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“Ainda que eu falasse as linguas dos homens e dos anjos, € ndo tivesse amor, seria
como o metal que soa ou como o sino que tine.

E ainda que tivesse o dom de profecia, e conhecesse todos os mistérios e toda a ciéncia,
e ainda que tivesse toda a fé, de maneira tal que transportasse os montes, ¢ nao tivesse
amor, nada seria.

E ainda que distribuisse toda a minha fortuna para sustento dos pobres, e ainda que
entregasse 0 meu corpo para ser queimado, e nao tivesse amor, nada disso me
aproveitaria.

O amor ¢ sofredor, ¢ benigno; o amor nao ¢ invejoso; o amor nao trata com
leviandade, nao se ensoberbece.

Nao se porta com indecéncia, ndo busca os seus interesses, ndo se irrita, nao suspeita
mal,

Nao folga com a injustica, mas folga com a verdade;

Tudo sofre, tudo cré, tudo espera, tudo suporta.

O amor nunca falha; mas havendo profecias, serdao aniquiladas; havendo linguas,
cessarao; havendo ciéncia, desaparecera;

Porque, em parte, conhecemos, e em parte profetizamos;

Mas, quando vier o que ¢ perfeito, entdo o que o é em parte serd aniquilado.

Quando eu era menino, falava como menino, sentia como menino, pensava como
menino, mas, logo que cheguei a ser homem, acabei com as coisas de menino.

Porque agora vemos por espelho em enigma, mas entdao veremos face a face; agora
conheco em parte, mas entdo conhecerei como também sou conhecido.

Agora, pois, permanecem a fé, a esperanca e o amor, estes trés, mas o maior destes € o

amor.”

I Corintios 13, 1-13

Dedico esse trabalho a Deus, minha familia, amigos e professores.
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RESUMO
ESTRATEGIAS DE CALIBRAC}AO PARA DETERMINA(;AO ELEMENTAR
EMPREGANDO ANALISE DIRETA DE SOLIDOS POR X-RAY
SPECTROSCOPY E LASER-INDUCED BREAKDOWN SPECTROSCOPY. A
andlise direta de amostras soélidas 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
analiticos. Contudo, como a amostra € analisada integralmente (analito e matriz
presente na porcdo analisada) por estas técnicas, fortes efeitos de matriz e
preparo inadequado dos padrbes de calibracdo sélidos, podem ocorrer e
comprometer a determinacdo com exatiddo e precisdo necessarias. Varias
estratégias de calibracGes univariada e multivariada, e diferentes preparos de
padrbes de calibracdo solidos, foram avaliadas para a determinacéo direta de i)
Ca, P e S em suplementos minerais para bovinos por WD XRF, incluindo a
analise de especiacdo 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 residuos eletroeletrnico, utilizando a LIBS. As estratégias
avaliadas foram calibracdo com compatibilizacdo de matriz, padronizacdo
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 calibracfes univariadas
foram propostas para a andlise direta de soélidos por LIBS: i) multi-energy
calibration e one-point gravimetric standard addition. Estratégias estas que
possibilitam uma eficiente compatibilizacdo de matriz e minimizam os efeitos de
matriz. Considerando as vantagens e limitacbes das estratégias de calibracao
avaliadas, das caracteristicas intrinsecas das amostras analisadas e dos
analitos determinados, associadas a ferramentas quimiométricas apropriadas;
novos metodos de determinacdo e de analise de especiagdo quimica sdo

propostos nesta tese, com excelentes parametros de desempenho analitico.
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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.

xii
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Chapter 1 — Introduction



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.*

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.® 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;

ii- 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;



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. ug, using
LIBS), making it possible to evaluate the sample's micro-
homogeneity.*

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
pum) and its diameter the better the sample homogeneity and distribution of
contained analytes.®

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.®

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.* From the emission intensity of
each spectrum, for P | 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 |1 213.63 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™ laser fluence
and 1 ps 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.?* In LIBS, masses around 500
mg are used to obtain cohesive pellets, however only pug 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



subjected to the same pressure, and thus obtain cohesive pellets with similar
densities, so that the emission of X-rays is not affected.? In addition, the mass
attenuation coefficient (u) 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.”

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." 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.>>®
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.>*°
Various calibration strategies i) traditional, ii) non-traditional and iii)
multivariate are widely used, and others have recently been proposed.*°*? The

choice of the calibration strategy for the method and the preparation of the solid



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 | 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.’***® 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.****

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.’**’*® 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.*

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



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.***319-22

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

23-26 23,26

squares (PLS), and data

27,28

principal component regression (PCR)
fusion.

In multivariate calibration, chemometric tools try to find the
relationship between samples (scores) and variables (loadings)®® 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.?*!

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 (X = TPT + E, where T is the score matrix, P is the loading matrix and



E is the matrix of residuals) but also the vector y (dependent variables) with n
rows (reference concentration) (y = UQT + F, 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 y, § = Xb, where b is a vector of
regression coefficients, and y corresponds to predicted concentrations of the
element of interest.3* 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:?® and rare earth
elements in hard disk magnets by LIBS,” among others.

PCR regression is another multivariate calibration tool used in the
analysis of solid samples.”*?® PCR is a regression based on the same
decomposition as the PCA. First, the algorithm decomposes a matrix X = TPT +
E, 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
(Ka, KB, LB, ...). 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 y with n rows, and predicted concentration of analyte.3!3

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.?’?® 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.?’

In the study by DE OLIVEIRA et al. (2019),?® 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



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.?®

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.



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 (1) in the range of approximately 10°
to 10 nm, produced by deceleration of high-energy electrons and/or by electron
transitions in the inner orbitals of atoms.®

The interaction of X-rays with matter can be described in different
ways, highlighting scattering (coherent or incoherent), transmission, diffraction
and absorption.® 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.
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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 to 10 s of the
creation of an electron vacancy.® The energy (referring to the given 1) 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 SKa and an X-ray fluorescence line at A = 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 (u-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.! 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.®

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: nA = 2d sinf, where n is order of the diffracted beam and is numerically
equal to the path difference, in wavelengths, for two successive planes; A is
wavelength, d is interplanar space of diffracting planes and 6 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).>®

The different diffracted A 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.>® So a multi-element X-ray fluorescence
spectrum (intensity in count per second (cps) versus 20 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

7

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

device;® i) particulate matter in filters for the acquisition of elementary

information used in environmental monitoring;39

i) human hair to assess the
chemical composition after cosmetic treatment;*® among others.

| 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 (S0and S +VI; S—lland S
+V1),**3 Cr (Cr +I1l and Cr +V1),%® Fe (Fe +IIl and Fe +I11)** and Mn (Mn +II, Mn
+1Il and Mn +I1Vv).*

For quantitative analysis, analytes in the concentration range of ug
g’ 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;* ii) bivalve mollusks for direct
determination of Ca, K, Mg, Na, P, S, Fe and Zn nutrients;® iii) plant material for

determination of major, trace and non-essential elements;*®

iv) sediment for
determination of bromine;? v) silicate rocks and soils employing fused glass
discs for determination of 26 major and trace elements;*’ vi) hard drive disks

from electronic waste for determination of Nd,*® among others.

14



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.*® 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 o coefficient
method.’*® Some calculations were proposed to establish the relationship
between concentrations of elements and measured intensities, such as
Sherman formula and De Jongh formula.'**® 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).*® 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
Lys, Nd LBz, Nd LBs, Nd LB4 and Nd Las) 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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1. Introduction

The agricultural sector is one of the main Brazilian highlights in the
agribusiness world scenario, being responsible for a substantial part of
the gross domestic product. However, P deficiency in the bovine herd
is a significant factor for low milk and meat productivity, therefore, an-
imal supplementation with this element is nearly mandatory. P is the
macronutrient that represents the highest cost in the composition of
the mineral supplement and together with the Ca take place directly
of the animal bone composition [1,2]. The Ministry of Agriculture, Live-
stock and Supply (MAPA) regulates the manufacture of mineral supple-
ments regarding their classification, composition, registration and
inspection in the market [3]. Monitoring of Ca and P in mineral supple-
ments for cattle must be carried out to control the quality of these in-
puts, thus generating greater confidence in the entire production
chain until reaching the consumer.

Several analytical techniques such as, atomic absorption spectrome-
try (AAS) [4,5] inductively coupled plasma optical emission spectrome-
try (ICP OES) [6], ion chromatography (IC) [7] and spectrophotometry
in the UV-Vis [8], have been applied to determine the elemental con-
centration in mineral supplements for cattle. These techniques require
a sample pre-treatment to convert the solid material to a homogeneous

= Corresponding author.
E-mail address: erpf@ufscar.br (E.R. Pereira-Filho).

https://doi.org/10.1016/j.microc.2017.11.002
0026-265X/© 2017 Elsevier B.V. All rights reserved.

aqueous solution through the procedures of acid digestion using open
or closed systems [9,10]. In addition, a sample dilution is necessary to
reduce the acidity and, depending on the analytical technique
employed, sensitivity is compromised. Systematic errors can also be in-
troduced due to contamination, sample manipulation or analyte losses
by volatilization, which affect the accuracy of the results [11].

In contrast to intensive sample preparation procedures and manipu-
lation involving acid digestion, direct analysis of solid samples with
minimal manipulation is a reliable alternative and presents important
advantages, such as: 1) improvement of the analytical frequency,
where several samples (around 20-50) can be processed per hour;
2) drastically reduction of the chance of contamination, since reagents
are not used; 3) minimization of errors related to sample manipulation
and exposure to the laboratory environment; 4) minimization of ana-
lyte losses (mainly those that are volatile); 5) the operator avoids the
used of toxic or corrosive acids; 6) less chemical residues generation;
7) increased detection capability, as the samples are not diluted; and
8) the use of small amounts of sample (<1 g) [12,13].

In this sense, wavelength dispersive - X-ray fluorescence (WD-XRF)
is an attractive technique being used in direct analysis of several types of
complex samples [ 14-19]. WD-XRF is a well-established technique that
allows direct and non-destructive analysis in solid sample. In addition, it
can conduct simultaneous multi-element measurements (typically
from sodium to uranium) and allows the analysis of solid and liquid
samples. It is considered a selective technique with simple spectra
when compared to ultraviolet emission.
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Direct analysis by WD-XRF presents relative standard deviation
(%RSD) greater than or equal those obtained by conventional tech-
niques such as FAAS and ICP OES [20]. However, to obtain these levels
of RSD, the availability of solid calibration standards, whose chemical
and physical composition are similar to the samples or adequate
methods to compensate for the main X-ray fluorescence matrix, effects
(absorption or intensification phenomena of X-ray) [21,22] is low. In
this sense, some calibration strategies are used, such as internal stan-
dardization (IS) [16], matrix-matching of the samples by fusion [22],
and the use of a set of the samples as reference and certified reference
materials (CRMs) [23-27].

However, the above-mentioned calibration strategies require care
when implemented. The IS, for example, requires that analyte and inter-
nal standard have similar physicochemical properties for this strategy to
be used effectively; in the matrix-matching by fusion (much used in the
treatment of mineralogical samples) the use of large amount of flux can
be a source of contamination, in addition to loss of analyte by volatiliza-
tion during heating. In some cases, there is no CRMs that can be used, as
these are not compatible with the sample, and present a high cost that
difficult their use [16,22-27]. Hence, strategies of simple and fast cali-
bration that employ the direct analysis of solids by WD-XRF must be
implemented.

In this regard, the goal of this study is to develop a simple and fast
procedure for the direct analysis in mineral supplements for cattle for
the determination of Ca and P by WD-XRF employing different calibra-
tion strategies. Moreover, the proposed method minimizes the use of
reagents, sample manipulation, time and costs.

2. Materials and methods
2.1. Instrumentation

A Perform-X ARL (Thermo Fischer, Madison, WI, USA) wavelength
dispersive - X-ray fluorescence (WD-XRF) was used for directly analy-
ses of the samples. Samples were irradiated with X-ray emission provid-
ed by an Rh tube with a maximum of 4200 W. In addition, the X-rays
emitted from the electronic transitions of the elements enter into the
optical section of the equipment, passing first through collimators, and
then they are reflected by specific crystals. The detectors register the
counts per second of the X-ray emission lines that correspond to each
crystal used. Each crystal in the equipment can reflect different regions
of wavelength, ranging from 0.124 A (LiF220) to 162.662 A (AX16¢).
There are 5 crystals that can be used in the wavelength dispersion,
and the choice is based on which crystal can disperse the characteristic
wavelength from the element studied. The instrument is also equipped
with 4 different collimators (0.15 mm, 0.40 mm, 1.00 mm and 2.60 mm)
and 2 detectors: a flow proportional counter (FPC) and a scintillation
counter (SC). For all elements evaluated in this study, only the electronic
transition Ko was considered. In order to obtain the data the following
fluorescence emission signals were measured (n = 3): Ca Ko and P Kax.
The current and the voltage applied to the X-ray source was evaluated at
intervals of 50 to 100 mA at 30 and 60 kV, respectively. The other instru-
mental conditions of analysis are described in Table 1.

Table 1
Instrumental parameters used for the direct determination of Ca and P in mineral supple-
ments for cattle by WD-XRF.

Parameters Ca P

N (A) 3.359 6.158
26 (%) 113.086 141.035
Crystal LiF200 Gelll
Collimator (mm) 0.150 0.400
Elliptical mask (mm) 10 10
Counting time (s) 20 20
Detector FPC*

% Flow proportional counter.

18

Reference Ca and P concentrations were obtained using an induc-
tively coupled plasma optical emission spectrometer (ICP OES) (iCAP
6000, Thermo Scientific, Waltham, MA, USA), after acid digestion of
the samples (n = 3). This instrument allows sequential emission signals
collection using both axial and radial viewing. A pneumatic nebulizer
was used and the instrumental conditions were established as the man-
ufacturer recommendations, as follow: power (1.15 kW), plasma gas
flow (12 L min '), auxiliary gas flow (0.5 L min '), nebulizer gas
flow (0.7 Lmin ') and sample introduction flow rate (2.1 mL min ).
Emission lines monitored were: Ca 317.93 nm and P 178.28 nm.

2.2. Reagents, solutions and samples

Ultrapure water (18.2 QM cm ! resistivity) produced by a Milli-Q®
Plus Total Water System (Millipore Corp., Bedford, MA, USA) was used
to prepare all the solutions. Nitric acid (HNO3) was previously purified
using a sub-boiling distillation system Distillacid™ BSB-939-IR
(Berghof, Eningen, Germany). All glassware and polypropylene flasks
were washed with soap, soaked in 10% v/v HNOs for 24 h, rinsed with
deionized water prior to use. Standard solutions containing
250mg L ' Caand 75 mg L~ ! P were prepared by diluting standard
stock solutions containing 10,000 mg L ' Ca and 1000 mg L ' P
(Specsol, Sdo Paulo, Brazil), and acidified with HNO5 10% v/v.

Salts of NaCl (Merck, Darmstadt, Germany) and Na,COs
(Mallinckrodt, Missouri, USA) were used as diluents in the preparation
of the calibration solid standards. To evaluate the accuracy of the pro-
posed method, mineral supplements for cattle reference materials
(RMs) were analyzed: RM 17/03, RM 18/06, RM 18/09 and RM SM03/
2010; all obtained from Embrapa Southeast Livestock (Sdo Carlos - SP).

Six different samples of bovine mineral supplements were obtained
commercially (Rio Paranaiba - MG and Sdo Carlos - SP). These samples
were dried to a constant mass and later homogenized in mortar and pis-
til. Subsequently, the solid samples and all calibration standards
(500 mg) were packed into 13-mm-diameter pellets using a hydraulic
press (GS15011, Specac), applying 10 t of pressure for 2 min.

2.3. Proposed method and calibration strategies

The evaluation of the power applied at the primary X-ray source on
the intensity of fluorescence emission for Ca and P was performed in the
scanning mode. The counting time on the precision of the measure-
ments was evaluated in the range of 5 to 65 s. Samples pellets (n = 3)
were positioned in cassettes with a 10-mm- diameter aperture, and
were placed to be analyzed directly in the WD-XRF analysis chamber.

For the calibration, four analytical curves were constructed, ap-
proaching two strategies: (1) calibration using RMs set of mineral sup-
plements for cattle in the range of 120-223 g kg ! for Ca and
29-95 g kg ! for P; (2) calibration using matrix-matching with RM
18/03 (20440 + 19 gkg ! Ca and 94.80 + 5 g kg ! P) diluted in
NaCOs: NaCl (1:1 w/w); (3) matrix-matching with RM 18/03 diluted
in NaCl; (4) matrix-matching with RM 18/03 diluted in Na;COs.

2.4. Sample preparation for determination by ICP OES

The concentrations of Ca and P in mineral supplements for cattle
were determined by ICP OES, after partial acid decomposition of the
samples. The determined concentrations were used as reference values
(n = 3). For partial acid decomposition of the samples the following
procedure was employed: 300 mg of homogenized mineral supplement
for cattle was accurately weighed in falcon tubes and kept overnight
(approximately 16 h) with 2.0 mL of 65% v/v HNO5 at room tempera-
ture. Then, 20 mL of high purity water were added, and the solution fil-
tered on qualitative filter paper 80 g m 2 (Unifil, Germany).
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3. Results and discussion
3.1. WD-XRF analysis

WD-XRF operational parameters such as the X-ray spot size and
measurement time were proper selected. X-ray fluorescence measure-
ments were performed using characteristic line for the Ca Ko (A =
3.359 A and 26 = 113.086°) using a LiF 200 crystal and 0.15 mm colli-
mator. For the P, the characteristic line P Kot (A = 6.158 A and 26 =
141.035°%), crystal Ge 111 and collimator 0.40 mm were used. For both
analytes, an FPC (flow proportional counter) detector and elliptical
mask of @10 mm were used. The tube voltage, current and counting
time were as follows: 30 kV, 100 mA and 20 s for the analysis of Ca
and P, respectively.

3.2. Matrix effects and calibration strategies

One of the greatest difficulties in the direct analysis of solid samples
is the calibration, because when direct sampling of solids is used, the
sample matrix is integrally present in the portion to be analyzed, there-
fore influencing the phenomenon of X-ray fluorescence and, conse-
quently, the analytical signal. The calibrations commonly used in
direct sampling of solids are: solid certified reference materials; (ii)
solid synthetic samples; and (iii) analyte addition method [28]. Thus,
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Fig. 1. Results for determination of (a) Ca and (b) P (%) in the reference materials by the
proposed WD-XRF method.
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Fig. 2. Profile of transient signals fluorescence X-ray obtained for (a) Ca and (b) P at
different solid media.

the influence of possible matrix effects on the calibration of the pro-
posed methods was investigated. In this sense, two calibration strate-
gies were evaluated: (1) calibration using set of RMs of mineral
supplements and (2) matrix-matching with RM using different diluents
(NaCl, NaCl and Na,C0Os, and Na,COs3).

The analytical curves build for Ca and P using set of RMs of mineral
supplements for cattle presented good linear correlation coefficients (r
>(0.9809). For calibration, using matrix-matching, the diluents Na,CO5
and NaCl were used. Analytical curves using the RM 18/03 diluted in
Na,C05: NaCl (1:1 w/w) (r = 0.9970); in NaCl (r = 0.9898); and
Na,CO5 (r> 0.9835), also obtained good linear correlation coefficients.
The performance of the proposed methods was evaluated by analyzing
four RMs of mineral supplements for cattle using the strategies de-
scribed in section “Proposed method and calibration strategies”. Accord-
ing to Fig. 1a it is possible to observe that for Ca the calibration

Table 2
Parameters of analytical performance for the direct determination of Ca and P by WD-XRF
employing calibration with solid standards.

Parameters Ca p
Calibration mode RMs RM 18/03 diluted in Na;CO5:NaCl  RMs
(1:1 w/w)
Linear ranger (gkg ')  120-223  0-204 29-95
R 0.9809 0.9975 0.9957
LOD (mgkg ') 47 61 36
LOQ (mgkg ) 141 183 109
RSD (%) 0.5-2 0.1-2 0.3-3
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Table 3
Concentrations determined (average + standard deviation, n = 3) of Ca and P in mineral supplements for cattle by the proposed method WD-XRF, and by ICP OES as reference method.
Samples Ca(gkg 1) P(gkeg 1) Ca:P ratio
WD-XRF ICP OES ‘WD-XRF ICP OES
Calibration 1* Calibration 2* Calibration 1*
Supplement 1 158 +1 157 +1 153+ 6 45+ 03 47+ 1 3:1
Supplement 2 21842 21942 220+ 6 29+ 04 29+ 1 7.5:1
Supplement 3 194 + 1 195+ 1 187 + 5 105+ 1 104 + 4 1.8:1
Supplement 4 301 +5 286+ 6 294 + 22 162 + 2 173+ 6 1.8:1
Supplement 5 2103 216 £ 04 214+ 6 68 £ 1 703 3:1
Supplement 6 299+ 7 288 + 8 291 + 2 176 + 4 173+ 2 1.7:1

Calibration 17: Set of RMs; Calibration 2*: RM 18/03 diluted in Na,COs: NaCl (1:1 w/w).

strategies using the RMs set and matrix-matching using the RM18/03
diluted in Na;CO3:NaCl presented the best results. For P (see Fig. 1b)
the best calibration strategy was that applying only the RMs set.

X-ray fluorescence intensity spectra for Ca (180 g kg !) and P
(84.5g kg 1) in different solid media were obtained. Analyzing the pro-
files of transient signals and intensities (see Fig. 2a-b) of X-ray fluores-
cence, it is possible to evaluate one of the main effects of matrix in WD-
XRF: phenomenon of absorption or intensification of X-rays [20]. The
similarity in the profiles and intensities suggests that there is no signif-
icant influence of the matrix on the X-rays produced by the analyte in
the solid matrix.

For Ca (Fig. 2a), the X-ray fluorescence emission intensities and the
profiles of the transient signals in the solid media of RM 18/03 and RM
18/03 diluted in Na,COs: NaCl (1:1 w/w) were similar, demonstrating
that there is no significant influence of the sample matrix on the pro-
duction of X-ray fluorescence of the analyte, therefore enabling the
use of these two calibration strategies with solid standards in the deter-
mination of Ca by direct sampling of solids. However, for P (Fig. 2b) it is
observed that the X-ray fluorescence emission intensities were different
for all media in which matrix-matching with diluent was used com-
pared to the standards used in the calibration with set of RM 18/03,
thus indicating the possibility of using only this calibration mode for P.

3.3. Analytical parameters for the proposed methods using WD-XRF

The analytical performance parameters of the proposed methods
were calculated using the calibrations with solid standards for Ca and
P, monitoring their respective analytical lines, and they are shown in
Table 2. Limits of detection (LOD) and quantification (LOQ) were calcu-
lated according software OXSAS®, using the Egs. (1) and (2):

LOD =3 x oxt (1)
BEQ
LOQ = (3 x W) %3 2)

where BEQ is the background equivalent concentration, Q is the analyt-
ical sensitivity (cps/%) and t is the counting time (s).

The values of RSD were up to 3%, demonstrating good precision of
measurements. LOQ values were approximately 400 times lower than
the minimum concentrations for P (40 g kg ') permitted by Brazilian
legislation [3], which makes the proposed method an excellent tool
for P quality control in mineral supplements. The analytical parameters
presented in Table 2 are considered satisfactory for the analytical
methods of determination of Ca and P employing the direct sampling
of solid samples in mineral supplements for cattle.

3.4. Determination of Ca and P in real samples

The methods developed were applied in the determination of Ca and
P in different commercial formulations of mineral supplements for cat-
tle using the direct sampling of solids, and the results are shown in
Table 3. The results obtained by the proposed method WD-XRF and by
ICP OES (reference method) were concordant at the 95% level (paired
t-test). As expected the LOD for Ca and P using ICP OES (0.03 and
0.8mgL ! respectively) were lower than those presented by WD-XRF.

Concentrations of Ca and P ranged from 157 to 301 gkg ' and 29 to
176 g kg !, respectively. The MAPA, through Normative Instruction
N°.12 of November 30, 2004, establishes the minimum levels in the
final mixture for lactating bovine in 73 g kg ! P and for bovine and
other categories of dairy bovine in 40 g kg ! P, and that the Ca:P ratio
is 1:1 to 7:1 [3]. Only one sample did not present results within the
specifications of the current legislation, because in its final formulation
the concentration of P was 29.2 + 0.4 g kg ' and the ratio, 7.5 to Ca:
1toP.

4. Conclusions

WD-XRF is an excellent tool to evaluate the quality of mineral sup-
plements for cattle, because it offers good analytical frequency (20 sam-
ples/h), operational simplicity and robustness to the analytical methods.
These advantages are necessary because the presented results have al-
ready shown that the current legislation on the minimum levels of Ca
and P is not being observed. Direct analysis of mineral supplements
using WD-XRF was possible using simple and fast calibration strategies
as a set of RM and compatibility with a suitable diluent. The influence of
the sample matrix on the X-ray fluorescence production of the analytes
can significantly influence the calibration employed using solid stan-
dards, however after systematic investigations of the matrix effect it
was possible to employ direct sampling of mineral supplements for cat-
tle to determine Ca and P by WD-XRF, with satisfactory precision and
accuracy.
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ARTICLE INFO ABSTRACT

Keywords: A nondestructive method for speciation of sulphur (S), elemental sulphur and sulphate; and determination of
Matrix-matching method total sulphur in mineral supplements for cattle by wavelength dispersive X-ray fluorescence (WD-XRF) spec-
Speciation trometry is proposed. Using direct solids analysis it was possible to perform S speciation with high analytical
gﬂﬁ:ﬁ supplements frequency, simplicity and precision. The intensities ratio for the different electronic transitions (S Ka; », S KB and

S Kp") and principal component analysis (PCA) of the spectra obtained for samples and standards of different
inorganic species of S allowed the speciation and quantification of S in mineral supplements for cattle. Matrix
effects were minimized using matrix-matching method and univariate and partial least squares (PLS) treatments.
The samples containing predominantly sulphate species were used as standards for calibration. For mineral
supplement samples that contain predominantly elemental sulphur species, a sample set or Sg diluted in Na,COa:
NaCl (1:1 w/w) were used with standards. No statistically significant difference was observed between method
proposed and inductively coupled plasma optical emission spectrometry (ICP OES) reference values at 95%
confidence level (Student's t-test, n = 3). The limits of quantification <2 gkg™ 'S, standard error of calibration
=3.5gkg 'S, standard error of Cross Validation =4.7 gkg ™' S values obtained for the models proposed. The
relative standard error = 9% were obtained for the proposed method, demonstrating good precision. The
method was successfully applied and a good alternative to direct speciation and analysis for determination of S
in mineral supplements for cattle.

Matrix effects

1. Introduction

Sulphur (S) is an essential macronutrient that must be supplied to
herds due to its relation with protein and vitamin production. It is a
component of amino acids as methionine, cystine and cysteine, and also
occurs in animal tissues like sulphate. In addition, sulphur is the con-
stituent of vitamins biotin and thiamin [1,2]. Diets that present defi-
ciency in S lead to a reduction in the synthesis of microbial protein,
causing malnutrition, affecting food consumption and, consequently,
animal weight gain [1]. Thus, the mineral supplements offered to the
herds usually employ sulphate and elemental sulphur as sources of this
element. However, studies have been demonstrated that sulphate
sources are readily available for animal microbial metabolism, whereas
elemental sulphur has limited bioavailability [3]. In this context the
speciation of S is necessary to evaluate the source and bioavailability in
formulations of commercially available mineral supplements.

The main problems that can affect chemical speciation are related to
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E-mail address: erpf@ufscar.br (E.R. Pereira-Filho).
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the stability of the species, from the step of sampling to the analysis.
Thus, some experimental conditions are critical for elemental speciation
as: i) type of reagents (acids, hydroxides, salts, among others); ii) pH;
iii) temperature and; iv) solvents that when improperly used can pro-
vide the oxidation or reduction of a particular species, conversion of
chemical species, and making it impossible to perform chemical spe-
ciation with reliability [4].

In contrast to intensive chemical speciation procedure, the specia-
tion using solid direct analysis without or with minimal sample pre-
paration is an excellent alternative for minimizing cross-conversion of
chemical species and reliable determinations. Some analytical techni-
ques as X-ray absorption near edge structure (XANES) [5,6], X-ray
photoelectron spectroscopy (XPS) [7] and X-ray fluorescence (XRF)
spectrometry [8-13]; make possible the chemical speciation using di-
rect analysis of several complex samples.

Through the wavelength dispersive X-ray fluorescence (WD-XRF)
spectrometry, it is possible to obtain K X-ray fluorescence spectrum
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originates from radiative electron transitions either from a core or from
a valence state to the K hole. The main K transitions are the electric
dipole Kay » and the KBy 5 transitions, which correspond to the 2p and
3p shell electron transition to the 1s shell core hole, respectively
[13,14]. The energies of Ka and K[ transitions of some elements,
provides information about its oxidation state and can be used for
elemental speciation.

The WD-XRF was successfully used in the speciation and determi-
nation of Chromium (Cr VI) in soil, paint and polymer, monitoring the
transitions Cr K[; 3; KB and KP2 5 and employing principal component
analysis (PCA), partial least square regression (PLS) and principal
component regression (PCR) [15]. The strong KB” and the absence of
Kp’ satellites structures are fingerprints for the presence of hexavalent
Cr [13].

For sulphur, some methods are reported in the literature for the
direct speciation and determination employing WD-XRF [12]. The WD-
XRF was used for estimation of the ratio between sulphide and total
sulphur in sulphide ores monitoring the S Ka; 5 and S KB, 3 lines and
satellites S KB’ and S Kaz 4. The samples were pelleted using boric acid
substrate and analyzed further [8]. In another study, univariate pre-
dictive models of binary mixtures of sulphur species were proposed,
including Thiosulphate [10]. Uhlig et al. proposed a method of analysis
of synthetic samples prepared using rock material as carrier for sul-
phide-sulphate mixtures. Limit of detection for sulphide species of
10 gkg ! was obtained, and report that spectral interferences for sul-
phur in S Kp’ line with lead (Pb MJ’ line) may compromise the de-
terminations [11]. Even with these reports, we did not find in the sci-
entific literature the development of analytical methods for the
determination and speciation of S in livestock inputs such as mineral
supplement for cattle, and with a systematic study of the effects of
matrix and chemicals in the determination of total sulphur in these
samples.

The WD-XRF presents other advantages, besides the possibility of
direct speciation and determination of sulphur, as i) low consumption
of reagents, as it does not require the decomposition of the sample for
later analysis; ii) low generation of waste; and iii) requires small
amounts of samples (< 1g) [16]. Some limitations of the use of this
technique are related to the quantitative analysis, because as the sample
is analyzed integrally, the sample matrix can act on the phenomenon of
X-ray fluorescence of the analyte and make difficult the determination
of the analyte with required precision and accuracy. However, these
matrix effects can be minimized by correctly employing some calibra-
tion strategies, as matrix-matching method, and multivariate calibra-
tion as PLS [14,15].

In this context, we developed a simple method for speciation of
sulphur (elemental sulphur and sulphate) and determination of total S
in mineral supplements for cattle by WD-XRF. In addition to employing
solid direct analysis, different calibration strategies (univariate and
multivariate) were evaluated for minimizing matrix effects.

2. Material and methods
2.1. Instrumentation

A Perform-X ARL (Thermo Fischer, Madison, WI, USA) wavelength
dispersive - X-ray fluorescence (WD-XRF) was used for direct analyses
of the samples. Samples were irradiated with X-ray emission provided
by an Rh tube with a maximum power of 4200 W. The maximum vol-
tage and current applied to the X-ray source are 70kV and 180 mA,
respectively. The operational values must be selected to obtain a power
lower than 4200 W. The instrument is equipped with five different
crystals that can be used in the wavelength dispersion, ranging from
0.124 A (LiF220) to 162.662 A (AX16c), and the choice is based on
which crystal can disperse the characteristic wavelength from the
analyte. The instrument is also equipped with four different collimators
(0.15mm, 0.40 mm, 1.00 mm and 2.60 mm) and two detectors: a flow
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proportional counter (FPC) and a scintillation counter (SC). The elec-
tronic transitions S Kay 2, S KBy and S Kf3” were monitored. The current
and the voltage applied to the X-ray source was of 100 mA and 30 kV
(3000 W), respectively.

Reference total sulphur concentrations were obtained using an in-
ductively coupled plasma optical emission spectrometer (ICP OQES)
(iCAP 6000, Thermo Scientific, Waltham, MA, USA), after acid diges-
tion of the samples (n = 3). This instrument allows sequential emission
signals collection using both axial and radial viewing. A pneumatic
nebulizer was used and the instrumental conditions were established as
the manufacturer recommendations: power (1.15 kW), plasma gas flow
(12L min’l), auxiliary gas flow (0.5 Lmin’l), nebulizer gas flow
(0.7Lmin~Y) and sample introduction flow rate (2.1 mL min~1).
Emission line monitored was S 180.7 nm using axial viewing.

2.2. Reagents, solutions and samples

All solutions used in the comparative ICP OES determinations were
prepared using high purity water (18.2MQcm resistivity) obtained
from a Milli-Q® Plus Total Water System (Millipore Corp., Bedford, MA,
USA). Nitric acid was purified by a Distillacid™ BSB-939-IR sub-boiling
distillation system (Berghof, Eningen, Germany) and used to partially
digest the samples in the comparative study. All glassware and poly-
propylene vessels were decontaminated prior to use by detergent
washing, soaking in 10% (v/v) HNOj3 for 24 h, and then thorough rin-
sing with distilled-deionized water.

Working standard solutions, containing 100 mg L ™' S, used to build
the ICP QES calibration curve was prepared by the appropriate dilution
of stock standard solutions containing 1000 mgL~'S (SpecSol, Sio
Paulo, Brazil) in 10% (v/v) HNO;.

Sodium carbonate (Merck, Darmstadt, Germany) and NaCl (Merck)
were used as diluent, and elemental sulphur (Sg, Sigma-Aldrich, Saint
Louis, USA), CuSO45H,0 (Sigma-Aldrich), MnSO4,H5;0 (Sigma-
Aldrich), ZnSO47H50 (Sigma-Aldrich), (NH4),SO4 (Sigma-Aldrich),
CoSO47H,0 (Sigma-Aldrich), MgS047H,0 (Sigma-Aldrich), Na;SO4
(Qhemis, Jundiai, Sdo Paulo, Brazil), FeS (B. Herzog, Rio de Janeiro,
Brazil), NasS;045H50 (Sigma-Aldrich), NasSO, (Sigma-Aldrich),
NayS;0s (Sigma-Aldrich), (NH4)2S20g (Sigma-Aldrich), were used as
solid standards to obtain reference spectra for the different inorganic
sulphur species.

Eleven samples of cattle mineral supplement purchased in local
markets of Rio Paranaiba (Minas Gerais State, Brazil) and provided by
the Empresa Brasileira de Pesquisa Agropecuaria (Brazilian Agricultural
Research Corporation, Sdo Carlos, Sdo Paulo State, Brazil) were ana-
lyzed. All the cattle mineral supplements are composed of both macro-
and microminerals (e.g., Ca, P, S, Na, Cu, Fe, Mn and Zn), as well
as < 42% protein equivalent.

2.3. Sample preparation for sulphur total determinations by ICP OES

A ICP OES was used as an analytical technique to determine the
reference concentrations of total sulphur in cattle mineral supplements
after partial acid decomposition of the samples. The samples were
homogenized with a pestle and mortar, and then partially decomposed
with HNO3 65% v/v. Approximately 300 mg of sample was accurately
weighed in polypropylene tubes and kept overnight (approximately
16 h) in contact with 2.0 mL of HNO3 65% v/v at room temperature.
Then 20 mL of high purity water was added and the solutions were
filtered using an 80 g m ™2 qualitative filter paper (Unifil, Germany).

2.4. Sample preparation and methods for speciation of Sulphur

Approximately 500mg of mineral supplement sample or solid
standard was weighed using an analytical balance (model AY 220,
Shimadzu, Kyoto, Japan), and then pressed for 2min under 80 kN to
form pellets with a 12 mm diameter and ca. 3 mm thickness. Using the
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counting time of 5s, 0.40 mm collimator, elliptical mask of 10 mm,
0.15° increment, Ge 111 as diffraction crystal, all samples and solid
standards were analyzed in the scan mode by monitoring spectral
windows for diffraction angles between 105 and 115° (electronic
transition S Kay 2), and 95 to 105° (electronic transition S KBy and S
Kp’). The X-ray fluorescence spectra obtained for the samples and the
different inorganic species of S, monitoring the different electronic
transitions, were used to propose models of prediction of the sulphur
oxidation state in the samples of mineral supplements, using the ratios
of the intensities of fluorescence of the different species and employing
PCA for data interpretation.

Three univariate models for the prediction of the oxidation state of
the S in the bovine mineral supplement for cattle samples were pro-
posed using the X-ray intensities ratios for the different electronic
transitions (S KB’/S KB, S KB/S Ka; 3 and S KB'/S Ka, ») for the dif-
ferent species of inorganic sulphur (S-II, SO, S + II, S + IV and S + VI).

To generate the PCA the spectra were previously mean-center. The
spectral range included the electronic transitions S Kf; and S KB’ (68
variables), and all calculations were performed using Pirouette soft-
ware, version 4.5 (Infometrix, Bothell, WA).

2.5. Calibration strategies for determination of total sulphur

As calibration strategy for the determination of total sulphur using
WD-XRF, the matrix-matching method was evaluated. Solid calibration
standards were prepared in three different ways: i) using a sample set of
mineral supplements for cattle, ii) Sg diluted in Na;CO4:NaCl (1:1 w/
w); and iii) NaySO4 diluted in NayCOs: NaCl (1:1 w/w). The standards
were homogenized with a pestle and mortar. All solid standards, in the
concentration range of 0 to 32.1 gkg ™ 'S, were then pressed for 2 min
under 80 kN to form pellets with approximately 500 mg (n = 3).

The precision (n = 3) was calculated using all samples. Limits of
detection (L.OD) and quantification (LOQ) were calculated according
software OXSAS®, using the Egs. (1) and (2):

BE

LOD = 3x @
Qxt

)xs
t (2)

where BEQ is the background equivalent concentration, Q is the ana-
Iytical sensitivity (cps/%) and t is the counting time (s).

Two forms of data treatment were evaluated, univariate (using X-
ray fluorescence intensity) and multivariate (using PLS models). For
PLS models 68 variables were used, and as data pretreatment the
spectra were mean-center, and calculations were processed using
Pirouette software. For proposition of the PLS models, the data set was
subdivided into 5 or 6 standards for calibration:

(1)

LoQ = (3)(

— 5 standards for calibration using sample set and 6 standards pre-
pared in Sg or NayS0, diluted in Nay;CO3:NaCl,

— 6 or 11 samples for validation (6 samples for calibration using
sample set and 11 samples for calibration with standards prepared
using Sg or NayS0, diluted in Nap;CO3:NaCl).

For the quantitative analysis, all samples and standards were ana-
lyzed in triplicate and using 20 s of counting time.

3. Results and discussion
3.1. Direct speciation of Sulphur by WD-XRF: chemical effects
Sulphur has several inorganic species, where the oxidation state can

be 8-1I, SO, S + 11, S + IV and S + VI, as shown in Table 1. Using WD-
XRF as monitoring technique for these species, it is possible to observe
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spectral variations from the phenomenon of X-ray fluorescence for the
S, that are related to the different inorganic chemical species. The so-
called chemical effects that are related to displacements of the position
of peak of some main lines of sulphur spectrum (S Kay 2, S KBy) and
predominantly for the Kf lines. This phenomenon is due to the fact that
the Kp lines result from electron transitions from the unfilled 3p orbitals
which are involved in chemical bonding [14].

Satellite SKB' is preconditioned by transition from the molecular
orbitals, which, in addition to 3p electrons of sulphur, is considerably
contributed by 2s and 2p electrons of the element chemically bonded
with sulphur. S Kal,2 and S K31 can be observed for all species, S K’
satellites only for species with coordinated oxygen (thiosulphate, sul-
phite and sulphate) [10], as showed in Fig. 1. In sulphate (S + IV)
spectra, S Kp’ satellite intensity reaches 40% of that of SK[; line
(Fig. 1b), but in sulphide (S-II) spectra this satellite is practically absent
[81.

Thus, the inherent characteristics of the WD-XRF technique makes it
an excellent analytical tool for the development of methods for direct
speciation of S in complex samples such as mineral supplements for
cattle samples.

From the utilization of different salts (describe in Section 2.2 Re-
agents, solutions and samples) as solid standards the different inorganic
sulphur species, and their respective reference spectra were obtained as
showed in Fig. 1. The intensities ratio for the different electronic
transitions (S KB’/S KBy, S KB/S Ka; 2 and S KB’/S Ka, »), of different
species of inorganic sulphur were calculated and three univariate re-
gression models were obtained for the prediction of the oxidation state
of the predominant species present in the eleven samples of mineral
supplements for cattle. By the interpolation of the calculated ratio for
the samples, using the different electronic transitions the chemical
speciation was performed.

For the three models calculated, the best one was a polynomial
calculated with the intensity ratio of the S KB’/S Kf; lines, whose
coefficient of determination (R%) was 0.9755, Fig. 2. Of the eleven
samples analyzed, the model predicted six samples that have elemental
sulphur (Sg — S0) as the predominant specie, and the other five samples
as the predominant species being the sulphate (5042~ — S + VI).

The spectra obtained by monitoring S KB’ and S Kf3; lines for all
eleven samples together with three solid standards with different con-
centrations of § in species Sg and $042~ (0.5, 1.0 and 1.5 gkg ™' S) were
used to calculate PCA. The PCA showed, two classes obtained for re-
ference samples formulated predominantly by elemental sulphur or
sulphate, Fig. 3.

The scores and loadings of the first two principal components (PC)
were evaluated. Fig. 3a presents the score plot for PC1 x PC2 of dif-
ferent samples with 98.0% of the explained variance, and an ellipse
(green line) with 95% confidence interval [17] was applied in PCA
score plot, showing that the samples are within the 95% confidence
limit. Fig. 3b presents the loadings plot for PC1 and PC2 using different
S KB’ and S Kf3; spectra. In Fig. 3a, there is separation between the two
classes of samples according to the different sulphur species present.
The samples composed predominantly of sulphate (S + VI) are sepa-
rated from the samples that are composed of predominantly elemental
sulphur (S 0).

This differentiation was possible due to the chemical effects: i) S K’
satellites that are observed only for the sulphate specie, and ii) dis-
placement of the position of peak for § KB, line, for S04~ and Sg
species. The PCl1 loadings (Fig. 3b) plot shows a positive peak in the
region from 100.762 + 0.150° coinciding with the shift of the position
of peak for 50,42~ (S + VI). This observation is also confirmed with the
scores plot (Fig. 3a). The PC2 loading plot shows a positive peak that
coincides with a sulphate spectrum, referent the S Kp’ satellites and
negative peak referent a position of peak for S KpB; line for Sg (S0), and
similar results are observed for the scores plot.

The data obtained by the polynomial model were confirmed using
the PCA method for speciation of S. Thus, five mineral supplements for
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Table 1
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Different inorganic sulphur species and some monitoring characteristics by WD-XRF.

Specie Oxidation state of Sulphur Electronic distribution Observed spectral lines
S Ka » S Kpy SKp
110.688° 100.762° 101.390°
5.372 4/0.537 nm 5.031 /0.503 nm 5.054 A/0.505 nm
Sulphide/S%~ Bl [Ne] 3s23p® Yes Yes Not observable
Elemental Sulphurg 0 [Ne] 3s23p* Yes Yes Not observable
Thiosulphate/S;05>~ +1I [Ne] 3s%3p® Yes Yes Yes
Sulphite/S05%~ +IV [Ne] 3s* Yes Yes Yes
Sulphate/ S042~ +VI [Ne] Yes Yes Yes
40000 — . . —— . . T 1280 . .
- Sulphate \ SKao, a) " Sulphate
20000 - S +VI i 1 640 -5 +VI
1 o
0 . 0
40000 1 L 1 L 1440 L
- Sulphite b I Sulphite
20000 - S +IV ! - 720 S +IV
1
1
[ b 1 L ! 1 | 9 1 !
ssoooo . o 2840 T
= - Thiosulphate . oy - Thiosulphate :
%‘30000 LS+ : < 1220 £S5 411 X
2
E - 1 -a - 1
= 0 ! S o !
—=132000 1 L L L £ 5600 L :
- Elemental Sulphur/! - [ Elemental sulphur i\
' 2800 - S0 i\
1 1 1
1 [ 1
17600 1 - 1 L 960 ! L L
T T T
- Sulphide . [ Sulphide \ .
8800 | S -l ' 1 480 - S -lI P\ .
5 1 1 1
1 I
1 1 1 1 | 0 T 1 1 1
107.5 110.0 112.5 115.0 95.0 97.5 100.0 102.5 105.0
20/° 20/°
Fig. 1. X-ray fluorescence spectra for different inorganic sulphur species, monitoring (a) S Kay o, (b) S Kp; and S KB’ lines.
cattle samples analyzed present majority the sulphate species in its
06 formulation, and six samples the elemental sulphur specie. Studies have
) . shown that sulphate species is recommended as a source of S in mineral
Ratio = 0.2014 + 0.0097 (nox) + 0.0067 (nox)’ phate sp comme ot minet
. supplements, considering that this species presents good bioavailability
0.5 - R=0.9755 to cattle when compared to Sg. In this way, WD-XRF can contribute to a
direct, fast and simple verification of the predominant sulphur species
in the commercialized formulations of these supplements, conferring
° 0.4+ greater reliability and safety in the commercialization of these livestock
'ﬁ inputs.
.
@ 0.3 4
X 3.2. Calibration strategies to overcome matrix effects in WD-XRF
-
3
ps 0.2 + In direct analysis of solid, the sample matrix and analytes are ana-
lyzed integrally. Thus, the matrix can influence the X-ray fluorescence
0.1 phenomenon, and consequently the analyte signal obtained may con-
tain uncertainties regarding the identity (spectral interferences) and the
amount of the analyte present in the analyzed portion. The main matrix
0.0 T T I r I r I effects described in the literature for X-ray fluorescence are related to 1)

o -

0 2 4

Sulphur oxidation state

Fig. 2. Polynomial model obtained with the intensity ratio of the S KB’/S Kf,
lines (using different inorganic sulphur species), for prediction of the oxidation
state of the predominant species present in the samples of mineral supplements
for cattle.
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elemental interactions (absorption and enhancement) and ii) physical
effects (particle size and surface effects, and effects due to chemical
state) [14].

Thus, we evaluated the matrix-matching method (MMC) as a cali-
bration strategy for the determination of total S in mineral supplements
for cattle. In this case, matrix effects can be minimized when the phy-
sical properties of the calibration standards closely match those of the
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Fig. 3. Principal component analysis: (a) scores and (b) loadings.

102.5

105.0

samples being analyzed. The calibration standards were prepared in
three different forms: i) using a sample set of mineral supplements for
cattle (R? = 0.8568); ii) Sg diluted in NayCOs: NaCl (1:1 w/w)
(R? = 0.9921); and iii) Na;SO, diluted in Na,COs: NaCl (1:1 w/w)
(R? = 0.9979). As can be noted all models presented good determina-
tion coefficients.

Through the spectral profiles of X-ray fluorescence obtained for S, in
two samples of mineral supplements, #SM 02 and #SM 18/09, and

standards prepared using the reagents Sg, NayS0O,4, NayCO3 and NaCl;
we can see some matrix effects, Fig. 4.

Fig. 4a and b presents the spectral profiles and X-ray fluorescence
intensities obtained by monitoring the S Kay 3, S KBy and S KP’ lines, for
the #SM 18/09 mineral supplement and the standard prepared with Sg
diluted in NapCO3:NaCl (1:1 w/w), both with 32.1 gkg_1 S, in the
elemental sulphur species (S 0). As can be noted, there are similarities,
indicating negligible influence of the matrix on the X-rays produced by

15000 - - 600
——321gkg' S-SM 18/09 a) ——32.1gkg” S-SM 18/09 b)
——321gKg'S0 | ——321gKg'sS0 Sk
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w w
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o Q
w 0w
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D [
1= 5000 £ 200
~. .
o T T T T 0 T T T T T
106 108 110 112 114 116 96 98 100 102 104
° 20/"
4500 2: e/ 160 ”
——125gkg'S-SM02 c) ——12.5gkg’ S-8MO02 S kB, d)
——12.5gkg’' S0  Ske,, ——125gkg’' S0
——125gkg' S+ VI ’ ——125gkg’ S+VI
3000 =
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S s
£ 1500 H t
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Fig. 4. Profile of X-ray fluorescence spectra obtained for sulphur species at different solid media, for available matrix effects. In a) and b) spectra obtained for SM02
mineral supplement and standards both with 32.1 gkg ! S (Sg and SO,42~ species). In ¢) and d) spectra obtained for #SM 02 mineral supplement and standards both

with 12.5gkg ™' S (Sg and SO,*~ species).
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the analyte in the solid matrix [18]. In this way calibration standards
prepared using a sample set or Sg diluted in NapCO3:NaCl (1:1 w/w) (S
0) can be used for the determination of total S, using the MMC.

However, for the #SM 02 sample, that contains predominantly
80,2~ specie, the enhancement and chemical effects are observed from
the spectral profiles. Standards prepared using Sg or NasSQ,4 diluted in
NayCO3:NaCl (1:1 w/w), present an enhancement effect, approximately
2 and 1.3-fold greater intensity of x-ray fluorescence when compared to
the intensity of the sample (monitoring the S Koy 7 line), Fig. 4c and d.
The energies of the characteristic lines of the matrix elements exceed
the binding energies of the analyte element lines, and analyte atoms
emit extra characteristic radiation in addition to that from the primary
exciting radiation [14]. Moreover, by the chemical effects, we can ob-
serve the S KB’ satellites only for S + VI, which can also compromise
the determination of total S. In this way it is recommended to use only
calibration standards prepared using a sample set for the determination
of total S, using the MMC.

In addition to univariate calibration, we evaluated the multivariate
approach through PLS regression. The PLS regression presents as main
advantages the possibility of proposing a calibration model in the
presence of the possible concomitants. The SEC (SE of Calibration) and
SECV (SE of Cross Validation) values obtained for the models proposed
were < 3.5gkg™ 1S and < 4.7 gkg 'S, respectively. When reference
and predicted values were compared, good linear determination coef-
ficient (R?) values were obtained for the models proposed
(R? = 0.8886). The latent variables used in the PLS models, were 1 for
model calculated using samples set and Na;SO,4 diluted in NayCOa:NaCl
for S Kp; line; and 2 latent variables for all others models.

3.3. Parameters of analytical performance

Some parameters of analytical performance were calculated for the
proposed method, and can be observed in Table 2. Limits of detection
(LOD) and quantification (LOQ) were calculated according software
OXSAS® [18]. Good coefficients of determination were obtained for
univariate (R* = 0.8568) and PLS models (R? = 0.8886). The LOQ
values were approximately 25 and 670-fold lower, depending on the
monitored line, than the recommended values of total S in formulations
of bovine mineral supplements (40-50 g kg’1 S) [1,2].

The lower limits of detection were obtained by monitoring the most
sensitive electronic transition S Koy » (LOQ = 0.06 gkg™1S) and using
the solid standards prepared with Sg diluted in Na;CO43:NaCl (1:1 w/w).

When the calibration curve was prepared with Nay;SO, diluted in
NayCOs3: NaCl (1:1 w/w) and monitoring the S KB1 the obtained LOD
value was 0.5 gkg L.

The values of RSD were up to 9% for WD-XRF analysis, demon-
strating good precision of measurements, when compared with ICP OES
analysis (RSD = 8%). Thus from these calculated parameters, the pro-
posed analytical method proves to be an excellent tool to determine

Microchemical Journal 147 (2019) 628-634
total S in samples of mineral supplements for cattle.

3.4. Determination of total sulphur in mineral supplement for cattle

The proposed method was applied for the determination of total S in
11 samples of mineral supplements for cattle, Table 3. For the samples
of supplements containing Sg as the predominant species of S in the
formulations marketed, it was employed the analytical strategies using
Sg diluted in NaCl:Na,CO5 (1:1 w/w). The concentrations of total sul-
phur determined were between 6.6 and 39.5gkg™ 'S (both applying
PLS), and trueness between 76 and 123% when compared to the re-
ference values obtained by the ICP OES technique.

In the case of samples of mineral supplements containing S04~ as
the predominant S species in the formulations, the determined total
sulphur concentrations were between 7.9 (using PLS) to 22.9 (using
univariate) gkg~'S, and trueness between 66 and 116%. It is im-
portant to mention that for samples containing 50,27 it was necessary
to use a sample set to propose calibration models.

Given the complexity of bovine mineral supplement samples, and
even using the matrix-matching method, some samples may contain
variations in their matrix composition. Thus, we consider satisfactory
recoveries between 66 and 76% for four samples (total of 11 samples)
analyzed by the proposed method.

It is observed that no sample analyzed had total S concentration
recommended in the final formulations of mineral supplement for cattle
that would be between 40 and 50 gkg~'S.

4, Conclusions

A simple and fast (20 s of counting time) method is proposed for
sulphur speciation, elemental sulphur or sulphate. Using PCA or in-
tensities ratio from X-ray fluorescence it is possible to perform Sulphur
speciation in mineral supplements for cattle. These species can be
monitored using the electronic transitions S K’ and S K3, by WD-XRF
and employing direct sampling of solids. Matrix and chemical effects
can be minimized in the determination of total sulphur using the ma-
trix-matching method and using appropriate calibration standards as a
function of the predominant sulphur species in the bovine mineral
supplement formulation. The two forms of treatment of the data eval-
uated, using X-ray fluorescence intensity and PLS regressions, were
appropriate for direct determination of total sulphur in samples. The
method proposed presents an excellent tool to evaluate the quality of
mineral supplements for cattle, due to the chemical speciation and
sulphur concentration present.
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Table 2
Parameters of analytical performance for the direct determination of S by WD-XRF employing matrix-matching method.
Parameter S total
Samples set Sg diluted in Na,CO5: NaCl (1:1 w/w) Na,SO, diluted in Na,CO5: NaCl (1:1 w/w)
Line SKayz S KB, S Kay» S KB, SKay» S KB,
Linear response range (gkg ") 8.2-32.1 8.2-32.1 0-32.1 0-32.1 0-32.1 0-32.1
Calibration curve linear equation y=422[S] - 1.75 y=013[S] —0.022 y=23.19[S] +0.13 y=0.12[S] +0.029 y=1.83[S] - 0.019 y=0.050[S] - 0.016
R* 0.9395 0.8568 0.9924 0.9921 0.9982 0.9979
PLS model (reference x predicted) y = 0.95[S] — 1.1 y=0.94[S] + 1.0 y = 1.4[S] -85 y = 1.34[S] — 14.8 y =4.1[S] - 28.1 y=23[S] - 11.4
R? 0.9599 0.9416 0.9530 0.8886 0.8994 0.9524
LOD (gkg ™) 0.05 0.3 0.02 0.3 0.03 0.5
LOQ (gkg™h 0.1 0.7 0.06 0.9 0.08 2
SEC (gkg™ ) 35 2.2 1.2 1.0 0.9 1.7
SEV (gkg™") 4.5 2.4 3.3 4.7 1.1 21
RSD (%) 0.4-8.7 1.2-4.6 0.2-5.5 0.3-6.8 0.2-8.4 0.8-5.0
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Table 3

Microchemical Journal 147 (2019) 628-634

Concentrations determined (average, n = 3) of total S in mineral supplements for cattle by the proposed method WD-XRF, and by ICP OES as reference method.

Values in parenthesis are the mean trueness in %.

Sample Specie Reference value (ICP OES) Univariate Multivariate (PLS)
Sample set Sg diluted in NaCl: Na,CO; (1:1 w w) Sample set Sg diluted in NaCl: Na,CO; (1:1 w w)
gkg™! SKay» S Kay» SKay» S KBy SKay»
SM 1803 Elemental Sulphur 20.5 = 0.4 - 15.5 = 0.04 (76) - - 15.5 (76)
SM 18/06 Elemental Sulphur 13.0 = 0.2 - 11.3 = 0.1 (87) - - 12.8 (98)
SM 18/09 Elemental Sulphur 32 = 2 - 35.5 = 0.5(110) - - 39.5 (123)
SM 03/10 Elemental Sulphur 8.2 + 0.4 - 7.7 + 0.04 (94) - - 6.6 (81)
SM 17/09 Elemental Sulphur 32 = 2 33 = 3(102) 38.4 = 0.2(114) 30.1 (94) 32.3 (101) 39.2 (122)
SM 01 Elemental Sulphur 27 + 2 19.1 = 0.8(71) 194 = 1(72) 22.5 (83) 19.5 (72) 23.2 (86)
SM 17/06 Sulphate 30 = 2 - - - - -
SM 17/03  Sulphate 20.1 = 0.6 229 = 01 (114 - 21.1 (105) 20.0 (100) -
SM 02 Sulphate 125 = 0.3 9.2 + 0.05(74) - 8.4 (67) 10.9 (87) -
SM 03 Sulphate 87 = 0.1 9.6 = 0.4 (1100 - 10.0 (115) 10.1 (116) -
SM 04 Sulphate 11.9 = 0.3 85 = 0.2(72) - 7.9 (66) 11.1 (93) -
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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, W(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.*® The p(E),
gives the probability that X-rays will be absorbed according to Lambert-Beer’s
law, I = I,e ™®)* where | is the X-ray intensity transmitted through the sample,
lo is the incident intensity, and x the sample thickness.*>>1>?

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),®*2 as illustrated in the FIGURE 2.3.a.

a) b)

Unoccupied orbitals
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FIGURE 2.3 lllustration of (a) X-ray absorption phenomenon and (b) K-edge
XANES spectrum obtained for a phosphorus atom (hypophosphite species - P
+l).

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.>*>3

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=2145eV, P +1 =2148 eV, P +lll = 2149 eV and P +V = 2150 eV) and can be
affected by nature of the ligand attached to P.>®

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.® 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.>*>?

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.®>®* 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 - Sdo Paulo, makes it possible to obtain XANES

spectra using the available instrumentation.

Synchrotron radiation
storage ring

Fluorescence
detector — .

Slits

|
/ — | O
Focusing

mirror Sample
InSb (111)

monochromator Computer

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 Ir normalized by X-ray incident (lp) in the sample
(W(E) = Ix/I,), thus avoiding the spectroscopically irrelevant elastic scattering
contribution.>?>*

These techniques allow direct, non-destructive analysis with
minimal preparation of different types of samples in solid, liquid and gas.®
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;* ii) in obtaining spectral images for the species Fe +l|
and Fe +lIl in brain gliomas;™ iii) soil analysis for speciation and quantification
of Cr +Ill and Cr +VI;>" iv) different plant parts and rhizospheric soil to determine
the forms of Zn +llI at the root-soil interface and inside the plant, resulting from
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the different Zn complexes formed;® v) industrial waste for speciation of Sb +III
and Sb +V;*° vi) an arsenite-oxidizing bacterium (Comamonas terrae) isolated
from agricultural soil for speciation and assessment of the biotransformation of

As +lll into the less-toxic As +V specie;*

vii) sphalerit ores to verify the
occurrence of Ge +IV, Cu +I and Fe +II monitoring the K-edges XANES for all
elements;** among other samples.

In elementary determinations using XANES spectroscopy,
concentrations of the analyte in the order of ug g™ 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),>>®%® PCA%*® PLS regression,””®*°® and
multivariate curve resolution alternating least-squares algorithm (MCR-
ALS):>*®"70 in addition to software suitable for data processing (spectral
normalization) and database, as ATHENA, ARTEMIS and HEPHAESTUS.”

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.>>®* 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.®®

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.®* 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.®
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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 +lll and Cr +VI, and in the determination of total
Cr in contaminated soils with Cr concentration above 10 ug g™*;>’ ii) Cd +Il in
soils monitoring the transition Cd Ls-edge XANES;®® and major metals such as
i) iron from pyrite, olivine and goethite minerals in estuarine sediments, with a
standard error of prediction < 1.7%."2

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).>*®"%® 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
+1I to Cu 0 involving a Cu +I species at 250 °C) with hierarchical porosity.®®

The combination of PCA, MCR-ALS, W Lz-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
H.SiM0sWgO4o catalyst supported in alumina.®® In another study, the
quantification of the number of intermediate species and identification during the
sulfidation process of the two catalysts (Mo/Al,O; and CoMo/Al,O3) was
investigated by time-resolved X-ray absorption spectroscopy and using the
chemometric methods mentioned previously.”® 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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2.2.1 Determination and speciation of phosphorus in fertilizers and
mineral supplements for cattle by X-ray absorption near-edge structure
spectroscopy: a simple nondestructive method. Analytical Methods 11
(2019) 1508-1515.

35



Published on 11 February 2019. Downloaded by UNIVERSIDADE FEDERAL SAO CARLOS on 3/3/2020 8:01:54 PM.

ROYAL SOCIETY
OF CHEMISTRY

Analytical
Methods

View Article Online

View Journal | View Issue,

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

i ") Check for updates ‘

Cite this: Anal. Methods, 2019, 11, 1508

Y

Diego Victor Babos, Jeyge Pricylla Castro, & Daniel Fernandes%Andrade, ®
Vinicius Camara 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
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rsc.li/methods 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.® 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 influence metabolism and physi-
ology.>* 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."

In cattle breeding, phosphorus deficiency is a significant
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.*® Phosphorus is the most expensive
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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. Many alternative sources of this
element have been introduced to reduce the price, which can
pose risks to the animal and consumer health.**

The analytical methods used to determine the speciation of
phosphorus usually require sequential extraction,”® separa-
tion,”* and conversion of solid samples into solutions.'**?
Conventional wet or dry solid sample preparation procedures
are often time-consuming, laborious (approximately 16 hours
are required for the extraction of an analyte from the sample),**
vulnerable to contamination and analyte loss, require a large
amount of reagents and energy, and generate a significant
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 identifications; 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."* Thus, procedures
that allow minimum manipulation of the sample and

This journal is © The Royal Society of Chemistry 2019
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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.'>'® XANES spectroscopy
measurements can be performed on solids, gases, or liquids,
including moist or dry soils, mineral suspensions, and aqueous
solutions.”'® Some methods of chemical speciation by XANES
spectroscopy in different samples have been reported in the
literature: for example, for the speciation of Cr,"”'® Ni,** Sb,*
As*' Cd,** Fe,* S,**?¢ Ce,”” and Zn;*® 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.”***2°2 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 scientific 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.*® Although this technique has significant potential in the
identification of chemical species, its analytical sensitivity still
needs to be improved.” Another challenge associated with
quantitative XANES methods is the choice of the calibration
strategy because the availability of certified reference materials
that can be used in calibration by matrix matching is limited.
However, linear combination fitting (LCF) and chemometric
tools, such as partial least squares (PLS) regression,*®** multi-
variate curve resolution (MCR)* and artificial neural network,*
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 confidence 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 Scientific, Waltham, MA, USA) was used to
determine the amount of total phosphorus in fertilizer samples
(n = 3). The instrumental conditions were established

This journal is © The Royal Society of Chemistry 2019
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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% HNOj; (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 = 3) for total phosphorus.

2.2 Reagents, analytical solutions and samples

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

The salts K,HPO,-3H,0 (=99.0%, Merck, Darmstadt, Ger-
many) and Na,(HPO3)-5H,0 (=98.0%, Riedel-de Haén, Ger-
many) were used as standards to prepare the calibration
solutions containing phosphorus in the form of phosphate
(PO,*7) and phosphite (HPO3>") 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% HNO; (v/v) for 24 h, and then thor-
oughly rinsed with deionized water prior to use.

Herein, five samples of liquid fertilizers, containing macro
and micro nutrients or only potassium phosphite, were
commercially acquired from Rio Paranaiba (Minas Gerais,
Brazil) and Sdo Carlos (Sdo Paulo, Brazil), and five 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 Agropecuaria
(Brazilian Agricultural Research Corporation). The analyzed
mineral supplements for cattle were also composed of macro-
and microminerals (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,#4and #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

Anal. Methods, 2019, 11, 1508-1515 | 1509
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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 Teflon plates.
Samples were conditioned in the sample port using an o-ring and
a lid (stainless steel or copper) with the Ultralene® film. Then,
the sample port containing a rod was inserted into the sampling
chamber initially pressurized with N, gas for further analysis.

2.4 XANES data collection

The spectral data for phosphorus K-edge XANES were obtained
at the beamline of soft X-ray spectroscopy (SXS) at the Brazilian
Synchrotron Light Laboratory (LNLS), Campinas, Sdo 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 x 10 % mbar).

XANES spectra were obtained in the fluorescence mode using
a silicon drift diode detector (Ampetek - X123SDD). A fluorescence
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., after calibrating the X-ray energy to the K-edge of P using
Ca;(PO,), as a standard (0.1% P (w/w) and 0.28 g Cas(PO,), diluted
in 2.25 g BN), the spectrum was assigned a reference energy (Eo)
value of 2150.7 eV using the maximum peak.

All the fluorescence yield spectra were obtained in the energy
range between 2120 and 2280 eV. The energy step resolution
was 1 eV between 2120 and 2143 €V, 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 software
suite, version 0.9.25.** 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 E,), and a quadratic function
was used to create background-corrected spectra across the post-
edge region between 15 and 130 €V relative to E, for each sample.

2.5 Principal component analysis (PCA)

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

After 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
defining weights is called the first principal component.?*

1510 | Anal. Methods, 2019, 11, 1508-1515
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2.6 Linear combination fitting (LCF) analysis

The linear combination fitting 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
software, version 0.9.25. The calculations were performed using
weighted combinations of the spectra from two known stan-
dards, K,HPO,-3H,0 (PO,*>~ and P°") and Na,(HPO;)-5H,0
(HPO;>~ and P*), to fit the sample spectra.

The parameter R factor can be used to verify the goodness-of-
fit for the LCF. The R factor is the sum of the squares of the
differences between the data and the fit 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
misfit between the data and the fit for both the real and the
imaginary parts of the Fourier transform and has been defined
in eqn (1).*°

S (data; — fit;)?

R factor= *~————— 1
Zdata,-2 )

In general, the R factor values less than 0.05 are considered
to reflect a reasonable fit.

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

[P]specie = Weightspecie X [P]lolal- (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 software, version 4.5. In the application of PLS, the
data set was divided into 11 samples for calibration, ie. 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 fortified 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 first 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:

This journal is © The Royal Society of Chemistry 2019

38



Published on 11 February 2019. Downloaded by UNIVERSIDADE FEDERAL SAO CARLOS on 3/3/2020 8:01:54 PM.

Paper

SEC = (3)

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

(4)

where N, 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.*” and Porcaro et al.*® LOS corresponds to 10
times the standard deviation (SD) of the blank measurements
evaluated (LOS = 10 X SDyank). For phosphate and phosphite,
the values of E, at 2150 eV and 2149 eV, respectively, were used
to calculate the standard deviation of the normalized X-ray
absorptions (norm u(E)) for the blank measurements (n = 8).
The method detection limit (MDL)* was evaluated via XANES
analysis. The MDL is defined as the standard deviation (SD) of the
blank measurements (7 = 8) multiplied by the ¢ value of the n — 1
sample (for a 99% confidence level) (MDL = ¢ value X SDpjan1)-

3. Results and discussion

3.1 Principal component analysis and discrimination of
phosphorus species

Phosphorus has a variety of oxidation states between P° in it is
elemental form and P°* as PO,". The position of the P K-edge
(~2140-2190 eV) can shift 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 Is core level to the £, (p-
like) antibonding orbital.*

The K-edge XANES spectra for the phosphate - PO, (P**)
and phosphite - HPO;>~ (P**) species show spectral differences
that can be observed in Fig. 1. The E, values for phosphite and
phosphate were 2149 eV and 2150 eV, respectively. The P K-edge
XANES spectra for fertilizers, F (Fig. Slat), and mineral
supplements, S (Fig. S1bt), are shown in the ESIT (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 identified.

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 first two principal components were evaluated. Fig. 2a
presents the score plot for PC1 x PC2 of different samples with

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The phosphorus K-edge XANES spectra for phosphate (K,-
HPO4-3H,0, PO,4*7) and phosphite (Nax(HPOs)-5H,0, HPO3%7), both
at 0.125% P (w/w).

3.0x10"
a)
9
~
§ o0
N
O
o
O Phosphate
@ Phosphite
A Blank
@ Both species
-3.0x10" v T
-3.6x10" 0.0 3.6x10"
PC1 (56.0%)
1.05x10™ |- ' ' ! N I k I I b)I b
o 7.00x10" - E Phosphate ]
S 3.50x10™ - !
E 0.00 - — . . . ) . . ]
B 17x10% ‘
g 7.80x10" - E

3.90x10" -

0.00

PC2 (42.0%)

0.13 |

-0.02
-0.17

BHE

0.18 |

L L L L 4

Loadings

PC1 (56.0%) ]
0.02

-0.14

. . . . .
2155 2158 2161 2164 2167 2170
Energy / eV

-0.30 L L L
2140 2143 2146 2149 215

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.
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98.0% of the explained variance, and an ellipse with a 95%
confidence interval** was applied in the PCA score plot, showing
that the samples were within the 95% confidence 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 confirmed 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 fitting of the P K-edge XANES
spectra

The linear combination fitting (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.***

The standard spectra of phosphate and phosphite (both
0.125% P (w/w), Fig. 1) were applied for the linear combination
fitting of the fertilizer and mineral 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 fitting 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.*

The LCF for fertilizer #3 and mineral supplement for cattle
#5 is shown in the ESI Fig. S2a and S2bt (Appendix), respec-
tively. The LCF results identified the weights (proportions) of
standards that yielded the best fit to the data. For fertilizer #3
(Table 1), the R factor value was 0.028, indicating a good fit, 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 (PO,*>~ and HPO,;>") 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
PO, and HPO;>~ 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 phosphite
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and 7.55-8.03% P (w/w) for phosphate in the mineral supple-
ments for cattle.

The specifications 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 PO,*>~ and HPO,>~ species were
not in agreement with the label specifications 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 first derivative
was applied to the obtained spectra for the standards, samples
and blanks. The first derivatives for the fertilizers and mineral
supplements are shown in the ESI Fig. S3a and S3b+ (Appendix),
respectively. After 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
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obtained were y = 0.0087 + 0.9129x (phosphite) and y = 0.0155 +
0.9244x (phosphate). Good linear determination coefficient (R*)
values were obtained for the models proposed for phosphite (R*
= 0.8558) and phosphate (R*> = 0.9511).

The concentrations of the PO,*~ and HPO,>~ species were
determined using the PLS models 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 fluc-
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 = 9) in fertilizers and mineral supplements for cattle by the proposed PLS

models P K-edge XANES method®

PLS model Total% w/w P
Reference values Trueness Sample label Species founded by

Sample Phosphate Phosphite PLS found (ICP OES) (%) description the proposed method
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

“ Phosphate SECV: 0.0083% w/w P. Phosphite SECV: 0.018% w/w P.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Recovery tests results (mean =+ standard deviation) for phosphate and phosphite (% P, w/w) determined (n = 9) in fertilizers and mineral

supplements for cattle by the LCF and PLS methods

Found by
% w/w P added Found by LCF (trueness, %) PLS (trueness, %)
% wiw

Sample P in the sample Phosphate Phosphite Phosphate Phosphite Phosphate Phosphite
Fertilizer 1 0.042 0.077 — 0.087 + 0.004 (113)  — 0.088 (114)  —
Fertilizer 1 0.042 — 0.077 — 0.075 + 0.004 (97) — 0.066 (86)
Fertilizer 4 0.062 0.077 — 0.077 (100) — 0.070 (91) —
Fertilizer 4 0.064 — 0.077 — 0.077 £ 0.006 (100)  — 0.057 (74)
Supplement1  0.058 0.077 — 0.075 = 0.001 (97) — 0.44 (76) —
Supplement 1 0.057 — 0.077 — 0.074 + 0.005 (96) — 0.132 (171)
Supplement 2 0.058 0.075 — 0.075 + 0.001 (100)  — 0.026 (35) —
Supplement2  0.058 — 0.077 — 0.076 + 0.001 (99) — 0.115 (149)

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 fluctuations 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™ ", 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 u(E)) P K-edge XANES spectra. For
eight analyses with seven degrees of freedom and a 99%
confidence level, the value of the Student's ¢ 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', 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 specifically
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 fitting is an interesting
strategy and efficient method for the qualitative and quantitative

1514 | Anal. Methods, 2019, 11, 1508-1515

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 proposed methods 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.
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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.*#" "3
LIBS have interesting advantages when compared to other
plasma-based spectroscopic technigues, which have made it an excellent
analytical tool in proposing new methods. | 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 um; iii) the sampled
masses are in the range of 0.1 to 100 pg, 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
technigue can be used both in the laboratory and in field analysis (portable
L|BS).1'2'7'1O'12'73-75

Despite these attractions, LIBS still requires considerable efforts in
guantitative 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 ug g™, 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).>>810:12.7375

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.

Laser source

Mirror

Nd:YAG laser

Lens

Optical fiber

Detector

Computer

Plasma

Sample
Spectrometer

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.t"1%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.'®”® 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%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?)
and the number of pulses in the sample must be optimized to obtain quantitative
and representative ablations.”®"

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.” | highlight the time required for the
due to the

emission related to the continuum (background emission,
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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-background ratio of the lines and/or

emission bands of the analyte.” "
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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,'® such as the type of molecular solid
(predominantly organic or inorganic),”® the composition of the surrounding
atmosphere (O, N, Ar, Hy, air), as well as the applied pressure, where the

778 and laser irradiation parameters such as wavelength (266,

77,79

plasma evolves,
532 or 1064 nm),”® pulse duration (femtoseconds (fs) or nanoseconds (ns))
and laser fluence.®

This multiplicity of factors are critical especially when using
gualitative 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),”® 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 (Anaive + Cnaive = AC); iii) single
displacement reactions (A*z + Chative/ environment =2 AC + A), and iv) double
displacement reactions (A, + BC > AC + AB).” 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 | highlight the advance of laser-induced
breakdown isotopic molecular spectroscopy (LAMIS). PIESTCH et al. (1998),%
used LAMIS, based on the optimization of predetermined instrumental
parameters, for the isotopic analysis of *°U - #%U 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 *H - ?H (OH and OD), *°B - !B (BO),
12c . 3C (CN and C,) and *°0 - 80 (OH), and the determination of B isotopes
using PLS regression were demonstrated by RUSSO et al. (2011), using
LAMIS 2

In the direct qualitative analysis | also highlight the use of LIBS in
the acquisition of spectral and hyperspectral images.*®*# 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,® and of toxic, precious and strategic metals in
electronic waste electronic circuit board,* for example. And recently
NARDECCHIA et al. (2020),% 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)%® used SIMCA,
KNN and PLS-DA to classify samples of steel and alloy, according to the
concentration of Fe. And BELLOU et al. (2020),%” 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 %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);® i) biochar-based fertilizers to determine N by monitoring the CN
molecule and using MMC,® and iii) human hair to determine Cu and Zn using
standard addition.*

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

calibration strategies.
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Calibration-free - CF, proposed in 1999 by CIUCCI et al.,*
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.®* 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.®” LTE is
valid if when the electron number density calculated is of the order of 10*’-10"®
cm”™ >,

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.®® 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.>® The
absorption of photons within the laser-induced plasma is called self-
absorption.?® 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,®® seafood,®* titanium alloys,* oxide materials®® among others.

One-point calibration-free - OP-CF,”” calibration-free inverse
method® and C3 graphs® 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.®®

In OP-CF, the parameters referring to the knowledge of the
response curve of the spectrometer in the spectral regions and of the spectral
Ay (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.”®* The OP-CF was used as a calibration strategy in the analysis of
copper-based alloys®” and modern bronzes,* for example.

In the calibration-free inverse method,® 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.”® CF inverse method was used in the
analysis of archeological findings of copper-based alloys (proof concept),®
modern bronzes,®® and depth profiles of copper-based alloys,'® for example.

The Csigma (C8) graphs approach, proposed by ARAGON &
AGUILERA (2014),% 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. Cd graphs are based on
the calculation of a line cross section (dl) for each of the experimental data,
starting from the atomic data of the line, the temperature and the electron
density. The Cd curve represents the dependence of the line intensities, divided
by their Lorentzian width (I/AA) as a function of Cd, and is determined using the
spectral lines measured on a single standard of known composition.***° From

this characterization the intensity and self-absorption of a given spectral line of

Y



an element at a certain concentration may be determined by LIBS.*® The C&
graphs was used to determine Fe, Mn, Mg, Si and Cr in fused glass samples,®
Cu, Pb, Sn and Zn in modern bronzes,*® and Si, Fe, Cu, Mn, Mg, Cr, Ni, Zn, Ti
and Ca in aluminum alloys,'®* for example.

One-point and multi-line calibration - OP MLC, recently proposed
by HAO et al. (2018),'%? 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, Cgiandard) @nd 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, Canayte in the sample (Canayte = Slope
X Cstandard)-

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).'®'% However, OP MLC was the
calibration strategy used to determine Cr, Mn, Ni and Ti in low-alloy steel
samples,’®® Ca, K and Mg in cocoa beans,'*® and direct determination of Al and
Pb in waste printed circuit board (PCB).***

Single-sample calibration - SSC proposed by YUAN et al.
(2019)!°° 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.*%41%

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.**!%* However using SSC, analytes in samples of brass, steel,
nickel-based alloy,'® cocoa beans®®® and waste PCB ' were determined.

Slope ratio calibration - SRC proposed by NUNES et al. (2019)*°°
and posteriorly the Two-point calibration transfer - TP CT proposed by CASTRO
et al. (2019)® 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.’®® 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, Csiangarg @nd 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 (Canayie =
(slopesample/ SI0PEstandara) X Cstandara) by LIBS.?1%

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.’®® The TP CT was used in the direct
determination of B, Fe, Dy, Gd, Nd, Pr, Sm and Tb in hard disk magnets,?® Al
and Pb in waste PCB,'** and Ca, K and Mg in cocoa beans.'®

Multi-energy calibration - MEC proposed by VIRGILIO et al.
(2017)'°” 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),* 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.*

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.***

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 (Canaiyte = (Slope X Cstandara)/ (1- slope)). 131417

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. 34107

MEC LIBS was used in the direct analysis of different matrices to
determine different elements such as: Ca, Cu, Fe, Mn and Zn,** and Ca and
P,2® both in mineral supplements for cattle; Ca, K and Mg in dietary
supplements,’®® Al, Fe and Ti in high-silicon-content samples,*® In in liquid
crystal display,**° Ni and Cr in nickeliferous ores,*** and B, Fe, Dy, Gd , Nd, Pr,

Sm and Tb in hard disk magnets.?
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One-point gravimetric standard addition - OP GSA, proposed by
Babos et al. (2019),"® 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.*?

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.® The F-test is performed in order to observe the
significance of the calculated models and their linearity.**? 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).'*%

OP GSA was the calibration strategy employed in the direct
determination of Ca and P in mineral supplements for cattle,'* and of base and
some rare earth elements in hard disk magnets.?

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.”*3

Examples that demonstrate the difficulty of obtaining standards for
EC and the need to use MMC, were reported by MILLAR et al. (2018),**? 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 NacCl in the

mixing water, allows to obtain determinations with accuracy. In another study,
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MARTINEZ & BAUDELET (2020),"** 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 1 193.09 nm and matrix-matching; due to the similarities of the
plasma and crater properties obtained for sample and standard.

Recently DUPONCHEL, et al. (2020),'** 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.**®

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.**

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.'®*? 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.'®®!7 The ANN was used, for example, to determine Cu in soils,**

and Al, Ca, Cu and Fe in soils with errors of prediction lower than 20%.**’

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.*°

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),*® 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),"*° 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 ps 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.*8°

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 so0.'?>*?! Several machine learning
algorithms are used in LIBS determinations, using the mentioned principles.

An interesting example is described by BOUCHER et al. (2015).**
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

63



(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 (kKNN)
regression.

Random forest regression - RFR is an advanced algorithm of
machine learning, proposed by by LEO BREIMAN in 2001,*?? that have been
used for LIBS. A random forest is a classifier consisting of a collection of tree-
structured classifiers (h(x, 6k), k=1,...) where the (Bx) 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.*?**?3

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.'?® And other applications as i) in the determination of nonmetals, P and
S in steel samples using RFR,*** and ii) Cu, zZn, Cr and Ni in oily sludge
samples, using wavelet transform-random forest (WT-RF), were also observed
in the scientific literature.'*

The parallel factor analysis - PARAFAC was recently applied to
LIBS data by CASTRO et al. (2020),'*® 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. 25127
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.*?® 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, | 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-
98.
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Several calibration strategies were evaluated for Ca and P determination in mineral supplements for cattle using
direct solids analysis by laser-induced breakdown spectroscopy (LIBS). Matrix-matching calibration (MMC),
internal standardization (IS), multi-energy calibration (MEC) and a new calibration strategy named one-point
gravimetric standard addition (OP GSA) were evaluated in order to correct for matrix effects normally observed
in measurements by LIBS. The MEC and OP GSA were the calibrations strategies that led to better recoveries for
Ca (86-109% MEC and 72-117% OP GSA) and for P (80-108% MEC and 82-111% OP GSA). Applying both
strategies only two calibration standards were used and the presence of the sample itself in the calibration
standards contributes for correcting for matrix effects. For MEC several atomic emission wavelengths with
different sensitivities were used to determine the analyte concentration in the sample and also to identify
spectral interferences that showed up as outliers points in the calibration curve. However, for OP GSA, only one
atomic emission wavelength is used to build the calibration curve, simplifying data handling when compared to
the MEC method. A statistical evaluation using student's t-test showed that there is no significant difference at
95% confidence level between the value determined and the reference value (reference material or ICP OES
data) when using MEC or OP GSA calibrations. Both MEC and OP GSA can be used for direct determination of Ca
and P in mineral supplements for cattle allowing proper quality control in order to support the Brazilian
Regulation Normative Instruction No. 12, 2004.

1. Introduction amounts of mixtures of refractory oxides, carbonates, sulfates and

phosphates [7]. The different forms of each analyte in the sample can

Since 2010 laser-induced breakdown spectroscopy (LIBS) has been
widely used for elemental analysis in analytical chemistry. Beyond the
possibility of direct analysis of solid, liquid and gaseous samples, there
are outstanding advantages, high as analytical frequency, low-cost
analysis, simultaneous and multielementar capacity, possibility of in-
situ and real time analysis [1-5]. However, calibration by LIBS is still a
challenge. In the analysis by LIBS, a sample fraction is analyzed in-
tegrally, so the matrix can influence the atomic or ionic emission
phenomena of the analyte and, consequently, the analytical signals.
Moreover, differences among chemical and physical properties of
samples and standards can cause deviations among emission lines in-
tensities or peak areas and analytes concentrations, these effects are
commonly named in the literature as matrix effects [6].

Usually matrix effects are more pronounced for complex samples, as
mineral supplements for cattle feeding, which is composed of different
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E-mail address: erpf@ufscar.br (E.R. Pereira-Filho).
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affect chemical and physical processes in the generated plasma by LIBS
[8,9]. Furthermore, mineral supplements can differ in their physical
properties, such as water content, granulometry, homogeneity and
others. These differences can affect the ablation process and hence the
detection of the analytes [8].

To overcome these matrix effects and allow direct analysis of the
sample by LIBS, with proper precision and accuracy, multivariate re-
gression [10], machine learning [11] and univariate calibration stra-
tegies have been used as well as matrix-matching calibration (MMC)
[12,13], internal standardization (IS) [14], standard additions (SA)
[15] and, more recently, multi-energy calibration (MEC) [16].

In MMC method the calibration standards are matched with sample
matrix, usually employing certified reference materials (CRMs), set of
samples or by matching solid standards by adding the concomitants
that are causing interferences. In some cases, the matching of the
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sample and standards is not enough to avoid or to correct for matrix
effects, for this reason MMC have been combined with internal stan-
dardization [17,18]. Morais et al. [13] used MMC combined with IS for
Ca determination in biochar-based fertilizers by LIBS; the matrix
matching was performed using eucalyptus biochar and the Na naturally
present in the matrix was used as internal standard.

Other calibration strategy frequently used for correcting for matrix
effects is the SA method. In this method the sample itself is used as
calibration standard, hence matrix effects can be corrected. Usually the
analyte is added to the sample in gradually increasing concentrations
that are plotted in the x-axis and analytical signals (S) are plotted in the
y-axis. A mathematical equation is used to calculate the analyte con-
centration in the unknown sample, considering the intercept (b), slope
(m), the concentration of standard (Cg) as well as the volumes (Vg) of
the standard and unknown sample (C,), Eq. (1) [19].

_ bVGy

CX
mVy

1
where b is the intercept and m is the slope of the calibration curve; V; is
the fixed unit volume of the standard; V, is fixed unit volume of un-
known sample; C; is the standard concentration and Cy is the unknown
sample concentration.

Christopher et al. [20] introduced the gravimetric approach to the
SA considering masses instead of volumes and this strategy is more
appropriated for direct solid analysis. Kelly et al. [21] reformulated the
Eq. (1), considering the mass of the standard (mg), unknown sample
mass (m,) and a diluent of mass mp, In this new approach the x-axis was
represented by Eq. (2) [21] and y- axis was represented by Eq. (3) [21]
and Cy can be calculated by Eq. (4) [21].

msCs + mpCp

X axis =
My 2
. m, + mg + m,
yaxis= =+ ST Thg
My 3
b
Co=—
m 4

where Cp is the analyte concentration in the diluent. Usually, the di-
luent has high-purity and the term mpCp can be negligible in Eq. (2).

Barker et al. [22] used gravimetric standard addition (GSA) without
using diluent for determination of sulfur in biodiesel by X-ray fluores-
cence adopting five successive additions in the calibration curve.
Usually five points are used in the SA method, however when con-
sidering routine analysis of large batches of samples, the use of multi-
point SA calibration compromises the analytical frequency, requiring a
long time to prepare the calibration solid standards for each sample,
and may be not feasible for routine analysis. An alternative to multi-
point SA calibration is the use of one-point (OP) SA calibration. Com-
pared to SA using multi-level additions, this alternative is low cost and
compatible with high analytical throughput [23] since only two stan-
dards are used. One-point GSA calibration combined with IS was used
by Gao et al. [24,25] for As and Sb determination by ICP-MS and a
tailored mathematical equation was proposed to calculate the mass
fraction of analytes. Despite the great advantages presented by OP GSA,
there are no reports in the scientific literature about the use of this
strategy as an alternative for solids analysis by LIBS.

Other alternative to compensate the mentioned drawbacks asso-
ciated to multi-points SA calibration is the use of MEC. Similarly to OP
SA calibration, MEC employs only two calibration standards for each
sample. As originally proposed, solution 1 is composed of 50% w w !
of sample and 50% w w~* of a standard solution (Cs) containing the
analytes; solution 2 is composed of 50% w w ' of sample and 50% w
w ! of analytical blank solution [26]. Several signals are simulta-
neously or sequentially monitored for each analyte and the calibration
curve is plotted using in the x-axis the instrumental response obtained
in solution 1 in different wavelengths and in the y-axis the instrumental
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response obtained in solution 2 in different wavelengths. The analyte
concentration, Cy, can be determined using Eq. (5) [26].

_ Slope. G,
~ 1 — Slope

* 5

Multi-energy calibration was proposed by Virgilio et al. [26] and it
has been applied for metals determination in complex samples by dif-
ferent instrumental methods: inductively coupled plasma optical
emission spectrometry (ICP OES) [26]; microwave induced plasma
optical emission spectrometry (MIP OES) [26,27] and high resolution
continuum source flame atomic absorption spectrometry (HR-CS FAAS)
[26]. Recently, MEC was applied in LIBS to overcome matrix effects in
direct analysis of mineral supplements for determination of Ca, Cu, Fe,
Mn and Zn [16], dietary supplements analysis [28] and determination
of Cr and Ni in ores [29].

Based on these former studies, MMC combined with IS, OP GSA and
MEC were here evaluated to overcome matrix effects and allow direct
determination of Ca and P in mineral supplements for cattle by LIBS.
The LIBS technique presents great versatility to be applied for direct
analysis of complex samples as mineral supplements for cattle. The
determination of these elements in mineral supplements for cattle is
important to ensure the quality control of the product, due to its direct
relation with animal bone composition [7].

2. Experimental
2.1. Instrumentation

LIBS spectra were obtained using J200 LIBS system (Applied
Spectra, Fremont, CA, USA), which consists of a nanosecond Nd:YAG
laser at 1064 nm with a single pulse duration of 8 ns at a frequency of
5Hz. The maximum laser pulse energy was 100 mJ, the delay time
ranged from 0 to 2 ps, spot size ranged from 50 to 250 pm and the signal
acquisition time was fixed at 1.05 ms. The operating parameters of this
instrument were controlled by the Axiom 2.5 software using an auto-
mated XYZ stage and a 1280 x 1024 complementary metal-oxide
semiconductor (CMOS) color camera imaging system. The following
complementary laser settings were adopted: scan length = 10 mm, laser
repetition rate = 5.0 Hz, and speed = 1.0 mm/s.

Plasma emission was collected and focused into an optical fiber
bundle coupled with six-channel CCD spectrometer covering emission
lines from 186 to 1042 nm. The spectral resolution (ability to separate
different wavelengths) was < 0.1 nm for the ultraviolet to visible (VIS)
region, and < 0.12nm for the VIS to near-infrared (NIR) region. The
most sensitive atomic (I) and ionic (II) emission lines for P and Ca,
respectively, were monitored and chosen according to the Aurora
software (Applied Spectra) in combination with information from the
National Institute of Standards and Technology (NIST) [30]. The masses
of samples and standards were accurately weighed using an analytical
balance (model AY 220, Shimadzu, Kyoto, Japan). Later samples and
calibration standards were pelletized using a hydraulic press (SSP-10A,
Shimadzu Scientific Instruments, Columbia, USA) before analysis by
LIBS.

2.2. Reagents and samples

Sodium carbonate (99.9%, Merck, Darmstadt, Germany) was used
as blank or diluent, and CaHPQ, (= 98.0%, Tennant, Sao Paulo, SP,
Brazil) was used as solid standard to prepare the pelletized calibration
mixtures used in MEC-LIBS and OP GSA LIBS determinations.

The accuracy of the methods were evaluated by analyzing the fol-
lowing cattle mineral supplement reference materials (RM): RM 17-03,
RM 17-06, RM 17-09, RM 18-03, RM 18-06, RM 18-09 and RM SM
03-10 provided by the Empresa Brasileira de Pesquisa Agropecudria
(Brazilian Agricultural Research Corporation). Student's t-test at 95%
confidence level was adopted for data comparison.
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Table 1

Matrix of experiments (based on a factorial design Box-Behnken modified)
showing the variables evaluated for optimizing fluence, delay time and diluent
proportion in LIBS determinations.

Experiment Fluence (Jem ™~ 2) Delay time (ps) Diluent (%)
Real Coded Real Coded Real Coded

1 1.4 -1 0.3 -1 50 0
2 3.8 1 0.3 -1 50 0
3 1.4 -1 1.8 1 50 0
4 3.8 1 1.8 1 50 0
5 1.4 -1 1 0 10 -1
6 3.8 1 1 0 10 -1
7 1.4 -1 1 0 90 1
8 3.8 1 1 0 90 1
9 2.7 0.05 0.3 -1 10 -1
10 2.7 0.05 1.8 1 10 -1
11 2.7 0.05 0.3 -1 90 1
12 2.7 0.05 1.8 1 90 1
13 2.7 0.05 1 0 50 0
14 2.7 0.05 1 0 50 0
15 2.7 0.05 1 0 50 0
16 1.4 -1 0.3 -1 10 -1
17 3.8 1 1.8 1 90 1
18 2.3 —0.31 1 0 50 0
19 1.3 -1.15 1 0 50 0
20 4.1 1.2 1 0 50 0
21, 2.7 0.05 1 0 10 -1

* Optimal condition.

Four samples of cattle mineral supplements purchased in local
markets of Rio Paranaiba (Minas Gerais State, Brazil) and Sao Carlos
(Sao Paulo State, Brazil) were analyzed employing all calibrations
strategies. Reference values for Ca and P were obtained using ICP OES
reference method developed by Babos et al. [7]. All cattle mineral
supplements are composed of macro- and microminerals (e.g., Ca, P, S,
Co, Se, among others), as well as < 42% protein equivalent.

2.3. Optimization of instrumental conditions

LIBS instrumental parameters were evaluated using a Box-Behnken
modified factorial design with a central point. The variables evaluated
were as follows: fluence at 6 levels (1.3, 1.4, 2.3, 2.7, 3.8 and 4.1
Jem ™), delay time at 3 levels (0.3, 1.05 and 1.8 us) and diluent pro-
portion at 3 levels (10, 50 and 90%). The variables levels were coded
between —1.15 (lower level) and +1.2 (higher level), with the central
point (0) used to calculate experimental errors (Table 1). The RM 18-03
mineral supplement for cattle containing 204 = 19gkg ' Ca and
94.8 + 5gkg ' P was used to optimize instrumental conditions used
in LIBS analyses.

Three pellets were prepared following the conditions:

Pellet 1: 10% w w ! of diluent, i.e. 450 mg RM 18-03 + 50 mg
Na,COs;

Pellet 2: 50% w w ' of diluent, i.e. 250 mg RM 18-03 + 250 mg
Na,CO; and.

Pellet 3: 90% w w ' of diluent, i.e. 50mg RM 18-03 + 450 mg
Nazcc)g.

These mixtures were pressed for 2 min under 80 kN to form pellets
with a 12 mm diameter and ca. 3 mm thickness. For each pellet (n = 3),
210 spectra were obtained at different parts of the sample surface.
Thus, 630 spectra were obtained for each sample. Adopting this ap-
proach, a representative analysis was obtained.

The signal-to-background ratio (SBR) calculated for each line of Ca
and P monitored were used as responses of the factorial design. A
mathematical approach developed by Derringer and Suich [31], which
is based on desirability functions applied to optimize multi-response
experiments, was used in this study. This strategy first converts each
response into an individual desirability value (d;) ranging between
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0 < d; < 1. In this case, d; = 1 corresponds to a desired response (high
SBR), while d; = 0 represents a response that is outside the acceptable
region (the lowest SBR).

2.4. Data collection and evaluation

Matlab software version 2017b (Matworks, Natick, MA, USA) and
two labmade routines were used for preliminary data inspection. The
first routine, libs_treat, was applied to detect eventual outlier spectra. In
this case, the standard deviation, area, maximum and Euclidean norm
were calculated for each sample (rows in the data matrix). If an outlier
was detected (e.g., standard deviation equal to 0), the respective
spectrum was removed, and 12 normalization modes were carried out
[3,32,33].

These normalizations were tested to compensate for signal varia-
tions (area or height) and sample matrix differences during data ac-
quisition. For each pellet, around 210 spectra were acquired for obtain
a representative analysis, and 12 normalization strategies were calcu-
lated and codified as:

Norm 1 and Norm 5: average and sum of the spectra, respectively;

Norm 2 and Norm 6: each individual spectrum is divided by its
Euclidean norm. After this, the average (2) or sum (6) is calculated;

Norm 3 and Norm 7: each individual spectrum is divided by its area
(sum of all signal intensity). After this, the average (3) or sum (7) is
calculated;

Norm 4 and Norm 8: each individual spectrum is divided by its
maximum intensity value. After this, the average (4) or sum (8) is
calculated;

Norm 9 and Norm 10: each individual spectrum is divided by the
intensity of the C I 193.09 nm emission line (Normalization by internal
standard). After this, the average (9) or sum (10) is calculated; and.

Norm 11 and Norm 12: each individual spectrum is divided by the
intensity of the CI247.85 nm emission line. After this, the average (11)
or sum (12) is calculated.

No outliers were detected in all experimental measurements. The
second routine, libs par, was applied after normalization using libs_treat.
It calculates the SBR as well as both the signal area and height for a
specified emission line. In order to effectively use libs_par, it is necessary
to establish the emission line intervals that contain background and
analytical signals.

2.5. Calibration strategies

2.5.1. Matrix-matching calibration (MMC1) - use of a set of samples and
reference materials

Using MMC, a calibration strategy using a set of six samples was
tested. These samples were: MS 4 and reference materials (RM) RM
17-06, RM 18-03, RM 18-06, RM 18-09 and RM SM 03-10. The
concentration of the standards used for MMC ranged from 153 (RM
17-06) to 291 gkg’1 (MS 4) Ca and from 29 (RM 17-09) to173 g](g’1
(MS 4) P. Approximately 500 mg of samples were weighed and then
pressed for LIBS analysis. For Ca, the ionic emission line monitored was
at 396.85nm, and for P at 214.91 nm. Carbon atomic lines (C I
193.09 nm and C I 247.86 nm) were evaluated as internal standards.

2.5.2. Matrix-matching calibration (MMCZ2) — reference material diluted in
NazCO;,-

For MMC2, the reference material 18-03 of mineral supplement for
cattle (204gkg ' Ca and 94.8gkg ' P) was diluted in Na,CO5 to
obtain six solid calibration standards in the concentration range from 0
to 204 gkg ' Ca and from O to 94.8 gkg ™' P. Solid standards (n = 3)
with approximately 500 mg were pelletized (2min under 80kN) for
LIBS analysis. Calcium II 396.85nm and P I 214.91 nm were also
monitored. Carbon atomic emission lines 193.09 and 247.86 nm were
evaluated as internal standards.
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2.5.3. Multi-energy calibration (MEC)

The MEC method requires only two calibration standards for each
sample. The standard 1 (sample + blank) was composed of 400 mg of
the mineral supplement sample and 100 mg of Na;CO;. Sodium car-
bonate was used as blank (diluent). The standard 2 (sample + stan-
dard) was composed of 400mg of mineral supplement sample and
100 mg CaHPO,, obtaining the concentration of 58.9gkg ' Ca and
45.4 gkg ' P added to standard 2. All standards were made in triplicate
(n=3).

The standards were homogenized using mortar and pestle, and then
pressed for LIBS analysis. To generate the linear models and calculate
the angular coefficients, five lines for Ca (II 315.89, I1 317.93, II 376.69,
11 393.37, and II 396.85 nm) and four lines for P (I 213.62, 1 214.91, 1
215.34 and 1 253.39 nm) were monitored.

2.5.4. One-point gravimetric standard addition — OP GSA

The OP GSA method requires also only two calibration standards
(sample + blank and sample + standard). The preparation of the
standards in OP GSA is the same as that used for the analysis for the
MEC method (see Section 2.5.3 Multi-energy calibration — MEC). Linear
models were built using the following lines: Ca II 396.85nm and P I
213.62nm.

2.6. Determination of parameters of analytical performance

The main parameters of analytical performance (accuracy, linear
correlation coefficient, standard error, and precision) were calculated
for all calibration strategies evaluated.

Accuracy was evaluated based on the standard error (SE), according
to Eq. (6):

6

where y; is the analyte reference concentration (from the reported RM
value, or found using ICP OES), ¥ is the concentration determined by
calibration strategy, and n is the number of samples (n = 11).
Recovery (%) was calculated from Eq. (7):
j. 100
Recovery = J—%

Jref 7

where j is the concentration determined by the method described in this
study (LIBS), and j,r is the reference concentration of the analyte ob-
tained by ICP OES or from the reported RM value.

3. Results and discussion
3.1. LIBS instrumental conditions

Several phenomena occurred when the laser pulse energy reaches
the sample surface due to the interaction of electromagnetic radiation
with matter. The laser-sample interaction is extremely dependent on
the sample matrix, analyte homogeneity, and sample surface. In addi-
tion, the formation of the microplasma can be affected by the laser
operating conditions (i.e., laser pulse energy, fluence and duration),
and radiation emission characteristic of the species present in this
plasma (ions and molecules) can be influenced by instrumental para-
meters, such as delay time, gate width, amplification detector gain, and
emission line selection [34].

In this context, LIBS instrumental parameters were optimized to
obtain high signal-to-background ratio for all emission lines monitored.
In addition to the instrumental parameters, the amount of diluent
added was also evaluated, since for both MEC and OP GSA methods the
sample is diluted (i- sample + blank and ii- sample-standard).
Therefore, we evaluated how the dilution of the sample could influence
the analytical signals obtained by LIBS.
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In each experiment, the individual desirability value was calculated
as a function of the SBR using signal areas and heights (twelve signal
normalizations) for Ca and P. In this case, each response was coded
from 0 (undesired response, i.e., the lowest SBR, using area and height)
to 1 (desired response, i.e., the highest SBR, using area and height).
Therefore, the individual desirability value was combined into a single
response after arithmetic mean calculation (the overall desirability,
OD).

The model calculated for OD after monitoring Ca and P emission
lines, with significant coefficients and their confidence interval at a
confidence level of 95% was:

Desirability = 0.73 + 0.10-0.15 + 0.07 Dil

where Dil is diluent (%). Coefficient b0 was equal to 0.73 and its
confidence interval was 0.10 (this is a valid coefficient with the 95%
confidence level). The model presented only two significant coeffi-
cients, b0 and b3 (diluent (%)). The highest OD value was found for
experiment 21, with OD of 0.71 and OD estimated of 0.88, for both the
normalizations i- by individual area and average and ii- by individual
area and sum.

Fig. 1 shows the response surface plot for the proposed model. It is
observed that high OD values are obtained when the lowest amount of
diluent (10%) (marked with arrow) is used, because the lower the
sample dilution, the higher the signal-to-background ratio for all
emission lines monitored for Ca and P, which is a requirement in
multielementar analysis by LIBS and when using the MEC. The fluence
and delay time were not significant factors in the OD since it was ob-
served that, in the fluence interval evaluated, the OD was constant.
Thus, for all measurements performed in this study, a fluence of 2.7 J
cm 2 (related to a 53 mJ laser pulse energy and a 50 um laser spot size,
that corresponds to an intermediary condition), a delay time of 1.0 us
(central point) and pellets containing 20% w w ™! diluent (400 mg
sample + 100 mg Na,CO3 or 100 mg CaHPO,), conditions marked with
a star at Fig. 1.

3.2. Calibration strategies for LIBS

The main difficulty associated with direct solid analysis is caused by
matrix effects, since all constituents of the sample are present in the
analysis. There are many strategies to overcome this effect. Thus, dif-
ferent calibration strategies were applied here to get rid of these effects
and to guarantee accurate and precise results.

For the matrix-matching calibration, standards were matched using
a set of samples and RMs of mineral supplements for cattle (MMC1) and
using the dilution of reference material of the mineral supplement in
high purity Na,COs, the major constituent of the sample (MMC2). The
choice of the monitored emission line for Ca, P and C (used as internal
standard) was made considering the least prediction error in the de-
terminations of the analytes. Matrix effects were evaluated by re-
coveries obtained using different strategies and results are shown in
Tables 2 (Ca) and 3 (P). Recoveries from 46 to 163% for Ca and from 26
to 127% for P were obtained using MMC1, and for Ca from 77 to 198%
and from 43 to 310% for P MMC 2, both without internal standardi-
zation. These recoveries were clearly outside the acceptable range
(80-120%), showing that matrix effects are compromising the results.
Even when using MMC, standards may contain different characteristics
when compared to the sample, such as particle size and homogeneity,
and these differences may cause matrix effects.

Other calibration strategy evaluated was the combination of matrix-
matching and internal standardization (IS) using C as internal standard.
Carbon was adopted as IS because it is the major constituent of the
sample. Best recoveries were observed when using MMC and IS. For Ca,
recoveries ranged from 84 to 114% using MMC1 with IS, except for RM
17-09 (48%), and from 78 to 105% using MMC2 with IS, except for RM
18-06 (127%) and RM SM 03-10 (53%). For P, recoveries ranged from
77 to 123% using MMC1 with IS, except for the sample RM 18-06
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Fig. 1. Response surface plot of desirability arithmetic: diluent (%) versus laser fluence (J cm ™ 2). The star represents the selected working conditions.

(195%) and from 71 to 128% using MMC2 with IS, except for RM 17-03
(56%), RM 17-09 (21%), RM 18-03 (207%), and RM 18-06 (203%)
(Tables 2 and 3).

The matrix-matching calibration combined with internal standar-
dization is another calibration alternative for minimizing matrix effects,
signal bias due to fluctuations in instrumental operational conditions,
and sampling errors [13]. Some limitations of the use of IS for LIBS are
() the choice of the IS appropriated to each analyte, (II) the in-
corporation of the IS in the sample in some cases, (II) similarities
among physical-chemical properties of analyte and IS, and (IV) require
constant concentration of IS in the samples. If these requirements are
reached, the correction of matrix effects originated from laser-sample
interaction is effective [13,15]. The use of IS combined with both MMCs
led to better results for Ca and P when only matrix-matching was used
as a calibration strategy. Although CaCO; is one of the major con-
stituents of the mineral supplements, the formulations may have dif-
ferent concentrations of this salt. We suppose that the IS was not effi-
cient for all determinations because carbon contents were not constant

Table 2

in all mineral supplement samples, and the C ionization and excitation
energies (11.3 eV and 7.7 eV, respectively) is not similar to analytes (Ca
—-6.1eVand 3.1eV;and P-10.5eV and 7.1 eV) [35] thus justifying the
recoveries values outside the required range for some samples.

Thereby the alternative is the use of the sample itself as calibration
standard for correcting for matrix effects, mainly when working with
complex samples. The standard additions method has been used with
this proposal, however the drawbacks associated with this method is
the need of build an analytical curve with 5 or more addition points for
each sample. One strategy to get rid of these drawbacks is the use of
one-point gravimetric standard addition calibration or the use of multi-
energy calibration, since in both methods only two points are used for
the calibration curve and linear model, respectively.

The important parameters to be evaluated when only two calibra-
tion points are used is the concentration of the addition point, whether
small or large amount of the standard is added compared to the analyte
concentration present in the sample, the experimental error can be too
large or the calibration method become useless [23]. Furthermore,

Concentrations (mean + standard deviation, gkg ' Ca, n = 3) and recoveries (%) for Ca in samples of mineral supplements and reference materials determined by
LIBS using MMC, MMC with Internal Standardization, MEC and OP GSA calibrations.

Samples Reference value MMC 1 MMC 2 MEC OP GSA
gkg ' Ca Without IS With IS Without IS With IS

MS 1 187 £ 5 189 = 19 (101) 198 = 23 (106) 280 + 28 (150) 193 = 21 (103) 160 *= 42 (86) 169 = 30 (90)
MS 2 293 + 23 476 + 3 (163) 247 + 23 (84) 346 + 8 (118) 245 + 12 (84) 267 + 14 (91) 269 + 41 (92)
MS 3 204 = 6 94 + 7 (46) 233 = 17 (114) 157 = 11 (77) 201 + 10 (98) 192 + 35 (94) 195 =+ 24 (96)
MS 4 201 = 2 - - 310 + 3 (106) 228 * 4(78) 283 = 10 (97) 209 = 82 (72)
RM 17-03 171 + 11 235 + 22 (137) 149 + 11 (87) 339 + 36 (198) 150 = 9 (88) 186 + 5 (109) 135 * 46 (79)
RM 17-06 153 + 6 - - 255 + 12 (167) 132 + 5(86) 163 + 31 (107) 176 + 35 (115)
RM 17-09 220 = 6 224 + 5(102) 106 + 12 (48) 336 + 9 (166) 91 + 9 (41) 194 + 39 (88) 180 += 27 (82)
RM 18-03 204 = 19 - - 292 + 12 (143) 208 = 27 (102) 199 + 32 (98) 239 * 43 (117)
RM 18-06 167 = 14 - - 264 + 26 (158) 213 =+ 32 (127) 167 + 28 (100) 163 + 33 (98)
RM 18-09 165 = 19 - - 244 + 7 (148) 173 = 14 (105) 165 *= 24 (86) 172 = 26 (104)
RM SM 03-10 187 + 36 - - 248 + 16 (133) 100 + 4 (53) 167 + 9 (89) 193 + 6 (103)

MMC 1: Matrix-matching calibration using set sample and reference materials as calibration standards.
MMC 2: Matrix-matching calibration using reference material 18-03 diluted in Na,COj as calibration standards.

MEC: Multi-energy calibration.
OP GSA: One-point gravimetric standard addition.
-: sample or reference material (RM) used as calibration standards in MMC 1.
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Table 3

Spectrochimica Acta Part B 155 (2019) 90-98

Concentrations (mean + standard deviation, gkg ' P, n = 3) and recoveries (%) for P in samples of mineral supplements and reference materials determined by
LIBS using MMC, MMC with Internal Standardization, MEC and OP GSA calibrations.

Samples Reference value MMC 1 MMC 2 MEC OP GSA
gkg 'P Without IS With IS Without IS With IS
MS 1 104 = 4 115 £ 5(111) 128 £ 9(123) 166 = 1 (159) 133 £ 6(128) 92 + 15(89) 94 + 8
91
MS 2 173 = 6 220 = 2(127) 159 + 2(95) 215 + 5(124) 128 = 2 (74) 187 + 9(108) 177 += 29 (102)
MS 3 70 + 3 18 + 1 (26) 54 + 7 30 + 2(43) 57 + 10 (81) 62 + 2 (88) 76 + 3 (109)
(78)
MS 4 173 + 6 - - 215 + 3 (125) 96 + 21 (55) 168 + 5 (97) 166 + 2 (97)
RM 17-03 86 = 5 80 = 4 (93) 66 £ 9 128 = 15 (149) 49 = 3 (56) 87 = 10 (102) 70 £ 9
7) (82)
RM 17-06 47 + 1.2 - - 78 + 10 (165) 46 + 4 (98) 47 + 6 (101) 41 = 5
(87)
RM 17-09 29 + 1 - - 16 + 2 (54) 6 + 4 26 + 1.5 (90) 27 =1
21) (93)
RM 18-03 948 + 5 - - 166 =+ 10 (175) 196 + 38 (207) 76 + 9 (80) 97 + 9(102)
RM 18-06 89 = 5 90 = 7 (101) 174 £+ 13 (195) 276 = 25(310) 181 = 18 (203) 83 + 8(94) 89 + 8 (100)
RM 18-09 83 + 5.4 - - 139 + 10 (168) 91 + 4 (109) 77 + 7 (93) 98 + 5(111)
RM SM 03-10 83 = 1.7 - - 138 = 3 (163) 60 £ 1(71) 90 = 19 (107) 99 + 13 (111)

MMC 1: Matrix-matching calibration using set sample and reference materials as calibration standards.
MMC 2: Matrix-matching calibration using reference material 18-03 diluted in Na,COs as calibration standards.

MEC: Multi-energy calibration.
OP GSA: One-point gravimetric standard addition calibration.
-: sample or reference material (RM) used as calibration standards in MMC 1.

precision may be compromised when small amounts of solid standards
(salts) are added to the sample in a poorly homogenized mixture, since
in measurements using LIBS typically sample masses around pg are
analyzed. On the other hand, high concentrations of standard may lead
to detector saturation and consequent loss of linear range. Thus, con-
centration standard was optimized to improve the trueness and accu-
racy of MEC and OP GSA determinations.

Four concentrations of the addition point for Ca (25, 38, 50 and
59¢gkg ! Ca) and P (19, 29, 39 and 45gkg ' P) were used for the
reference material 18-03 when evaluating the applicability of MEC and
OP GSA methods. For both methods, concentrations of 59gkg ' Ca
and 45 gkg’l P (100 mg CaHPO,) led to the best recoveries (87% Ca
and 107% P using MEC, and 103% Ca and 85% P using OP GSA). Thus,
these concentrations were used in the addition point for MEC and OP
GSA for the other samples.

MEC is an interesting calibration strategy for LIBS, since it is pos-
sible to monitor simultaneously several lines and bands of atomic and
molecular emission of an analyte with different sensitivities. In MEC
LIBS, both solid calibration standards are prepared using the same
amount of sample, which contributes to correct for matrix effects.

The main advantage of the MEC is the possibility of interference
detection by the observation of the outlier in the linear model cali-
bration. Fig. 2a shows an example containing the signals for the 3
emission lines selected for P: I 213.62, 1 214.91, and I 215.34 nm. Our
first attempt was to calculate a calibration model with 4 P emission
lines including P I 253.39 nm. In the linear model using 4 emission lines
for P, it was observed one outlier (Fig. 2b). Using NIST data base [30]
was observed that probably the outlier was related to the Fe inter-
ference at 253.41 nm in the P line at 253.39 nm. This hypothesis was
confirmed by generating a LIBS spectra using Fe,Os at 99.99% purity
(Merck, Darmstadt, Germany) pelletized as the sample. As shown in
Fig. 3, there is an interference caused by Fe in the P line at 253.39 nm,
so this outlier was removed of the linear model and the Pearson cor-
relation coefficient (R?) obtained by P was 0.9991 (Fig. 2c). There was
none observed outliers in the linear model for Ca and R* was 0.9984
(Fig. 2b). Recoveries in the acceptable range were obtained by MEC, i.e.
for Ca ranged 86 (sample MS 1) from 109% (sample RM 17-03) and for
P ranged 80 (sample RM 18-03) from 108% (sample MS 2), Tables 2
and 3.
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The OP GSA is another interesting calibration strategy for correcting
for matrix interferences in LIBS. Similarly to MEC, OP GSA combines
the effectiveness of a matrix-matching procedure with the simplicity of
using only two calibration standards per sample, but monitoring only
one emission line for each analyte.

The calibration curve by OP GSA (Figs. 2d and 4b) were built using
Eq. (2) in the x-axis and Eq. (3) in the y-axis and Ca and P concentra-
tions were obtained by extrapolation method (Eq. (4)). Several studies
have shown that if the instrumental method is linear, the extrapolation
using only one addition point can be obtained with the same or higher
precision than using multipoint additions [36]. The linearity was tested
applying the test F, and in this case the ratio Fexperimental/Frabulatea Was
calculated considering the mean of square for regression (MSR) and
residue (MSr). This ratio = 10 demonstrated that the variances are
statistically different: the MSR is statistically different when compared
with the MSr, thus the model can be considered linear, and the one-
point gravimetric standard addition can be used [37]. The ratios found
for all samples analyzed for Ca ranged from 13 to 69 and for P from 28
to 1158, indicating that the models are linear and one-point calibration
is feasible.

Recoveries in the acceptable range were obtained for Ca (72, MS4 to
117%, RM 18-03) and P (82, RM 17-03 to 111%, RM 18-03), Tables 2
and 3. The main advantage of this approach is its simplicity because
only one addition point is used in the calibration curve for each sample
and only one emission line is used for each analyte, hence the data
treatment is easier than data treatment for MEC that uses several lines
to construct the linear model. Furthermore, it is important to highlight
that there is no report in the literature using OP GSA for LIBS.

The analytical performance of all calibration methods here eval-
uated, the normalization mode and signal type adopted (to compensate
for signal variations and sample matrix differences during data acqui-
sition), as well as emission lines monitored and used for calibrations are
shown in Table 4. It is observed that the standard error values were
lower for the determinations of Ca and P when using either MEC or OP
GSA calibration, demonstrating good accuracies when these two cali-
bration strategies were employed in LIBS. The relative standard de-
viation (RSD) values found for Ca and P determinations using all cali-
bration strategies are in agreement with the values normally reported
for determinations using LIBS [34], except for a sample when using
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Fig. 2. LIBS spectra obtained for P with two calibration standards (a) used in multi-energy calibration — MEC with (b) and without (c) spectral interference, and one-

point gravimetric standard addition — OP GSA (d) (\. = 213.63 nm).
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matrix-matching calibration with reference material 18-03 diluted in
Na,CO; without IS for P showed a 67% RSD. Furthermore, using MEC
and OP GSA there were no significant difference between determined
and reference values using student's t-test at 95% confidence level
(Tables 2 and 3) for most RMs evaluated.

The Brazilian Normative Instruction No.12 of November 30, 2004,
establishes the maximum levels of Ca:P ratio in the final mixture for
bovine (Ca:P ratio 1:1 to 7:1) [7]. Only one sample (RM 17-09) did not
present results within the specifications of the current legislation, be-
cause in its final formulation the concentration of P and Ca was
29 + 1gkg 'and 220 + 6gkg ', respectively; and the ratio, 7.5 to
Ca:1 to P. For the others samples evaluated the Ca:P ratio ranged from
1.6:1 to 3.2:1 in agreement with the specification of the current legis-
lation.

4, Conclusions

The best operational conditions of LIBS were obtained using Box-
Behnken modified factorial design with a central point. Several uni-
variate calibration strategies were evaluated to overcome matrix effects
in LIBS determination. Although the association of matrix-matching
calibration and internal standardization allowed better recoveries in
relation to matrix-matching calibration without internal standardiza-
tion, for some samples or reference materials recoveries were outside
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Table 4

Analytical performance parameters evaluated for the determination of Ca and P in cattle mineral supplements using matrix-matching calibration employing a set of
samples and reference materials as calibration standards — MMC1, matrix-matching calibration using reference material 18-03 diluted in Na,CO5 as calibration
standards — MMC2, multi-energy calibration — MEC and one-point gravimetric standard addition calibration — OP GSA.

Parameter MMC 1 MMC 2 MEC OP GSA
With IS Without IS With IS Without IS
Emission analyte lines (nm)  Ca II 396.85 Call 31589 PI21362 Ca II 396.85
P 121491 Call 317.93 PI1214.91 PI213.62
Call 376.69 PI1215.34
Ca II 393.37
Ca II 396.85

Emission internal standard
line (nm)
Normalization selected*

C1193.09 (for Ca)
C 1247.86 (for P)
Intensity IS and

P)
Area and average for

C1193.09 (for Ca and

Intensity IS and

Area and sum for  Area and average for Ca and Area and average

average for Ca and P Ca average for Ca and P Ca and P P for Ca and P
Maximum and
average for P
Signal type Height for both Area for both Area for both analytes Height for both Height for Ca  Area for P Height for both
analytes analytes analytes analytes
Standard error (gkg l) 111 64 97 58 17 35
Ca 36 19 76 55 10 10
P
RSD range (%) 1-10 7-12 1-11 2-15 4-26 3-39
Ca 1-8 1-14 1-13 2-67 3-21 1-16
P

the acceptable range. It was demonstrated that the best calibration
methods for Ca and P determinations in mineral supplements were MEC
and OP GSA, these strategies were robust enough to correct for matrix
effects and accurate Ca and P determinations were reached. On the one
hand MEC stood out for its capability of detecting spectral inter-
ferences, for another OP GSA stood out for its straightforward data
treatment. Both strategies can be used with accuracy and precision for
direct determination of Ca and P in mineral supplement for cattle by
LIBS, using only two standards calibration.
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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 (us), semi-destructive analysis (ug), 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.,
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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; Speranca 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 MES5000,
195 mm focal length, F/7, 1/Al 5000). The spectrometer is equipped
with an intensified charge coupled device detector (Andor iStar DH734,
1024 x 1024 pixels 13.6 X 13.6 ym? 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 30kV 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 1000mgL~! (Specsol, Sdo Paulo,
Brazil), and acidified with HNO3 10 % v v~ ', and used for ICP OES
analysis.

Six PCBs from desktop computers were collected at Sdo Carlos (Sao
Paulo State, Brazil) and then ground in a knife mill (IKA, A11) (the
particle size was estimated to be lower than 500 um) 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 x 10* 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 80g m™ >
(Unifil, Germany) for subsequent ICP OES analysis.

2.4. Optimization of LIBS instrumental parameters

Using a full factorial design 2° 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 ps), gate width (0.32, 1.0, 2.0,
3.0 and 3.68 ps) 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 ps) to 1.68 (2.54 ps) The S2 waste PCB sample containing
55 = 3gkg ' Aland 11.6 + 0.8 g kg ' 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
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experiments, was used in this study. This strategy first converts each
experimental response into an individual desirability value (d;), which
ranges between 0 < d; < 1. In this case, d; = 1 corresponds to a desired
response (high SBR), while d; = 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; Speranca 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 55g
kg~ ! Aland 0.72 to 11.6 g kg~ * 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 1309.40 nm, Al 1394.40 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,

Intensity — intercept
Canalyte =
slope

€y
where Cyparyte 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 (Cgandara) Of the analyte in the
calibration standard, and the slopes obtained in linear models for the
sample (slopesampie) and for the calibration standard (slopegtandard), the
analyte concentration (Capaiyte) can be obtained using Eq. 2 (Castro
et al., 2020).

SIOpeSﬂm
ple
Canalyte = X Csandard

Slopes[andard

@

For TP CT the emission lines Al I 396.15nm and Pb I 405.78 nm
were used to obtain linear models.
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Fig. 1. Scheme representation of the calibration strategies evaluated for direct determination of Al in waste PCBs by LIBS.

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 (Canaiyee) is calculated using equation 3,

Canaly[e = Slope X Cs[andard

3)

where the slope is obtained for the linear model, and Cgangara 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,
394.40nm and 396.15nm) and two atomic emission lines for Pb
(363.95nm 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 396.15nm, Pb I
405.78 nm and Mg II 279.55nm were used to determine the con-
centration of the analyte. The S2 PCB sample containing 55 + 3gkg™!
Al, 11.6 + 0.8g kg ! Pb and 11.4 + 1.8g kg~ ! 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,

C standard analyte X Ianalyte sample

I analyte standard

Canalyte = cN <IN
N standard element " “element sample

i=1

4

N
element standard

where Csandard analyte @0d Ianalyte standara 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 Linaiyte sample 15
the emission intensity of the analyte in the unknown sample. The
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Dlement sample 1S the emission intensity of the element N in the sample of
unknown concentration, and CNandard element 30d 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 (Capaiyte) is calculated using Eq. 5,

L
Aki&

1

canalyte _ E
KsT ¢

U(m

In

(5)

where I, is the integrated intensity of the emission line, Ay; the tran-
sition probability, g, the degeneration of the upper level, Ky the
Boltzmann constant, T the temperature of the plasma, Ej 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 I 649.69 nm), Fe (Fe I 374.55, Fe 1 382.04, Fe I 405.58,
Fe I 438.35, Fe I1 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 (N) was calculated from the Ha line in
656.28 nm and using Eq. 6,

)0467965

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

N,

FWHA = 0.549nm X (—
1023 m73

(6)
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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:

2ei-3)
SE = n—1 7
T oi-9r (yl y)?
RMSEP = \/ ®

where y, is the analyte reference concentration obtained by ICP OES, y
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 2> 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 s, a
gate width of 3 ps and laser pulse energy of 42.5mJ.

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 X 10* N for
2min) is shown in Fig. 2. The estimated crater diameter was 470 pm.
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
42.5mJ and a pulse duration of 7.7ns, a power of 5.5MW was
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Fig. 2. Crater and superficial morphology of waste PCB sample (S2) obtained
by scanning electron microscopy (SEM).

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 um, obtaining an irradiance of 3.2 GW c¢m ™2
and a laser fluence of 24.5J 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 (A\) 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: R? = 0.8146) was obtained by mon-
itoring the emission line Al I 396.15nm 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 (R* = 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 + 0.7g
kg ' Al) and S1 (7.6 + 0.6 g kg™ 'Pb) 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/
Frabulated 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
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Table 1

Concentrations (mean + standard deviation, g kg ™!

Journal of Hazardous Materials 399 (2020) 122831

Al, n = 3) and recovery (%) for Al in PCB samples determined by LIBS using matrix-matching calibration

(MMCQ), 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

gkg™! Theoretical slope*  Experimental Slope g kg™*
S1 31 =04 - 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 134 £ 07 - - 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.
Canalyte

* Th ical slope: slope = .
eoretical slope: slop: Cstandard

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 * 0.09g
kg’le) 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 = 1g kg_1 Al) and
$2 (11.6 + 0.8g kg~ ' Pb), respectively. Good linear models were
obtained, with excellent coefficients of determination for Al (R® ranging
from 0.9790 to 0.9960) and Pb (R? = 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

Table 2

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 + 227K, 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 H, line to the hydrogen. The average plasma
electron density was 0.65 + 0.29 107 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

Concentrations (mean = standard deviation, g kg~! Pb, n = 3) and recovery (%) for Pb in PCB samples determined by LIBS using matrix-matching calibration
(MMCQ), 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

gkg™! Theoretical slope* Experimental Slope gkg™!
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 - <11 0.062 0.008 =+ 0.002 <12 <17 <27
S4 47 £ 09 - 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) 49 = 0.8 (71) 11.2 = 2.2 (162)

-Samples used for calibration.
Carmlyte

* Theoretical slope: slope = - T’
standar
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Table 3
Analytical performance parameters.
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Parameter Matrix-matching calibration Two-point

calibration transfer

Calibration free

One point and multi-line calibration Single-sample calibration

Emission line Al 1396.15 Al 396.15 Several lines*
(nm) Pb I 405.78 Pb I 405.78
Normalization selected
Al Each individual spectrum is Sum Average of the
divided by its Euclidean norm and spectra
the average is calculated
Pb Average of the spectra Sum Average of the
spectra
Signal type
Al Height Height Area
Pb Height Height Area
SE (g kg™
Al 1.6 12.2 2.4
Pb 0.76 1.1 2.7
RMSEP (g kg™ 1)
Al 1.1 109 2.2
Pb 0.49 0.87 2.4
RSD range (%)
Al 1-4 8-17 3-26
Pb 6-8 2-22 10 - 26

Al T308.21 Pb I 363.95 Al1396.15
AlT1309.27 Pb I 405.78 Pb I 405.78
Al T 394.40 Mg II 279.55
Al1396.15

Each individual spectrum is divided by
its Euclidean norm, and the average is
calculated

Average of the spectra

Each individual spectrum is divided
by its Euclidean norm and the
average is calculated

Average of the spectra

Height Area
Area Height
5.6 2.9
1.2 1.7
5.0 2.6
0.91 1.3
2-9 5-21
6-25 6-25

* see Table S2 in Electronic Supplementary Information (ESI).

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

83

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
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standards are available in the laboratory routine. Extra care has to be 06 o 2
taken when using the OP MLC to remove lines with low intensity that = N % e
present spectral interferences, since they can harm the linear models o = 2 ] = g
and consequently the measurement accuracy (Hao et al., 2018). &é ; -§“ ; é E —§ Q —§’ =

The determination of Al and Pb was also evaluated using the single- § £a go s o= g @ f =
sample calibration method - SSC, which is another recent calibration & £E S8 SE585 £32
strategy for LIBS that uses only one sample as standard (reference). In ©
this strategy, a simple correlation calculation is necessary to determine 'Fé 2 E e
the analyte concentration in the sample with unknown concentration 8 % 5 it § é %
(Yan et al., 2019). Using SSC, good recoveries values were obtained for g _ I 5 % s E g
both Al (except sample S1) and Pb (except sample S6). g g § % £EE B¢

For the use of SSC, the extent of the matrix effects between the = “wcig g g 2 5 E
sample and the standard should be considered the same for all elements S '% E E . ; g ’:'é ;E
present in the LIBS-induced plasma sample and the standard, since a g g g £ e § 2 E g
direct correlation between the emission intensity and concentration of g E‘E & ;é g; § é "
these elements will be used for the determination of the analyte. In 5 2 9 § g E‘ 2 g g %
addition, it should be considered that none of the emission lines used in “E % g 'Fg g ‘§ 3 Eo % %
the SSC (analyte emission lines and other elements used in the corre- E E é‘ E Z: g % § E %
lation) present spectral interferences, so that results can be obtained % 58 TEEgs28E%
with satisfactory precision and recovery (Yan et al., 2019). E g E % £z b § <8 %_

Finally, using calibration free (CF) it was possible to obtain good 3 g 5 = 5 g 5 g R g =
results with excellent accuracy for Al and Pb determinations, except for 2 £8 8 § g ; é ; E 2 g g%
Al determination in sample S6, using direct analysis of waste PCB 2 g % § 2583324 28 E g
samples by LIBS. vl E £ 3 §§§E§E§%‘§“§g

Not requiring a calibration standard is an advantage of CF, which E = 88 CETEBEERAT
makes it an excellent calibration strategy for use in elemental de- -y -
termination by LIBS in complex samples difficult to decompose. é s 5 T %
However, the quality of data acquisition and treatment in CF is a critical A = é s é g o =
factor for obtaining satisfactory results. It is necessary to ensure that the % i g % b 'i 8 §
emission measurements are obtained in LTE in the plasma, that the = a5 5 - %o g
physical parameters used are correctly obtained and calculated with 'E £§ 8 ES § § - s
precision, and that only emission lines free of spectral interferences and = E 3 o2F E SE g
self-absorption are employed in cf. Despite it is a laborious calculation 8 £ 2 % £ g 5 g g § -
procedure, CF allows the achievement of good results. E % § 8 g % g %’ £ 8 % §

In this context, it is evident that it is difficult to choose the best g » = 2 j:j 55 g %’ 5 5 g
calibration strategy for the direct determination of Al and Pb in waste £l § 3858 5 52 3§83
PCBs by LIBS, since it depends on many variables. However, a knowl- g2 E258: & uéa E 28
edge of the advantages and limitations of each calibration strategy and g -

a consideration of some intrinsic characteristics (physicochemical 3 k| E

properties) of the sample and the analytes can help in selecting the best % - g 5 g‘

strategy that efficiently overcomes matrix effects and enables de- 5 S| T 8

termination with satisfactory accuracy. = é g % & v e .

Table 4 shows some characteristics, advantages and limitations of E 23| 8 E 2 5 § 5
the five calibration strategies evaluated in this study. This may help the - -
reader to choose and evaluate the best calibration strategy for LIBS that i 2 -g
could be used in different analytical contexts. = g2

It is worth noting that there seems to be a tendency in recently = g E
reported new calibration strategies for LIBS to use no or few calibration % g ks
standards (only 1 or 2) and to increasingly explore the physicochemical § 8 2
parameters and correlations of concentrations of the species present in 5 -g g T
the plasma induced by laser in each sample analyzed. Examples are TP % § “; ] E
CT, OP MLC, SSC evaluated in this study and other strategies recently @ g 28 o
reported in the scientific literature such as MEC (Babos et al., 2018) and .§ 2 5 ‘Q’J‘ E
OP GSA (Babos et al., 2019; Castro et al., 2020) calibration. g E) ; ;; %

A - . 3| s = ET:

3.5. Evaluation of Al and Pb concentrations in waste PCBs: economic and ol g o g 5 g E o

environmental questions % = 5 g g § £88
1%}

As mentioned previously, waste PCBs can contain high concentra- '*S g g
tions of valuable and toxic metals. The recycling and appropriate dis- ‘é - :; 5 §
posal of this waste can both provide a source of income and contribute =12 o E £ =
to environmental protection. In this context, LIBS is an excellent ana- % s _% § E ° § % . ;
lytical tool for the monitoring of metals in the waste and for the de- 8 é g _‘g § ‘; £z u% %
velopment of methods for the analysis of solids and the direct de- <« g £ % Gl £ 8FRE &
termination of Al and Pb present in PCBs. % Sl 3 é = g g Ed

Were calculated estimations of the commercial value (in US$) per e =2 © ° ° - e
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ton of each of the six samples of waste PCBs analyzed, considering only
the measured concentrations of Al (ranging from 3.1 to 55g kg~ ! Al)
and Pb (ranging from 0.72 to 11.6 g kg~ ! Pb). Considered the prices of
1803 US$/ 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.

CRediT authorship contribution statement

Diego Victor Babos: Conceptualization, Data curation, Formal
analysis, Validation, Visualization, Writing - original draft, Writing -
review & editing. Andrés Cruz-Conesa: Conceptualization, Data cura-
tion, Formal analysis, Validation, Visualization, Writing - original draft,
Writing - review & editing. Edenir Rodrigues Pereira-Filho:
Conceptualization, Formal analysis, Resources, Supervision,
Visualization, Writing - review & editing. Jestis M. Anzano: Formal
analysis, Funding acquisition, Project administration, Resources,
Supervision, Visualization, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The authors are grateful to the Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldégico (CNPq — grants 141311/
2017-7, 305637/2015-0) for fellowships and financial support. This
study was financed in part by the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001, the
Government of Aragon, the Servicio General de Apoyo a la
Investigaciéon-SAI, UNIZAR & the European Base Found, proposal
E49_20R, and the Spanish Ministry of Science and Innovation, proposal

85

Journal of Hazardous Materials 399 (2020) 122831

#CTM2017-82929-R. The authors are also grateful to the Sdo Paulo
Research Foundation (FAPESP, grants 2016/01513-0). We would like
to thank MSc. Daniel F. Andrade and Dr. Raquel C. Machado for do-
nating the electronic waste reference material.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2020.122831.

References

Andrade, D.F., Machado, R.C., Pereira-Filho, E.R., 2019a. Proposition of electronic waste
as a reference material — part 2: homogeneity, stability, characterization, and un-
certainties. J. Anal. At. Spectrom. 34, 2402-2410. https://doi.org/10.1039/
C9JA00284G.

Andrade, D.F., Fortunato, F.M., Pereira-Filho, E.R., 2019b. Calibration strategies for de-
termination of the In content in discarded liquid crystal displays (LCD) from mobile
phones using laser-induced breakdown spectroscopy (LIBS). Anal. Chim. Acta 1061,
42-49. https://doi.org/10.1016/j.aca.2019.02.038.

Andrade, D.F., Machado, R.C., Bacchi, M., Pereira-Filho, E.R., 2019c. Proposition of
electronic waste as a reference material — part 1: sample preparation, characterization
and chemometric evaluation. J. Anal. At. Spectrom. 34, 2394-2401. https://doi.org/
10.1039/C9JA00283A.

Andrade, D.F., Romanelli, J.P., Pereira-Filho, E.R., 2019d. Past and emerging topics re-
lated to electronic waste management: top countries, trends, and perspectives.
Environ. Sci. Pollut. Res. 26, 17135-17151. https://doi.org/10.1007/s11356-019-
05089-y.

Andrade, D.F., Pereira-Filho, E.R., Amarasiriwardena, D., 2020. Current trends in laser-
induced breakdown spectroscopy: a tutorial review. Appl. Spectrosc. Rev. https://
doi.org/10.1080/05704928.2020.1739063.

Aquino, F.W.B., Paranhos, C.M., Pereira-Filho, E.R., 2016. Method for the production of
acrylonitrile-butadiene-styrene (ABS) and polycarbonate (PC)/ABS standards for
direct Sb determination in plastics from e-waste using laser-induced breakdown
spectroscopy. J. Anal. At. Spectrom. 31, 1228-1233. https://doi.org/10.1039/
C6JA00038J.

Arshadi, M., Yaghmaei, S., Mousavi, S.M., 2018. Recycling organics from non-metallic
fraction of waste printed circuit boards by a novel conical surface triboelectric se-
parator. Resour. Conserv. Recy. 139, 298-306. https://doi.org/10.1016/j.resconrec.
2018.08.013.

Augusto, A.S., Castro, J.P., Speranca, M.A., Pereira-Filho, E.R., 2019. Combination of
multi-energy calibration (MEC) and laser-induced breakdown spectroscopy (LIBS) for
dietary supplements analysis and determination of Ca, Mg and K. J. Braz. Chem. Soc.
30, 804-812. https://doi.org/10.21577/0103-5053.20180211.

Babos, D.V., Virgilio, A., Costa, V.C., Donati, G.L., Pereira-Filho, E.R., 2018. Multi-energy
calibration (MEC) applied to laser-induced breakdown spectroscopy (LIBS). J. Anal.
At. Spectrom. 33, 1753-1762. https://doi.org/10.1039/C8JA00109J.

Babos, D.V., Barros, A.L, Nobrega, J.A., Pereira-Filho, E.R., 2019. Calibration strategies to
overcome matrix effects in laser-induced breakdown spectroscopy: direct calcium and
phosphorus determination in solid mineral supplements. Spectrochim. Acta B 155,
90-98. https://doi.org/10.1016/j.sab.2019.03.010.

Baldé, C., Forti, V., Gray, V., Kuehr, R., Stegmann, P., 2017. The global E-waste monitor
2017: quantities, flows. Resour. Nat. Resour. Manag.

Carvalho, R.R.V., Coelho, J.A.O., Santos, J.M., Aquino, F.W.B., Carneiro, R.L., Pereira-
Filho, E.R., 2015. Laser-induced breakdown spectroscopy (LIBS) combined with hy-
perspectral imaging for the evaluation of printed circuit board composition. Talanta
134, 278-283. https://doi.org/10.1016/j.talanta.2014.11.019.

Carvalho, G.G.A., Guerra, M.B.B., Adame, A., Nomura, C.S., Oliveira, P.V., Carvalho,
H.W.P., Santos Jr, D., Nunes, L.C., Krug, F.J., 2018a. Recent advances in LIBS and
XRF for the analysis of plants. J. Anal. At. Spectrom. 33, 919-944. https://doi.org/
10.1039/C7JA00293A.

Carvalho, A.A.C., Leme, F.O., Luz, M.S., Oliveira, P.V., Nomura, C.S., 2018b. Internal
standard fused glass beads for high silicon content sample analysis by laser-induced
breakdown spectrometry. J. Anal. At. Spectrom. 33, 1243-1250. https://doi.org/10.
1039/C8JA00112J.

Carvalho, A.A.C., Cozer, L.A., Luz, M.S., Nunes, L.C., Rocha, F.R.P., Nomura, C.S., 2019.
Multi-energy calibration and sample fusion as alternatives for quantitative analysis of
high silicon content samples by laser-induced breakdown spectrometry. J. Anal. At.
Spectrom. 34, 1701-1707. https://doi.org/10.1039/C9JA00149B.

Castro, J.P., Pereira-Filho, E.R., 2016. Twelve different types of data normalization for the
proposition of classification, univariate and multivariate regression models for the
direct analyses of alloys by laser-induced breakdown spectroscopy (LIBS). J. Anal. At.
Spectrom. 31, 2005-2014. https://doi.org/10.1039/C6JA00224B.

Castro, J.P., Babos, D.V., Pereira-Filho, E.R., 2020. Calibration strategies for the direct
determination of rare earth elements in hard disk magnets using laser-induced
breakdown spectroscopy. Talanta 208, 120443. https://doi.org/10.1016/j.talanta.
2019.120443.

Cavalcanti, G.H., Teixeira, D.V., Legnaioli, S., Lorenzetti, G., Pardini, L., Palleschi, V.,
2013. One-point calibration for calibration-free laser-induced breakdown spectro-
scopy quantitative analysis. Spectrochim. Acta B 87, 51-56. https://doi.org/10.
1016/j.sab.2013.05.016.

Ciucci, A., Corsi, M., Palleschi, V., Rastelli, S., Salvetti, A., Tognoni, E., 1999. New


https://doi.org/10.1016/j.jhazmat.2020.122831
https://doi.org/10.1039/C9JA00284G
https://doi.org/10.1039/C9JA00284G
https://doi.org/10.1016/j.aca.2019.02.038
https://doi.org/10.1039/C9JA00283A
https://doi.org/10.1039/C9JA00283A
https://doi.org/10.1007/s11356-019-05089-y
https://doi.org/10.1007/s11356-019-05089-y
https://doi.org/10.1080/05704928.2020.1739063
https://doi.org/10.1080/05704928.2020.1739063
https://doi.org/10.1039/C6JA00038J
https://doi.org/10.1039/C6JA00038J
https://doi.org/10.1016/j.resconrec.2018.08.013
https://doi.org/10.1016/j.resconrec.2018.08.013
https://doi.org/10.21577/0103-5053.20180211
https://doi.org/10.1039/C8JA00109J
https://doi.org/10.1016/j.sab.2019.03.010
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0055
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0055
https://doi.org/10.1016/j.talanta.2014.11.019
https://doi.org/10.1039/C7JA00293A
https://doi.org/10.1039/C7JA00293A
https://doi.org/10.1039/C8JA00112J
https://doi.org/10.1039/C8JA00112J
https://doi.org/10.1039/C9JA00149B
https://doi.org/10.1039/C6JA00224B
https://doi.org/10.1016/j.talanta.2019.120443
https://doi.org/10.1016/j.talanta.2019.120443
https://doi.org/10.1016/j.sab.2013.05.016
https://doi.org/10.1016/j.sab.2013.05.016

D.V. Babos, et al.

procedure for quantitative elemental analysis by laser-induced plasma spectroscopy.
Appl. Spectrosc. 53, 960-964. https://www.osapublishing.org/as/abstract.cfm?
URI=as-53-8-960.

Costa, V.C., Castro, J.P., Andrade, D.F., Babos, D.V., Garcia, J.A., Speran¢a, M.A.,
Catelani, T.A., Pereira-Filho, E.R., 2018a. Laser-induced breakdown spectroscopy
(LIBS) applications in the chemical analysis of waste electrical and electronic
equipment (WEEE). Trends Analyt. Chem. 108, 65-73. https://doi.org/10.1016/j.
trac.2018.08.003.

Costa, V.C., Babos, D.V., Aquino, F.W.B., Virgilio, A., Amorim, F.A.C., Pereira-Filho, E.R.,
2018b. Direct determination of Ca, K and Mg in cassava flour samples by laser-in-
duced breakdown spectroscopy (LIBS). Food Anal. Methods 11, 1886-1896. https://
doi.org/10.1007/s12161-017-1086-9.

Costa, V.C., Augusto, A.S., Castro, J.P., Machado, R.C., Andrade, D.F., Babos, D.V.,
Speranca, M.A., Gamela, R.R., Pereira-Filho, E.R., 2019. Laser induced-breakdown
spectroscopy (LIBS): history, fundamentals, applications and potentialities. Quim.
Nova 42, 527-545. https://doi.org/10.21577/0100-4042.20170325.

Cremers, D.A., Radziemski, L.J., 2006a. Handbook of Laser-Induced Breakdown
Spectroscopy. Wiley, London.

Cremers, D.A., Radziemski, L.J., 2006b. History and fundamentals of LIBS. In: Miziolek,
A.W., Palleschi, V., Schechter, I. (Eds.), Laser-Induced Breakdown Spectroscopy.
Cambridge University Press, New York.

Derringer, G., Suich, R., 1980. Simultaneous optimization of several response variables.
Int. J. Qual. Assur. Eng. Technol. Educ. 12, 214-219. https://doi.org/10.1080/
00224065.1980.11980968.

Eppler, A.S., Cremers, D.A., Hickmott, D.D., Ferris, M.J., Koskelo, A.C., 1996. Matrix
effects in the detection of Pb and Ba in soils using laser-induced breakdown spec-
troscopy. Appl. Spectrosc. 50, 1175-1181. https://doi.org/10.1366/
0003702963905123.

Fortunato, F.M., Catelani, T.A., Pomares-Alfonso, M.S., Pereira-Filho, E.R., 2019.
Application of multi-energy calibration for determination of chromium and nickel in
nickeliferous ores by laser-induced breakdown spectroscopy. Anal. Sci. 35, 165-168.
https://doi.org/10.2116/analsci.18P286.

Gomes, M.S., de Carvalho, G.G.A., Junior, D.S., Krug, F.J., 2013. A novel strategy for
preparing calibration standards for the analysis of plant materials by laser-induced
breakdown spectroscopy: a case study with pellets of sugar cane leaves. Spectrochim.
Acta B 86, 137-141. https://doi.org/10.1016/j.sab.2013.03.009.

Gondal, M.A., Seddigi, Z.S., Nasr, M.M., Gondal, B., 2010. Spectroscopy detection of
health hazardous contaminants in lipstick using Laser induced breakdown spectro-
scopy. J. Hazard. Mater. 175, 726-732. https://doi.org/10.1016/j.jhazmat.2009.10.
069.

Hahn, D.W., Omenetto, N., 2010. Laser-induced breakdown spectroscopy (LIBS), part I:
review of basic diagnostics and plasma-particle interactions: still-challenging issues
within the analytical plasma community. Appl. Spectrosc. 64, 335-366. https://doi.
0rg/10.1366/000370210793561691. 2010.

Hahn, D.W., Omenetto, N., 2012. Laser-induced breakdown spectroscopy (LIBS), part II:
review of instrumental and methodological approaches to material analysis and ap-
plications to different fields. Appl. Spectrosc. 66, 347-419. https://doi.org/10.1366/
11-06574.

Hao, Z.Q., Liu, L., Zhou, R., Ma, Y.W,, Li, X.Y., Guo, L.B., Lu, Y.F., Zeng, X.Y., 2018. One-
point and multi-line calibration method in laser-induced breakdown spectroscopy.
Opt. Express 26, 22926-22933. https://doi.org/10.1364/0E.26.022926.

Kim, G., Kwak, J., Kim, K.R., Lee, H., Kim, K.W., Yang, H., Park, K., 2013. Rapid detection
of soils contaminated with heavy metals and oils bylaser induced breakdown spec-
troscopy (LIBS). J. Hazard. Mater. 263, 754-760. https://doi.org/10.1016/j.jhazmat.
2013.10.041.

Lasheras, R.J., Bello-Gélvez, C., Rodriguez-Celis, E.M., Anzano, J., 2011. Discrimination
of organic solid materials by LIBS using methods of correlation and normalized co-
ordinates. J. Hazard. Mater. 192, 704-713. https://doi.org/10.1016/j.jhazmat.2011.
05.074.

Lasheras, R.J., Bello-Gélvez, C., Anzano, J.M., 2013. Quantitative analysis of oxide ma-
terials by laser-induced breakdown spectroscopy with argon as an internal standard.
Spectrochim. Acta B 82, 65-70. https://doi.org/10.1016/j.sab.2013.01.005.

Lednev, V.N., Grishin, M.Y., Sdvizhenskii, P.A., Asyutin, R.D., Tretyakov, R.S., Stavertiy,
A.Ya., Pershin, S.M., 2019. Sample temperature effect on laser ablation and analytical
capabilities of laser induced breakdown spectroscopy. J. Anal. At. Spectrom. 34,
607-615. https://doi.org/10.1039/C8JA00348C.

Li, T., Hou, Z., Fu, Y., Yu, J., Gu, W., Wang, Z., 2019. Correction of self-absorption effect
in calibration-free laser-induced breakdown spectroscopy (CF-LIBS) with blackbody
radiation reference. Anal. Chim. Acta 1058, 39-47. https://doi.org/10.1016/j.aca.
2019.01.016.

London Metal Exchange - LME. https://www.Ime.com/, 2019.

10

86

Journal of Hazardous Materials 399 (2020) 122831

Miziolek, W., Palleschi, V., Schechter, I., 2006. Laser Induced Breakdown Spectroscopy.
Cambridge University Press, Cambridge.

Morais, C.P., Barros, A.L, Bechlin, M.A,, Silva, T.V., Santos Jtnior, D., Senesi, G.S., Crespi,
M.S., Ribeiro, C.A., Gomes Neto, J.A., Ferreira, E.C., 2018. Laser-induced breakdown
spectroscopy determination of K in biochar-based fertilizers in the presence of easily
ionizable element. Talanta 188, 199-202. https://doi.org/10.1016/j.talanta.2018.
05.089.

NIST electronic database, (2020) https://www.nist.gov/pml/atomic-spectra-database.
Pereira, F.M.V., Pereira-Filho, E.R., 2018. Application of free computational program in
experimental design: a tutorial. Quim. Nova 41, 1061-1071. https://doi.org/10.

21577/0100-4042.20170254.

Perkins, D.N., Drisse, M.-N.B., Nxele, T., Sly, P.D., 2014. E-waste: a global hazard. Ann.
Glob. Health 80, 286-295. https://doi.org/10.1016/j.a0gh.2014.10.001.

Popov, A.M., Zaytsev, S.M., Seliverstova, 1.V., Zakuskin, A.S., Labutin, T.A., 2018. Matrix
effects on laser-induced plasma parameters for soils and ores. Spectrochim. Acta B
148, 205-210. https://doi.org/10.1016/j.sab.2018.07.005.

Restriction of Hazardous Substances Directive (RoHS) Directive 2011/65/EU Restriction
of the Use of Certain Hazardous Substances in Electrical and Electronic Equipment,
2011. The European Parliament and the Council of the E. Union. http://data.europa.
eu/eli/dir/2011/65/0j.

Rezaei, A.H., Keshavarz, M.H., Tehrani, M.K., Darbani, S.M.R., 2018. Quantitative ana-
lysis for the determination of aluminum percentage and detonation performance of
aluminized plastic bonded explosives by laser-induced breakdown spectroscopy.
Laser Phys. 28, 065605. https://doi.org/10.1088/1555-6611/aab660.

Sattar, H., Sun, L., Imran, M., Hai, R., Wu, D., Ding, H., 2019. Effect of parameter setting
and spectral normalization approach on study of matrix effect by laser induced
breakdown spectroscopy of Ag-Zn binary composites. Plasma Sci. Technol. 21,
034019. https://doi.org/10.1088/2058-6272/aaf712.

Speranca, M.A., Pomares-Afonso, M.S., Pereira-Filho, E.R., 2018. Analysis of Cuban
nickeliferous minerals by laser-induced breakdown spectroscopy (LIBS): non-con-
ventional sample preparation of powder samples. Anal. Methods 10, 533-540.
https://doi.org/10.1039/C7AY02521A.

Speranca, M.A., Andrade, D.F., Castro, J.P., Pereira-Filho, E.R., 2019. Univariate and
multivariate calibration strategies in combination with laser-induced breakdown
spectroscopy (LIBS) to determine Ti on sunscreen: a different sample preparation
procedure. Opt. Laser Technol. 109, 648-653. https://doi.org/10.1016/j.optlastec.
2018.08.056.

Takahashi, T., Thornton, B., 2017. Quantitative methods for compensation of matrix ef-
fects and self-absorption in Laser induced Breakdown Spectroscopy signals of solids.
Spectrochim. Acta B 138, 31-42. https://doi.org/10.1016/j.sab.2017.09.010.

Tansel, B., 2017. From electronic consumer products to e-wastes: global outlook, waste
quantities, recycling challenges. Environ. Int. 98, 35-45. https://doi.org/10.1016/j.
envint.2016.10.002.

Tognoni, E., Cristoforetti, G., Legnaioli, S., Palleschi, V., 2010. Calibration-free laser-in-
duced breakdown spectroscopy: state of the art. Spectrochim. Acta B 65, 1-14.
https://doi.org/10.1016/j.sab.2009.11.006.

Vieira, A.L., Silva, T.V., de Sousa, F.S.I., Senesi, G.S., Santos Junior, D., Ferreira, E.C.,
Gomes Neto, J.A., 2018. Determinations of phosphorus in fertilizers by spark dis-
charge-assisted laser-induced breakdown spectroscopy. Microchem. J. 139, 322-326.
https://doi.org/10.1016/j.microc.2018.03.011.

Wu, C,, Sun, D.X., Su, M.G,, Yin, Y.P., Han, W.W., Lu, Q.F., Dong, C.Z., 2019. Quantitative
analysis of Pb in soil samples by laser-induced breakdown spectroscopy with a sim-
plified standard addition method. J. Anal. At. Spectrom. 34, 1478-1484. https://doi.
org/10.1039/c9ja00059c.

Yamane, L.H., de Moraes, V.T., Espinosa, D.C.R., Tendrio, J.A.S., 2011. Recycling of
WEEE: characterization of spent printed circuit boards from mobile phones and
computers. Waste Manage. 31, 2553-2558. https://doi.org/10.1016/j.wasman.2011.
07.006.

Yan, R,, Tang, Y., Zhu, Z., Hao, Z., Li, J., Yu, H., Yu, Y., Guo, L., Zeng, X., Lu, Y., 2019.
Accuracy improvement of quantitative analysis for major elements in laser-induced
breakdown spectroscopy using single-sample calibration. Anal. Chim. Acta 1064,
11-16. https://doi.org/10.1016/j.aca.2019.02.056.

Yang, J., Wang, H., Zhang, G., Bai, X., Zhao, X., He, Y., 2019. Recycling organics from
non-metallic fraction of waste printed circuit boards by a novel conical surface tri-
boelectric separator. Resour. Conserv. Recy. 146, 264-269. https://doi.org/10.1016/
j.resconrec.2019.03.008.

Yi, R.X,, Guo, L.B., Zou, X.H., Li, J.M., Hao, Z.Q., Yang, X.Y., Li, X.Y., Zeng, X.Y., Lu, Y.F.,
2016. Background removal in soil analysis using laser- induced breakdown spectro-
scopy combined with standard addition method. Opt. Express 24, 2607-2618.
https://doi.org/10.1364/0E.24.002607.


https://www.osapublishing.org/as/abstract.cfm?URI=as-53-8-960
https://www.osapublishing.org/as/abstract.cfm?URI=as-53-8-960
https://doi.org/10.1016/j.trac.2018.08.003
https://doi.org/10.1016/j.trac.2018.08.003
https://doi.org/10.1007/s12161-017-1086-9
https://doi.org/10.1007/s12161-017-1086-9
https://doi.org/10.21577/0100-4042.20170325
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0115
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0115
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0120
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0120
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0120
https://doi.org/10.1080/00224065.1980.11980968
https://doi.org/10.1080/00224065.1980.11980968
https://doi.org/10.1366/0003702963905123
https://doi.org/10.1366/0003702963905123
https://doi.org/10.2116/analsci.18P286
https://doi.org/10.1016/j.sab.2013.03.009
https://doi.org/10.1016/j.jhazmat.2009.10.069
https://doi.org/10.1016/j.jhazmat.2009.10.069
https://doi.org/10.1366/000370210793561691
https://doi.org/10.1366/000370210793561691
https://doi.org/10.1366/11-06574
https://doi.org/10.1366/11-06574
https://doi.org/10.1364/OE.26.022926
https://doi.org/10.1016/j.jhazmat.2013.10.041
https://doi.org/10.1016/j.jhazmat.2013.10.041
https://doi.org/10.1016/j.jhazmat.2011.05.074
https://doi.org/10.1016/j.jhazmat.2011.05.074
https://doi.org/10.1016/j.sab.2013.01.005
https://doi.org/10.1039/C8JA00348C
https://doi.org/10.1016/j.aca.2019.01.016
https://doi.org/10.1016/j.aca.2019.01.016
https://www.lme.com/
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0195
http://refhub.elsevier.com/S0304-3894(20)30820-7/sbref0195
https://doi.org/10.1016/j.talanta.2018.05.089
https://doi.org/10.1016/j.talanta.2018.05.089
https://www.nist.gov/pml/atomic-spectra-database
https://doi.org/10.21577/0100-4042.20170254
https://doi.org/10.21577/0100-4042.20170254
https://doi.org/10.1016/j.aogh.2014.10.001
https://doi.org/10.1016/j.sab.2018.07.005
http://data.europa.eu/eli/dir/2011/65/oj
http://data.europa.eu/eli/dir/2011/65/oj
https://doi.org/10.1088/1555-6611/aab660
https://doi.org/10.1088/2058-6272/aaf712
https://doi.org/10.1039/C7AY02521A
https://doi.org/10.1016/j.optlastec.2018.08.056
https://doi.org/10.1016/j.optlastec.2018.08.056
https://doi.org/10.1016/j.sab.2017.09.010
https://doi.org/10.1016/j.envint.2016.10.002
https://doi.org/10.1016/j.envint.2016.10.002
https://doi.org/10.1016/j.sab.2009.11.006
https://doi.org/10.1016/j.microc.2018.03.011
https://doi.org/10.1039/c9ja00059c
https://doi.org/10.1039/c9ja00059c
https://doi.org/10.1016/j.wasman.2011.07.006
https://doi.org/10.1016/j.wasman.2011.07.006
https://doi.org/10.1016/j.aca.2019.02.056
https://doi.org/10.1016/j.resconrec.2019.03.008
https://doi.org/10.1016/j.resconrec.2019.03.008
https://doi.org/10.1364/OE.24.002607

Electronic Supplementary Information (ESI):

Direct determination of Al and Pb in waste printed circuit boards (PCB) by
Laser-induced breakdown spectroscopy (LIBS): evaluation of calibration

strategies and economic - environmental questions

Diego Victor Babos,? Andrés Cruz-Conesa,* Edenir Rodrigues Pereira-Filho?

and Jesls M. Anzano®

!Laser Laboratory, Chemistry & Environment Group, Department of Analytical
Chemistry, Faculty of Sciences, University of Zaragoza, Pedro Cerbuna 12,
50009 Zaragoza, Spain

’Group of Applied Instrumental Analysis, Department of Chemistry, Federal
University of Sdo Carlos, Sdo Carlos, Sao Paulo State, 13565-905, Brazil

*Corresponding author:

Jesus M. Anzano

Laser Laboratory, Chemistry & Environment Group, Department of Analytical
Chemistry, Faculty of Sciences, University of Zaragoza, Pedro Cerbuna 12,
50009 Zaragoza, Spain

Phone number: +34 9 7676 2684

E-mail: janzano@unizar.es (J. Anzano).

This ESI contains:

» 2 Tables
» 2 Figures

87


mailto:janzano@unizar.es

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.

Delay time (pus)

Gate width (us)

Laser pulse

Experiment energy (mJ) oD
Real Coded Real Coded Real Coded

@, 1 0.4 -1 1.0 -1 25 -1 0.49
= 2 2.0 1 1.0 -1 25 -1 0.73
a 3 0.4 -1 3.0 1 25 -1 0.67
% 4 2.0 1 3.0 1 25 -1 0.55
5 5 0.4 -1 1.0 -1 425 1 0.57
s 6 20 1 1.0 -1 42.5 1 0.62
“=; 7 0.4 -1 3.0 1 425 1 0.30
s 8 2.0 1 3.0 1 425 1 0.89
= 9 1.2 0 2.0 0 35 0 0.44
S 10 1.2 0 2.0 0 35 0 0.56
B 11 1.2 0 2.0 0 35 0 0.77
g 12 1.2 0 2.0 0 35 0 0.61
) 13 1.2 0 2.0 0 35 0 0.62
14 0.01  -1.49 2.0 0 35 0 0.41

= 15 2.54 1.68 2.0 0 35 0 0.74
S 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 0 475 1.68 0.69
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Table S2. Spectroscopic parameters A (wavelength), E; (energy of the lower
level of transition), Ex (energy of the upper level of transition), Ay (transition
probability), and gk (degeneracy factor of state k) of atomic (I) and ionic (Il) lines
used in the CF-LIBS calculation. Source: NIST DataBase.

Elements Line A(hnm)  Ei(eV) Ex(eV) g« A .10° (s
Al | 309.271 0.01 4.02 6 0.730
Al | 783.531 4.02 5.60 6 0.057
Al | 783.613 4.02 5.60 6 0.004
Ba I 614.172 0.70 2.72 4 0.412
Ba [l 649.690 0.60 251 2 0.130
Ba | 705.994 1.19 2.95 9 0.500
C | 247.856 2.68 7.68 3 0.180
Ca [l 317.933 3.03 7.05 6 3.600
Ca | 558.876  40.05 43.51 7 0.409
Ca | 612.222 1.89 3.91 3 0.287
Ca | 616.217 1.90 3.91 3 0.477
Co | 356.938 0.92 4.40 8 1.500
Cr [l 283.563 1.55 5.92 12 2.000
Cr | 360.533 0.00 3.44 5 1.620
Cu | 510.554 1.39 3.82 4 0.020
Cu | 521.820 3.82 6.19 6 1.220
Cu | 578.213 1.64 3.79 2 0.019
Fe [l 239.924 0.08 5.25 6 1.400
Fe | 373.532 0.86 4,18 7 0.270
Fe | 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 2.72 511 3 0.561
Mn I 293.306 1.17 5.40 3 2.040
Ni | 341.476 0.03 3.66 9 0.550
Ni | 351.505 0.11 3.64 7 0.420
Ni | 352.454 0.03 3.54 5 1.000
Pb | 405.780 1.32 4.38 3 0.912
Sb | 259.805 1.06 5.83 2 0.210
Si | 288.158 0.78 5.08 3 1.890
Sn | 317.050 0.42 4.33 3 0.838
Ti 1 334.941 0.05 3.75 12 1.680
Ti | 498.173 0.85 3.34 13 0.660
Ti | 499,107 0.84 3.34 11 0.584
Zn | 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.

a
16 )

y =0.64 X +5.27
14

12

10 ~

2 SE=1.6gkg" Al

RMSEP = 1.1 g kg™ Al
)+

0 2 4 6 8 10 12 14 16

LIBS predicted concentration using MMC (g kg™ Al)

ICP OES reference concentration (g kg™ Al)

80 b)

1y=1.09+1.35x+2.56 +37.54
70

60
0
w0
301
20 %

10 ~

SE=12.2gkg™" Al

RMSEP = 10.9 g kg™ Al

4+
O 10 20 30 40 50 60 70 80

LIBS predicted concentration using TP CT (g kg™ Al)

ICP OES reference concentration (g kg™ Al)

90



70

60

50

40

30

20

10 ~

y=113+0.54x-4.92+15.34

SE=5.6gkg" Al

n 1 RMSEP = 5.0 g kg™ Al

LIBS predicted concentration using OP MLC (g kg™ Al

10 20 30 40 50 60 70

ICP OES reference concentration (g kg™ Al)

d)

30 A

25

20

15

10 ~

| y=0.92+0.97 x+1.84 + 13.67

SE=29gkg™" Al

RMSEP = 2.6 g kg™ Al

LIBS predicted concentration using SSC (g kg™ Al)

5 10 15 20 25 30
ICP OES reference concentration (g kg™ Al)

91



60

50

40 -

30

20

10 ~

o

1 y=0.89+0.06 x+0.88+1.71

SE=24gkg"Al
RMSEP =2.2 g kg™ Al

LIBS predicted concentration using CF (g kg™ Al)
o

10 20 30

40

50

ICP OES reference concentration (g kg™ Al)

92

60



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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Chapter 4 — Conclusion
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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 Na,COz3) 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 Sg in NaCl and Na,COgs; 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 KB and S KB' 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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