2 samples, respectively). These are
good prices for samples that are considered waste, particularly as they
apply only to two metals present in the waste. Other valuable metals
may also be present and thus the market price per tonne of waste PCBs
may be higher.

Concerning the environmental question, only one sample (S3 PCB,
0.072 % Pb) complies with the maximum concentration value allowed
(0.1 % Pb) by weight in homogeneous materials for Pb in WEEE under
Directive 2011/65/EU (RoHS, 2011). The Pb concentration in the other
samples is between 5 and 12 times above the maximum allowed value
according to the normative instruction. This is worrying, since if these
samples are inappropriately disposed of they may be a source of con-
tamination in the environment because of the Pb metal content.

4. Conclusion

The choice of the best calibration strategy for the direct analysis of
waste PCBs for LIBS when aiming to determine Al and Pb depends on
the intrinsic properties of these analytes and samples, as well as the
ability of each of the calibration strategies to overcome the various
matrix effects. Of the five calibration strategies evaluated, MMC and CF
generally allowed accurate values to be obtained for both analytes in all
the samples. The LIBS technique presented itself as an excellent ana-
lytical tool in the fast, simple and direct monitoring of recyclable metals
such as Al and Pb and also of potential for environmental contamina-
tion such as Pb, originating from WEEE (waste PCB). The Pb con-
centrations determined are of concern as only one sample was in ac-
cordance with the Directive 2011/65/EU.
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Table S1.  Matrix of experiments showing the variables evaluated for optimizing 

delay time, gate width and laser pulse energy in LIBS determinations. The 

overall desirability (OD) was used as experimental response. 

Experiment 
Delay time (µs)  Gate width (µs)  

Laser pulse 

energy (mJ) OD 

Real Coded  Real Coded  Real Coded 

F
u

ll 
fa

c
to

ri
a

l 
d
e

s
ig

n
 2

3
 1 0.4 -1  1.0 -1  25 -1 0.49 

2 2.0 1  1.0 -1  25 -1 0.73 

3 0.4 -1  3.0 1  25 -1 0.67 

4 2.0 1  3.0 1  25 -1 0.55 

5 0.4 -1  1.0 -1  42.5 1 0.57 

6 2.0 1  1.0 -1  42.5 1 0.62 

7 0.4 -1  3.0 1  42.5 1 0.30 

8 2.0 1  3.0 1  42.5 1 0.89 

C
e
n

tr
a

l 
p
o

in
t 9 1.2 0  2.0 0  35 0 0.44 

10 1.2 0  2.0 0  35 0 0.56 

11 1.2 0  2.0 0  35 0 0.77 

12 1.2 0  2.0 0  35 0 0.61 

13 1.2 0  2.0 0  35 0 0.62 

A
x
ia

l 
p

o
in

t 

14 0.01 -1.49  2.0 0  35 0 0.41 

15 2.54 1.68  2.0 0  35 0 0.74 

16 1.2 0  0.32 -1.68  35 0 0.63 

17 1.2 0  3.68 1.68  35 0 0.64 

18 1.2 0  2.0 0  20 -1.68 0.69 

19 1.2 0  2.0 0  47.5 1.68 0.69 
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Table S2. Spectroscopic parameters λ (wavelength), Ei (energy of the lower 

level of transition), Ek (energy of the upper level of transition), Aki (transition 

probability), and gk (degeneracy factor of state k) of atomic (I) and ionic (II) lines 

used in the CF-LIBS calculation. Source: NIST DataBase.  

Elements Line  λ (nm) Ei (eV) Ek (eV) gk Aki  .108 (s-1) 

Al I 309.271 0.01 4.02 6 0.730 

Al I 783.531 4.02 5.60 6 0.057 

Al I 783.613 4.02 5.60 6 0.004 

Ba II 614.172 0.70 2.72 4 0.412 

Ba II 649.690 0.60 2.51 2 0.130 

Ba I 705.994 1.19 2.95 9 0.500 

C I 247.856 2.68 7.68 3 0.180 

Ca II 317.933 3.03 7.05 6 3.600 

Ca I 558.876 40.05 43.51 7 0.409 

Ca I 612.222 1.89 3.91 3 0.287 

Ca I 616.217 1.90 3.91 3 0.477 

Co I 356.938 0.92 4.40 8 1.500 

Cr II 283.563 1.55 5.92 12 2.000 

Cr I 360.533 0.00 3.44 5 1.620 

Cu I 510.554 1.39 3.82 4 0.020 

Cu I 521.820 3.82 6.19 6 1.220 

Cu I 578.213 1.64 3.79 2 0.019 

Fe II 239.924 0.08 5.25 6 1.400 

Fe I 373.532 0.86 4.18 7 0.270 

Fe I 382.042 0.86 4.10 9 0.668 

Fe I 404.581 1.48 4.55 9 0.863 

Fe I 438.354 1.48 4.31 11 0.500 

Mg I 518.361 2.72 5.11 3 0.561 

Mn II 293.306 1.17 5.40 3 2.040 

Ni I 341.476 0.03 3.66 9 0.550 

Ni I 351.505 0.11 3.64 7 0.420 

Ni I 352.454 0.03 3.54 5 1.000 

Pb I 405.780 1.32 4.38 3 0.912 

Sb I 259.805 1.06 5.83 2 0.210 

Si I 288.158 0.78 5.08 3 1.890 

Sn I 317.050 0.42 4.33 3 0.838 

Ti II 334.941 0.05 3.75 12 1.680 

Ti I 498.173 0.85 3.34 13 0.660 

Ti I 499.107 0.84 3.34 11 0.584 

Zn I 481.053 4.08 6.65 3 0.700 
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Figure S1. Comparison of Al concentrations determined in waste PCBs 

samples by the proposed LIBS method using different calibration strategies (a- 

MMC, b- TP CT, c- OP MLC, d- SSC and e- CF) and the ICP OES reference 

method. The SE and RMSEP were added as lines parallel to the X-axis. 
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Figure S2. Comparison of Pb concentrations determined in waste PCBs 

samples by the proposed LIBS method using different calibration strategies (a- 

MMC, b- TP CT, c- OP MLC, d- SSC and e- CF) and the ICP OES reference 

method. The SE and RMSEP were added as lines parallel to the X-axis. 
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Considering the advantages and limitations of the various 

calibration strategies (univariate and multivariate) evaluated and associated 

with the adequate preparation of the solids calibration standards, it was possible 

to overcome one of the main difficulties of the direct analysis of solids: the 

matrix effects. 

In the direct determination of Ca and P in mineral supplements for 

cattle by WD XRF, the preparation of the calibration standards by matrix-

matching enabled determinations with satisfactory precision (RSD ≤3%) and 

accuracy for analytes. It is possible to prepare standards for the determination 

of Ca using only a reference material diluted in constituents of the sample 

matrix (NaCl and Na2CO3) or using a set of reference materials. However, for P 

it is mandatory to use a set of reference materials as standards. 

In speciation analysis and direct determination of S in mineral 

supplements for cattle by WD XRF, the strong matrix and chemical effects can 

be overcome by preparing solid standard for matrix-matching using standards 

that contain the predominant specie of S in the samples and employing the PLS 

regression and Matrix-matching calibration - MMC. For samples containing 

predominantly elemental sulfur (S 0), the calibration standards were prepared 

from simple dilutions of S8 in NaCl and Na2CO3; or using a sample set with 

analyte reference values. And for samples containing the predominant sulphate 

specie (S +VI), only one set of samples should be used with reference values 

for the determination of total S. Using PCA and the S Kβ and S Kβ' transitions, it 

was possible to identify the mineral supplements for cattle that contained 

predominantly S 0 or S +VI species. 

Using the XANES associated with the chemometric tools, PLS 

regression, PCA and LCF; was possible to perform the speciation analysis of P 

(phosphate and phosphite) from the simple dilution in water of the samples of 

fertilizers and mineral supplements for cattle. The chemometric tools used 

enabled the determination of the analytes and the recognition of patterns that 

help to verify the authenticity of the information contained in the labels of these 

agricultural inputs. 

The macronutrients Ca and P, contained in mineral supplements 

for cattle, were determined with precision and accuracy by LIBS using the MEC 

and OP GSA methods. For the use of these strategies, only two calibration 
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standards are required for each sample, which enable efficient matrix-matching 

and to overcome matrix effects, because a portion of the sample is used in the 

preparation of the calibration standards. Better analytical parameters were 

obtained using MEC and OP GSA, when compared to MMC and IS. In addition, 

the use of MEC permits to identify a spectral interference for P line due to the 

presence of Fe. 

Using LIBS was possible to determine Al and Pb in waste PCB 

samples (both metals can be recyclable, and Pb must be monitored as it is 

toxic). Of the five calibration strategies evaluated (MMC, CF, SSC, TP CT and 

OP MLC), some of which have recently been reported in the literature; MMC 

and calibration-free - CF, allowed satisfactory results for both analytes. The 

direct solid analysis by LIBS, and the use of these calibration strategies allow, 

from the determined concentrations, to evaluate and assist the correct 

segregation of waste PCBs, aiming at economic (recycling) and environmental 

protection questions. 
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