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RESUMO

AVALIACAO DA COMPOSICAO DE DISCOS RIGIDOS DE RESIDUOS
ELETRONICOS UTILIZANDO TECNICAS ESPECTROANALITICAS:
PROPOSIGCAO DE METODOS RAPIDOS E SIMPLES. Os residuos eletronicos
sdo um problema mundial de grande magnitude com 53,6 Mt de residuos
gerados em 2019. Infelizmente a taxa de reciclagem ainda é muito baixa. Estima-
se que apenas 2% do residuo eletrénico é reciclado no Brasil, sendo uma
situacdo longe da ideal. H4 muitos fatores que podem influenciar a reciclagem
sendo a complexidade desses materiais um aspecto critico. Assim, a quimica
analitica pode auxiliar em todo esse processo, otimizando e desenvolvendo
novos meétodos. Essa tese teve como objetivo o desenvolvimento de
procedimentos de caracterizacdo de amostras de imés de alto desempenho e
placas de circuito impresso provenientes do disco rigido de computadores. Trés
técnicas analiticas foram utilizadas: Inductively coupled plasma optical emission
spectroscopy (ICP OES), Laser-induced breakdown spectroscopy (LIBS) e
Wavelength dispersive x-ray fluorescence (WD XRF). Métodos de referéncia
mais brandos foram desenvolvidos utilizando ICP OES, onde os resultados
foram utilizados para a proposi¢cao de métodos mais rapidos, simples e “verdes”
utilizando as técnicas de analise direta de sélidos (LIBS e WD XRF). Nesse
contexto, diferentes abordagens de calibracao foram estudadas, e nessa tese foi
proposta uma nova abordagem intitulada como two point calibration transfer (TP
CT). Além disso, paralell factor analysis (PARAFAC) foi utilizado pela primeira
vez na caracterizacdo dos espectros LIBS provenientes da analise das placas
de circuito impresso, apresentando ser uma abordagem promissora para a
técnica LIBS.
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ABSTRACT

EVALUATION OF THE COMPOSITION OF ELECTRONIC WASTE HARD DISK
USING SPECTROANALYTICAL TECHNIQUES: PROPOSITION OF FAST AND
SIMPLE METHODS. The electronic waste is a worldwide problem of great
magnitude with 53.6 Mt of waste generated in 2019. Unfortunately, the recycling
rate is still very low. It is estimated that only 2% of the electronic waste is recycled
in Brazil, being a situation far from ideal. There are many factors that can
influence recycling, being the complexity of these materials a critical aspect.
Therefore, the analytical chemistry can assist in all this process, optimizing and
developing new methods. The purpose of this thesis was the development of
characterization procedures of high-performance magnets and printed circuit
board samples from hard disk of computer. Three analytical techniques were
used: Inductively coupled plasma optical emission spectroscopy (ICP OES),
Laser-induced breakdown spectroscopy (LIBS) and Wavelength dispersive x-ray
fluorescence (WD XRF). So, softer reference methods were developed using ICP
OES, where the results were used to the proposition of methods more quick,
simple and “green” using the techniques of direct analysis of solids (LIBS and
WD XRF). In this context, different calibration approaches were studied and, in
this thesis was proposed a new strategy named by two-point calibration transfer
(TP CT). In addition, parallel factor analysis (PARAFAC) was used for the first
time in the characterization of spectra LIBS from the analysis of printed circuit

board, being a promising approach for the LIBS technique.
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Chapter 1: Introduction



1. Introduction

1.1. Electronic waste context
Nowadays, electrical and electronic equipment (EEE) is part of everyone’s

daily life and, its use is directly linked to global economic development with
growing urbanization, mobility, industrialization and high levels of disposable
incomes [1-3]. Consequently, growing amounts of EEE have been used, where
old technologies are replaced by new one, reducing the lifespan of the equipment.
Therefore, the disposal of these EEE’s is a concern [1-3]. When the EEE is
discarded by its owner without the intent of reuse, becomes electronic waste (e-
waste). In 2019, 53.6 million metric tons (Mt) of e-waste was generated, which
corresponds to 7.3 kg per capita, distributed among Asia (24.9 Mt), Americas
(13.1 Mt), Europe (12 Mt), Africa (2.9 Mt) and Oceania (0.7 Mt) [1]. According to
Lundgren, this residue class is the fastest growing worldwide [4].

The great problem is the rate of formal documented collection and
recycling with a value of 9.3 Mt in 2019, which is 17.4% in relation to e-waste
generated [1]. Since 2014, this rate has grown by almost 0.4 Mt, on the other
hand, the generation of e-waste has grown by 9.2 Mt, being totally unbalanced
[1]. The recycling rate depends on several factors and, one of them is the
legislation of each country, where in 2019, 71% of population was covered by
legislation, policy or regulation [1]. In addition, the complexity, variety and
different sizes of EEE, health and environmental factors and, lack of knowledge
on the subject can make this difficult [5].

Brazil is considered the largest e-waste producer in South America and, in
2010 was instituted the National Solid Waste Policy (PNRS) [6], which is
mandatory the implementation of e-waste take-back systems in countrywide
made by Sectorial Agreement (SAG) [6,7]. The SAG are contracts signed among
representatives of EEE producers and the Government focusing in a shared
responsibility of EEE life cycles [7]. In Sdo Paulo State, for example, there is a
SAG among SMA-SP (Secretaria de Estado do Meio Ambiente), CETESB
(Companhia Ambiental do Estado de Sao Paulo) and Green Eletron that is an
entity of take-back systems represented by ABINEE (Associacéo Brasileira de
industrias de EEE) and FECOMERCIO-SP (Federacdo do comércio do Estado
de Sé&o Paulo) [7].



Even with several initiatives, this situation in Brazil is critical and, it is far
from ideal. The e-waste recycling rate is estimated at 2% and, the majority of the
take-back routes are located in the Southeast and South regions on the country
[7]. There are also the individual waste pickers and irregular cooperatives that
collect the e-waste from households or business, dismantle and separate the
most valuable components and, the remaining is discarded in inappropriate
places (parks, vacant lots, green areas) being very dangerous for environment
[7].

Why is it so important recycle this e-waste? The EEE is an important
source of secondary raw material. There are up to 69 elements from the periodic
table in the EEE composition including precious metals, critical raw materials and
non-critical metals [1]. In addition, the primary mining has been suffering
problems with availability, access to resources, material scarcity and market price
fluctuations [1]. Even though it is a challenge, it is important to improve recycling
and reduce the pressure on primary sources. With the material collected in 2019
(17.4%), 4 Mt of secondary material would be available again totalizing $10 billion
USD [1].

In addition to being considered a rich source of material, the e-waste
contains hazardous substances as potential toxic elements (mercury, cadmium,
lead) and, chemicals such as chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs) and flame retardants. Therefore, high levels
of environmental pollution have been achieved with the improper disposal of e-
waste and the extraction of precious metals. The hazardous substances
contaminate soil, air and water, and consequently, the human health [5,8]. Landfill
is the most common destination for disposal, and toxic metals can leach through
the soil into underground water streams, contaminating the soil, lakes and rivers
nearby these regions, resulting in contamination of the food chain and sources of
water [5,8]. The inadequate combustion of these materials, mainly for extraction
of precious metals, contaminate the air in burning sites with fly ash of burnt e-
waste, being highly toxic [8]. For human health, this can lead chronic disease
and, in some cases, could be lethal [8]. An alert is for e-waste workers, who could
carry toxic contamination from work to home, increasing the exposure of their

families [9].



1.2. Hard disk (HD) sample
The hard disk (HD), the part of the computer where the data is stored, was

studied in this thesis. Figure 1 shows the HD components. The data is read and
recorded by the head on the platters, and the rotation motor is responsible for
maintaining a platter constant rotation. The head is attached to an arm, which is
moved by actuator, being a mechanism that acts by electromagnetic attraction
and repulsion. In the back part, there is the logic board that is the interface with
the motherboard, controls the rotation of the motor and the movement of the read
head [10]. Thus, two components were investigated: the high-performance
magnets and the printed circuit board (PCB).

Head

—

Logic board (back):
O

Figure 1. Hard disk components.

The magnets are present in the actuator and the rotation motor and, they
are composed of Nd-Fe-B alloy, which have a huge amount of rare earth
elements (REES) including Dy, Gd, Nd, Pr, Sm and Tb [11]. The REEs present
magnetic, catalytic, electronic and optical characteristics and they are composed
of 15 lanthanides, yttrium and scandium [11,12]. With a demand higher than
supply, the REEs are found in the list of the critical raw materials for the European
Union [13]. In addition, the most REEs are mined and concentrated in China
(extracted and produced locally) with 90% of the world’s REEs. This was a

problem in the pandemic because the global production had suddenly stopped,



which made the producers realize the dependence of only one country for
obtaining REEs [14]. Other point is the production of electrical vehicles, which
use Nd to produce magnets to the motors. According to British Broadcasting
Corporation (BBC) news, Netherlands aims not to sell new fossil-fuel cars after
2025, United Kingdom and France have planned to achieve this target by 2040
[14]. With this, the demand by REE will increase considerably and, the search by
new technologies, such as recycling, can also increase [14].

The PCB is a device made by multilayer or single layer of polymers and
fibrous materials (glass fiber) covered by a layer of Cu, where the conductive
lines are printed and, electronic components are mounted on the board [15,16].
This sample present many chemical elements, such as hazardous substances
including brominated flame retardants (BFR) and lead used on the solder
material. Nowadays, there is the search for free-Pb solder material and, in
European Union the materials with Pb are banned [17]. On the other hand, there
are other chemicals elements with high added value, such as precious metals
including gold, silver and the platinum group metals (PGMs), with good electrical
conductivity, high melting point and corrosion resistance [12]. For electronic
industry, these metals increase the storage capacity in computer’s HD [12]. In
addition, Al and Cu are other interest elements for recycling being present in high

concentration on PCB.

1.3. The role of analytical chemistry
The recycling process is a challenge, mainly due to the complexity of the

EEE with its versatile shape, size and composition and, the role of analytical
chemistry is to try overcome these challenges and improve the process [18]. But,
how is this possible?
(1) Waste characterization to optimize the process: it is growing the search by
rapid measurement technologies for elements identification on the sample.
For example: Waste electrical and electronic equipment (WEEE) polymers
characterization and identification. Costa et al. [19] used LIBS to identify
and propose classification models for six polymers and predictive
analytical capabilities from 92 to 98% of correct predictions were acquired
[18].



(2) Characterization of the efficiency and toxicity of the process;
characterization of the purity and properties related to recycled products
[18].

(3) Development of analytical procedure for classic recycling [18].

(4) New recycling methods using greener sample treatment and analytical
procedures, focusing on sustainable processes. This is still a challenge,
since any waste treatment will have an environmental risk, the question is
to try minimize that risk [18].

Due to data protection, the most collected HDs are ground, losing
information of elements with low concentration. On the other hand, the manual
disassembly is a fundamental process to avoid losses of material. Sprecher et al.
[20] investigated the production of 1 kg of Nd magnet with three different
processes: (1) from primary production and recycling process using two routes
(2) manual disassembly and (3) shredding. As conclusion of this study, the
recycling process obtained adequate results from the environmental point of view
in relation to primary production and, using the manual disassembly avoided loss
of material.

It is possible to find in the literature different recycling routes for the
magnets from HD: hydrometallurgical process using leaching with inorganic acid
(diluted and concentrated acids) [21-28], leaching with organic acid (citric, malic,
acetic, maleic, glycolic and L-ascorbic) [29-31], characterization by direct
analysis using x-ray fluorescence (XRF) [32]; use of hydrogen as a processing
agent to decrepitate sintered magnets [33] and, green method using water and
sodium chloride for REE recovery with hydrothermal treatment [34]. On the other
hand, there is no environmentally safe route, the best way to follow all the
principles of green chemistry is re-use if the magnet is intact.

For the PCB, there are also many options to recycling. First is the pre-
treatment as a crucial step with manual disassembly, comminution or/and
classification [35], followed by pyro [16,36] or hydrometallurgical [25,37]
processing. And the last step is the recovery and purification with solvent

extraction, precipitation or cementation [38].



1.4. The purpose
The purpose of this thesis was the characterization of high-performance

magnet and the PCB from hard disk. As mentioned before, the characterization
is an important part of the recycling process, in which it is possible optimize the
process besides to determine the material composition. Three analytical
techniques were used: inductively coupled plasma optical emission spectroscopy
(ICP OES), laser-induced breakdown spectroscopy (LIBS) and wavelength
dispersive x-ray fluorescence (WD XRF). Therefore, the goal was to propose
reference methods using ICP OES with simple procedures and, with direct
analysis techniques (LIBS and WD XRF) was presented fast methods for
characterization. Therefore, alternative calibration models (univariate and
multivariate) were proposed to both techniques. In addition, the use of

chemometrics was extremely valuable to know the characteristic of the samples.



Chapter 2: Characterization of the samples
using ICP OES



2. Characterization of the samples using ICP OES

One of the most used analytical techniques to determine the composition
of material from WEEE is ICP OES. For the PCB, the ICP techniques cover
approximately 60% of available data sets [39].

This technique is already well established in the literature. First, there is
the liquid sample introduction through the peristaltic pump until the nebulizer
chamber, where there are sample and argon input. When both come into contact,
an aerosol is formed and, small particles go to the plasma and the bigger ones
are discarded. The plasma is formed in the torch by Ar gas after a spark in the
Tesla coil, where the Ar gas is ionized and the free electrons are accelerated by
radio frequency field and, collide with atoms, keeping the temperature on the
plasma. The sample is dragged to the plasma by Ar gas and, in this path to the
plasma, occurs the desolvation of the sample. With the energy received, the
molecules are dissociated and, the process of atomization, excitation and
ionization occurs. The plasma light is taken to spectrometer and detector, where
there is the simultaneous determination of analytes of the sample [40].

Low background radiation, low limits of detection, possibility of multi
elementary analysis, wide linear range and few interferences are some
characteristics of ICP OES. On the other hand, it is necessary special care with
sample preparation avoiding contamination, high dissolved solids content and the
acidity content [40]

In this chapter, it is shown two studies using the ICP OES:

2.1. Characterization of the high-performance magnets with the proposition of

a simple method using diluted acid and digestor block.

2.2. Characterization of the printed circuit board from hard disk using a sample

preparation without milling, approaching an exploratory analysis.
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ARTICLE INFO ABSTRACT

Keywords: In this study, inductively coupled plasma optical emission spectrometry (ICP OES) was used for the development
E-waste of an analytical procedure for elemental analysis of hard disks (HDs). More than 50 samples were acquired and
Sample preparation separated according to the manufacturers. Both magnets were used, namely, the actuator (a) and the spindle (s)
ICP OES motor. The samples were heated to remove magnetism, ground in a knife mill and sieved. Different digestion
Rare earth elements . . . . .

Hard disk procedures were performed with a block digester and microwave, and three acid concentrations were employed.
Recycling Due to the lack of certified materials or references from HDs, tests of standard addition and recovery were

performed to verify the accuracy of the proposed method. Hyperspectral image and principal component ana-
lysis were also used to assist in the data treatment related to the Ni layer. For both magnets, the best analytical
procedure was 100 mg of sample, 7 mol L ™! nitric acid and a digester block. The elements observed in the
highest concentrations were Fe followed by Nd and Pr. This procedure was simpler than others were and

prioritized the principles of green chemistry.

1. Introduction

Environmental contamination by incorrect disposal of electronic
equipment and its components is one of the largest problems derived
from modern human activities [1]. These materials are named e-waste
or WEEE and are the residue type with the highest growth on a global
scale. The term “e-waste” is used for all electrical and electronic
equipment (EEE) discarded without the intention of reuse [2].

EEE include toxic elements in their composition, which can con-
taminate the environment and affect human health when improperly
discarded [3-5]. Conversely, EEE contain several noble and rare earth
elements (REEs) with industrial, technological and strategic importance
[6]. Therefore, e-waste has the potential to become an important source
of resources using methods or strategies for the recovery of specific
elements, minimizing the environmental impact and improving the
economy in several countries [7].

Computer hard disks (HDs) are a component where data are stored.
The HD is a highly complex computer component with several parts
composed of plastic, metals, printed circuit boards (PCBs) and two
types of magnets: (1) actuator and (2) spindle motor. In this study, both
magnets were analytically interrogated due to the rich and strategic
REE composition [8]. Actuator magnets move the reading arm, and
spindle motor magnets are responsible for maintaining a constant ro-
tation of the disk. These magnets are composed of a Nd-Fe-B alloy,
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which includes a large amount of REEs [8]. REE, due their electronic
configurations, have several technological characteristics, such as
magnetism, luminescence, optical, electrical and thermal properties
[9,10].

The scientific literature regarding this type of sample is notably
scarce, and only a small number of examples were found and are pre-
sented in the following. Ueberschaar and Rotter [11], for instance,
presented a sample preparation procedure for further determination of
14 analytes using inductively coupled plasma optical emission spec-
trometry (ICP OES). In the mineralization protocol, nitric acid and aqua
regia were used for the actuator and spindle motor magnets, respec-
tively, and the process was accomplished using microwave-assisted
dissolution. The authors used a concentrated acid mixture (aqua regia)
with a large amount of sample for more than 10 h, and only microwave-
assisted dissolution was tested. The whole procedure makes the sample
preparation process longer and limited to a small number of labora-
tories. In addition, the authors did not report important details re-
garding magnet characterization, such as the method's limits of detec-
tion and evaluation of its efficiency with certified reference material or
standard addition and recovery tests.

Habib et al. [8] described a method for the direct analysis of ac-
tuator magnet composition using wavelength dispersive X-ray fluores-
cence (WD XRF). The authors found approximately 30% Nd, 5% Pr, and
2% Dy, and the balance was mainly Fe. Low-concentration elements in
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the range of mg/kg were not determined.

Munchen et al. [12] published a study where a thermal demagne-
tization process was described for the magnets magnetic field elim-
ination. The samples were ground in a knife mill, and the digestion used
the 3051 A method as described by the United States Environmental
Protection Agency (US-EPA). Nd, Fe and B were determined by ICP
OES, and the Ni coating layer composition was investigated by WD
XRF. As can be noted, the scientific literature regarding this type of
important sample is limited, and a systematic investigation could shed
light on this problem, such as the effects of acid composition, the use of
different and inexpensive sample preparation instruments and the
chemical concentration of minor elements.

Currently, analytical chemistry represents an important role by
providing qualitative, quantitative, temporal and spatial results on the
chemical composition of matter [13]. Several applications have already
been published targeting polymers, printed circuit board (PCB), mobile
phone classifications, and chemometric application in this field
[14-20]. The goal of the present study is the development of a reliable
analytical procedure for the characterization of both HD magnets,
considering the principles of green chemistry and minimum sample
preparation. The results presented can help recycling companies im-
prove their HD and e-waste recovery processes. In addition, more than
50 HD samples from different countries were collected, permitting a
global chemical view of this material. The experimental part was
mainly devoted to REE determination, and Nd alone represents a
market of approximately 100 dollars/metric ton for its oxide [21].

2. Experimental
2.1. Sample collection, organization and preliminary preparation steps

In this study, 56 hard disk samples and a group of 6 actuators were
collected from old laptop and desktop computers. These samples were
manufactured in Brazil, China, Malaysia, Korea, Singapore and
Thailand from 2001 to 2014. Nine different manufacturers (M1 — M9)
were identified. The sample preparation procedure was divided into
three steps. The first step was the HD disassembly. The main HD parts
identified are presented in Fig. 1: original (a) and open (b) HD, platters
(c), magnets (d), heads (e) and logic PCB (f).

Both magnet types (Fig. 1, part d) were used in this study. The
second step was the elimination of the sample magnetic field. In this
step, the samples were heated in a furnace at 500 °C for approximately
two hours. These magnets have high resistance to demagnetization,
losing the magnetic field if they are heated above the Curie temperature
(~312°C) [12].

(d) Magnets: spindle motor

(e) Heads

(f) Logic PCB
(left), actuator (right)

Fig. 1. Computer HD sample disassembly (a and b) with the presentation of
main components: platters (c), magnets (d), heads (e) and logic PCB (f).
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Table 1
Sample characteristics (country origin and manufacturer codification, M1-M9
and unidentified) for each magnet studied: actuator (a) and spindle motor (s).

Sample Quantity of Country origin Manufacturer

identification sub-samples codification

1a® and 1s” 12 Brazil M1

2a and 2s 6 Korea and two M1
unknown

3a and 3s 13 China M2

4a and 4s 7 Brazil, Singapore M2
and Thailand

5a and 5s 7 China, Singapore M3
and Thailand

6a and 6s 5 Malaysia and M4
Thailand

7a and 7s 6 China, Singapore M5 - M9
and Thailand,

8a 6 Unidentified Unidentified

@ Magnets from the actuator.
® Magnets from the spindle motor.

The third step was sample milling. In this case, the magnets were
combined in groups from 5 to 13 individual sub-samples in order to
have sufficient volume for the milling process. The criteria used for
sample categorization was the magnet's manufacturer. Table 1 shows
the samples for each group of magnets.

The sub-samples were ground in a knife mill (IKA, A11), and the
particle size was estimated through the use of a 500-um sieve.

2.2. Reagents and sample digestion procedure

The literature is scarce in analytical procedures for HD analysis.
Therefore, some digestion tests with concentrated or diluted HNO;
(Synth, Diadema, Sao Paulo State, Brazil) were evaluated. The acid used
was purified in a sub-boiling distillation system, Distillacid™ BSB-939-
IR (Berghof, Eningen, Germany). In all experiments, 100 mg of sample
was weighed, and 10 mL of acid mixture was used. Three different
concentrations of acid were tested: 7 molL ™" (one part of acid + one
part of deionized water), 9molL ™! (two parts of acid + one part of
deionized water) and 14 molL ™! (only the concentrated nitric acid).
The digestions were performed in a microwave system (Speedwave
four, Berghof, Eningen, BW, Germany) and a digester block (Marconi,
Piracicaba, Sao Paulo State, Brazil) to compare both digestion methods.
The heating program used in the microwave is described in Table 1S in
the Supplementary material and was accomplished with three steps. For
the digester block, perfluoroalkoxy (PFA) closed tubes with an inner
volume of 50 mL (Savillex, MN, USA) were used, and the heating pro-
gram constituted two hours at 100 °C.

The final volume was made 50 mL with deionized water (Milli-Q®,
Millipore, Bedford, MA, USA), and a number of consecutive dilutions
were performed. ICP OES (Thermo Scientific, iCAP 6000) with the axial
view was used to determine Al, B, Co, Cu, Dy, Fe, Gd, Nd, Ni, Pr, Sm, Sn,
Tb and Zn. The maximum sample and standard acidity was 10% to
avoid compromising the physical integrity of the ICP OES components.
These experiments were made only for sample 3 of the actuator (3a)
magnet (see Fig. 1 and Table 1 for details).

The limits of detection (LOD) and quantification (LOQ) for both
sample preparation procedures were calculated using equations from
(1) to (4) [22].

SBr = (Istandard - Iblank)

Tblank (€9)
C
BEC = standard
SBr 2)
3 X BEC X RSD
LOD= ——MMMM
100 3)
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10 X BEC X RSD

LOQ =
Q 100

@
where

SBr is the signal-to-background ratio.

BEC is the concentration equivalent of the background.

RSD is the relative standard deviation.

The best digestion method was applied to the other samples
(Table 1). To verify the accuracy of the proposed method, standard
addition and recovery tests were performed because there are not
available certified materials or references for this type of sample. In
these experiments, known concentrations of analytes in two samples of
each magnet (1a, 3a, 1s and 3s) were added before the mineralization
process. However, as the concentrations of Fe, Nd and Pr were very
high, the addition of these elements was performed in the liquid extract
obtained after the mineralization process. The final concentrations after
standard addition were two-fold higher the net concentration of each
analyte. ICP OES instrumental parameters are shown in Table 2S in the
Supplementary material, as well as the standard concentrations for each
analyte.

For data treatment and evaluation of the results, some chemometric
strategies, such as principal component analysis (PCA) and paired t-test
for multiple samples, were used. All experiments were performed in
triplicate (n = 3).

2.3. Hyperspectral images

Direct analysis of the actuator magnets was performed using a laser-
induced breakdown spectroscopy (LIBS) instrument (Applied Spectra,
model J200, California, USA) in an area with four lines and five col-
umns (approximately 1.5 by 2.0 mm) in order to obtain a hyperspectral
image and verify the chemical composition and certain special features.
A total of 20 points were analyzed, and five pulses were performed per
point (100 spectra were obtained).

The actuator magnets have a Ni coating layer to prevent Fe oxida-
tion that might jeopardize the HD performance. Before the analysis,
part of the Ni layer was mechanically removed. In the LIBS system,
85mJ of laser pulse energy, 75 um spot size and 0.5 ps of delay time
were used. The fluence, power and irradiance were approximately
2000 mJ/cm?, 1.7 x 10’ W and 400 GW/cm?, respectively. After LIBS
data recording, the most intense Nd and Ni emission lines (11 lines)
were selected, the signal height was calculated, and the data were
normalized by the Euclidean norm and auto-scaled. All data organiza-
tion, treatment and calculations were performed in Microsoft Excel®,
MATLAB 2017b (Matworks, Natick, MA, USA) and Pirouette version 4.5
(Informetrix, Bothell, WA, USA).

Table 2
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3. Results and discussion
3.1. Actuator magnets

All samples collected and described in Table 1 were heated above
the Curie temperature to eliminate the magnetic field. After heating, the
samples were milled, and the particle size was lower than 500 um for
85% of the sample particles.

Initial tests were performed with sample 3a (actuator). Table 2
shows the results obtained by ICP OES determination for the analytes
and its standard deviations for three different concentrations of HNO3
using the microwave and digester block. There was no visual difference
among the digested solutions with three different acid concentrations;
therefore, all of the mixtures presented similar results. Fe was present at
the highest concentration (approximately 60%) in the magnet followed
by certain REEs, such as Nd, Pr and Dy. All the calculated RSD values
were below 20%, except for that of Ni, which was 35% (HNO;
14 mol L™, microwave). According to these results, it is possible to
observe a similarity between the analytical procedures.

Therefore, a paired t-test was performed to compare the solutions of
the different concentrations of HNO; and the different digestion
methods (microwave and digester block). There were no significant
differences using the 95% confidence level.

According to the previously presented results, the mineralization
procedure chosen for further sample preparation was 100 mg of sample,
10 mL of 7 mol L~ ! HNOj; (the lowest acid concentration), experiments
in triplicate and two hours of heating at 100 °C in the digester block (the
less expensive sample preparation instrument). This analytical proce-
dure was applied to the other samples (see Table 1).

The limits of detection and LOQ were also compared using both
sample preparation strategies (microwave and digester block); Table 3
shows these results, but only for HNO3; 7 mol L. ™', A paired t-test was
also performed to compare the limits obtained for all analytes si-
multaneously and between both methods. Despite the differences ob-
served for Cu, after t-test evaluation for all analytes there was no sig-
nificant difference at the 95% confidence level.

Table 4 shows the concentration range for all the elements de-
termined in the actuator (a, see details in Table 1) samples (lower and
higher value between the samples). In addition, the table shows the
element recovery for two samples (1a and 3a).

The concentrations among the different samples were in average
very similar, varying from 0.021% for Zn to 62% for Fe. All values of
RSD for all the samples and elements were below 20%. The sample 1a
recoveries varied from 87% for B to 106% for Cu, while those for
sample 3a varied from 82% for B to 105% for Cu. These recovery values

Comparison of the results (% w/w) from ICP OES after using different digestion methods (microwave oven and digester block) and acid concentrations for the

actuator magnet (sample 3a).

Elements Microwave

Digester block

HNO; 7mol L™ ! HNO; 9mol L™ ! HNO;3 14 mol L ™!

HNO3; 7mol L ™! HNO3; 9mol L ™! HNO;3 14 mol L ™!

(% m/m) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m)
Al 0.69 = 0.02 0.71 = 0.02 0.71 = 0.02 0.69 = 0.01 0.67 = 0.03 0.73 = 0.02
B 0.76 = 0.01 0.77 = 0.04 0.77 = 0.02 0.75 = 0.01 0.75 = 0.02 0.77 = 0.02
Co 0.73 = 0.01 0.72 = 0.01 0.75 = 0.03 0.70 = 0.02 0.72 = 0.02 0.74 = 0.04
Cu 0.19 = 0.01 0.17 = 0.01 0.19 = 0.03 0.21 = 0.01 0.19 = 0.01 0.20 = 0.02
Dy 1.71 = 0.08 1.74 + 0.03 1.8 £ 0.1 1.74 + 0.05 1.73 + 0.06 1.97 = 0.05
Fe 65 = 2 65 + 2 64 + 1 60 + 1 65 + 1 66 + 4
Gd 0.151 = 0.003 0.150 + 0.008 0.152 + 0.004 0.150 + 0.002 0.158 + 0.004 0.167 + 0.005
Nd 25 1 25 =1 25 =1 23.0 = 0.4 25.0 = 0.4 26 = 2
Ni 2.6 = 0.4 1.8 + 0.3 1.8 * 0.6 3.3 =05 3.1 = 0.2 2.8 = 0.4
Pr 32 0.1 3.38 = 0.01 33 0.1 3.13 = 0.08 33+ 01 35 * 0.2
Sm 0.32 = 0.01 0.31 = 0.02 0.48 = 0.03 0.30 = 0.01 0.31 = 0.01 0.31 + 0.01
Sn 0.613 = 0.005 0.61 = 0.03 0.629 + 0.008 0.58 = 0.01 0.58 = 0.02 0.60 = 0.01
Tb 0.23 = 0.03 0.20 = 0.02 0.21 = 0.01 0.19 = 0.02 0.204 = 0.003 0.18 = 0.02
Zn 0.020 = 0.002 0.017 = 0.002 0.018 + 0.003 0.024 + 0.002 0.022 + 0.001 0.024 + 0.002
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Table 3
Limits of detection and quantification (mgkg™) for both digestion methods
(microwave and digester block) for mineralization with 7 mol L! HNO;.

Elements Microwave Digester Block

LOD (mgkg™")  LOQ (mgkg') LOD (mgkg’)  LOQ (mgkg™)
Al 0.07 0.2 0.09 0.3
B 0.07 0.2 0.03 0.09
Co 0.006 0.02 0.004 0.01
Cu 0.03 0.09 0.3 1
Dy 0.002 0.007 0.002 0.008
Fe 0.02 0.06 0.05 0.2
Gd 0.02 0.05 0.02 0.05
Nd 0.02 0.07 0.02 0.06
Ni 0.002 0.007 0.007 0.02
Pr 0.01 0.03 0.008 0.03
Sm 0.03 0.1 0.03 0.1
Sn 0.2 0.6 0.06 0.2
Tb 0.002 0.005 0.003 0.008
Zn 0.02 0.06 0.09 0.3

were between the acceptable range of 80-120%, showing the efficiency
of the proposed method.

The same standard addition test was repeated for the other samples
and for some selected analytes. The recovery values varied from 89 (B)
to 134% (Cu) and more details can be observed in Table 3S.

In the case of Ni, it was not possible to calculate the recovery be-
cause this element is the main constituent of the coating layer that was
not removed before milling; therefore, the concentration values of Ni
were uneven due to the particle size and homogenization difficulties
encountered with the samples.

In this manner, the Ni behavior was studied in detail using hyper-
spectral images. An area of 1.5 by 2.0 mm was analyzed using LIBS; 20
points and 5 laser pulses per point were performed.

Fig. 2a shows the actuator magnet image and a magnification of the
ablated area (4 by 5 points). A PCA was calculated for each pulse layer;
Fig. 2b shows a score map obtained for the first principal component
(PC1) and for the second pulse. As can be noted, there is a clear dif-
ference in the surface. Fig. 2c shows the emission lines that characterize
each region (blue and yellow). The yellow part (positive score values) is
the magnet with the coating layer and is related to Ni emission lines.
The blue part (negative score values) represents the magnet without the
coating layer (related to Nd emission lines).

Table 4
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3.2. Spindle motor magnet

For this magnet, the same actuator magnet sample preparation
procedure was made. After heating and milling, the samples were
sieved, and 93% of the particles were smaller than 500 um.

The best mineralization procedure chosen (7 mol L™ 1 HNOs) for the
actuator magnet was applied to the spindle motor samples (s, see details
in Table 1). The results (concentration range and recovery of the ele-
ments) by ICP OES are shown in Table 4. These samples do not have Ni
as the coating layer; therefore, its concentration is notably low (ap-
proximately 100 mg/kg on average). The concentration varied from
0.011% for Ni to 63% for Fe. The highest element concentrations were
for Fe, followed by Nd, Pr and Co, where the remaining elements are
lower than 1% m/m. In the case of Tb, it was not possible to determine
this element in these samples, as the results were lower than the LOD
(see Table 4). The recoveries were in the acceptable range from 80% to
120%, except for Sn in the 3 s sample, which was 68%. The RSD values
for this magnet were below 20%, except for the Ni. Table 3S shows the
recovery values for the remaining samples.

Visually, the spindle motor samples were not digested completely,
remaining as a solid residue. Therefore, a more drastic acid mixture
consisting of 5mL of aqua regia (HNO3; and HCI in a 1:3 ratio) was
tested. This mineralization was made with 100 mg of sample 1s, in
triplicate, with two hours in the digester block at 100 °C. The solutions
were analyzed by ICP OES, and the results are shown in the Table 5.

According to Table 5, it can be observed that the results are very
similar between the digestions with 7 mol L™! HNO; and concentrated
aqua regia. A paired t-test was calculated, and there was no significant
difference at the 95% of confidence level. In this mineralization, the
sample was digested completely. Therefore, the solid residue observed
in the samples prepared with HNO3; did not influence the determined
elements.

3.3. Comparison between the two magnets

PCA was used for data set exploration. The data were auto-scaled,
and three factors were selected with a cumulative variance of 84%.
Fig. 3 shows simultaneous scores (red squares and blue circles) and
loadings (black squares). The scores plot shows a clear separation be-
tween both magnets, the spindle motor (blue circles) and the actuator
(red squares). Confidence ellipses with 95% of confidence level [23]
were calculated for both types of magnets, and different chemical
profiles are confirmed.

According to PC1, Sn and Ni were the elements that most char-
acterized the spindle motor and actuator magnets, respectively. The Ni

Concentration range of samples and the recovery of elements determined by ICP OES for actuator (1a — 8a) and spindle motor (1s-7s) magnets.

Elements Results for actuator (samples 1a — 8a)

Results for spindle (samples 1s-7s)

Range (% m/m) Recovery (%)

Range (% m/m) Recovery (%)

Lower Higher Overall average Sample: 1a Sample: 3a Lower Higher Overall average Sample: 1s  Sample: 3s

Al 0.392 + 0.002 0.50 * 0.01 0.44 90 84 0.099 + 0.002 0.56 * 0.02 0.28 108 102
B 0.63 = 0.05 0.710 = 0.001 0.66 87 82 0.64 = 0.02 0.75 = 0.01 0.67 96 90
Co 0.48 + 0.02 1.65 + 0.06 0.89 88 89 0.34 + 0.01 3.00 * 0.03 1.41 90 81
Cu 0.135 + 0.003 0.40 * 0.03 0.22 106 105 0.040 + 0.002 0.06 * 0.01 0.05 93 89
Dy 0.72 = 0.05 1.8 £ 0.1 1.21 99 83 0.035 + 0.001 0.045 + 0.003 0.04 97 87
Fe 50 £ 1 64 =1 62 100 102 58 + 4 68 =1 63 109 104
Gd 0.090 + 0.008 0.106 * 0.004 0.10 92 81 0.076 + 0.001 0.112 * 0.004 0.10 93 88
Nd 24 £ 1 26.00 = 0.05 25 99 99 16 £ 1 24 =1 21 108 102
Ni 1.37 + 0.05 3.3 + 03 2.12 - - 0.0054 += 0.0003 0.016 + 0.003 0.011 103 99
Pr 22 £ 0.1 39 * 0.1 31 93 95 0.464 + 0.004 4.0 £ 0.2 2.3 117 117
Sm 0.31 * 0.01 0.376 * 0.001 0.34 96 85 0.29 * 0.01 0.339 * 0.005 0.31 95 91
Sn 0.059 = 0.001 0.102 = 0.003 0.09 93 91 0.28 = 0.01 0.44 = 0.01 0.38 82 68
Tb 0.0182 + 0.0004 0.53 + 0.03 0.24 104 85 < LOD < LOD - - -

Zn 0.018 + 0.001 0.026 + 0.003 0.021 89 95 0.0073 £ 0.0001 0.0187 + 0.0002 0.012 99 96
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Ablated area
(1.5 x 2.0 mm)

0.4

Nd 1410.946
Nd 1 415.608
Nd 1430.358
Nd | 482.548
Nd | 485.903
Nd | 524.959
]
]
I

Ni1310.155

Ni | 341.476
Ni | 352.454

Loading values for PC1 (96%), pulse 2
Ni 1 356.637
Ni 1 361.939

-0.4 T T T T T T T T T T

Fig. 2. Image of actuator magnet analyzed by LIBS (a), score map (b) and loadings plot (c). For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.

Table 5
Comparison between the digestion procedures with 7 mol L.~* HNO3 and con-
centrated aqua regia for sample 1 of the spindle motor magnets (1 s).

Elements Nitric acid (% m/m) Aqua regia (% m/m)
Al 0.24 + 0.01 0.333 + 0.005
B 0.65 = 0.01 0.65 + 0.01

Co 0.94 + 0.02 0.98 + 0.02

Cu 0.041 + 0.001 0.041 + 0.001
Dy 0.035 + 0.001 0.0361 = 0.0003
Fe 64 + 2 66.0 + 0.4

Gd 0.099 + 0.003 0.102 + 0.001
Nd 22 £ 1 22.0 = 0.2

Ni 0.0059 + 0.0004 0.0081 = 0.0002
Pr 2.13 + 0.05 2.23 + 0.02

Sm 0.30 = 0.01 0.334 + 0.002
Sn 0.39 = 0.01 0.506 + 0.001
Zn 0.0102 + 0.0001 0.015 + 0.002

behavior is explained by the coating layer of the actuator magnet (see
details in Fig. 2). Ni is not present in the spindle motor magnet due to
other manufacturing methods. Sn is added to both magnets in small
concentrations.

There is no difference in the principle of converting electrical en-
ergy into motion through the magnetic field between both the magnets,
but in the spindle motor, the motion is rotary, and the actuator motion
is from side to side. However, there is a difference in the manufacturing
method [24].

The spindle motor magnets are bonded by polymers, mixing the Nd-
Fe-B powder with a special binder and allowing the magnets to be
pressed easily and precisely to a final shape, which are considered
isotropic compounds. This property justifies why this sample did not
digest completely with 7molL~' HNO,. Actuator magnets, which
employ anisotropic sintered Nd-Fe-B permanent magnets, are produced
without a binder and are easier to mineralize when compared with that
of spindle magnets [24].

Certain REEs and other alloying elements are added to the magnets

209
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Fig. 3. Scores and loadings (black squares) of the two magnet element con-
centrations: actuator (red squares) and motor magnets (blue squares), and its
respective confidence ellipses. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.).

to improve physical properties. The addition of Co can increase the
Curie temperature, substituting some of the Fe present. Dy can improve
the stability at high temperatures and prevent demagnetization, but it
does not raise the Curie temperature of the magnets. Other applications
are the substitution of a small amount of Nd by Pr to reduce the
manufacturing cost. However, a substitution with more than 20-25%
can compromise the performance of the magnet [24].

4. Conclusions

In this study, it was possible to develop an analytical procedure to
characterize both the actuator and spindle motor magnets from hard
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disks by prioritizing the principle of green chemistry using simpler
methods and employing diluted acid. Several acid mixtures were ex-
amined, and the best results were obtained with 7 mol L~! HNO;.

After characterization, the strategic elements can be extracted in the
recycling process, thereby minimizing the environmental impact, and
can be reused to make new computers and telecommunication tools,
batteries for electric cars, flat-screen TVs and other products. In addi-
tion, the recycling represents a necessary and economically viable al-
ternative in view of the reduction in available conventional mining
areas worldwide.
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Table 1S. Microwave heating program used for sample preparation.

Steps Temperature Pressure Ramp Hold time Maximum
(°C) (bar) (min) (min) power (%)*
1 120 30 5 5 60
2 150 30 5 2 70
3 200 30 5 15 80

* The instrument maximum nominal power is 2000 W.
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Table 2S. Instrumental parameters of ICP OES, and emission lines
used for analytes determination.

Instrumental Parameters Operation conditions

Power applied by RF (W) 1150
Nebulizer gas flow rate (L/min) 0.70
Auxiliary gas flow rate (L/min) 0.5

Argon gas flow rate (L/min) 12

R 15 for low and 5 for high
Integration time / s .
emission lines
Replicates number 3

Standards concentration

Analytes ranges (mg/L) Emission Lines (nm)
Actuator Spindle motor

Al 1to 70 1to 50 396.152
B 1to 70 1to 50 249.678
Co 1to 70 1to 50 230.786
Cu 1to 70 0.1to 2.5 327.396
Dy 1to 70 0.1t0 2.5 353.170
Fe 1to 70 1to 65 259.940
Gd 1to 70 1to 50 335.047
Nd 1to 70 1to 50 378.425
Ni 1to 70 0.1to 2.5 231.604
Pr 1to 70 1to 65 414.311
Sm 1to 70 1to 50 330.639
Sn 1to 70 1to 50 226.891
Tb 1to 70 0.1t0 2.5 350.917
Zn 0.1to5 0.1t0 2.5 213.856
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Table 3S. Addition and recovery test range results obtained for
selected analytes in the HD magnet samples

Selected Recovery range values (%) obtained Aveorage
analytes for all samples tested (%)
B 89 — 102 96
Co 91 -110 08
Cu 88 — 134 109
Dy 97 - 118 105
Fe 95 — 101 08
Gd 98 — 116 108
Nd 94 — 100 97
Pr 91 - 106 08

Zn 97 — 126 112




2.2. Chemical exploratory analysis of printed
circuit board (PCB) using inductively
coupled plasma optical emission
spectrometry (ICP OES): data treatment and
elements correlation
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ABSTRACT

Electronic waste is the fastest growing class of residue in the world. This materi-
al presents several electric and electronic equipment (EEE) with a huge amount of
base, valuable and toxic elements, thus increasing its recycling interest. This study
is aimed to perform an exploratory analysis of printed circuit board (PCB) using In-
ductively coupled plasma optical emission spectrometry (ICP OES). A PCB from hard
disk (HD) was split in 77 sub-samples using a lathe following by mineralization pro-
cess. This step was conducted without milling process. So, the sub-samples were
weighted and mixed with concentrated aqua regia solution, followed by mineraliza-
tion using microwave oven radiation. Twenty elements were determined by ICP OES
(Al, Au, Ba, Ca, Co, Cr, Cu, Fe, Mg, Mn, Nd, Ni, Pb, Pd, Pt, Sb, Sn, Ti and Zn), and Flame
atomic absorption spectrometry - FAAS (Ag). With the concentration results, several
graphical analyzes were performed: (1) scores map and loading plot; (2) correlation
plot and; (3) PCB element distribution maps. With this exploratory analysis, it was
possible visualize and understand the data, observing correlations among the ele-
ments, how close these correlations are and how is this correlation around the PCB
components. This strategy was a good way to observe the PCB complexity and the

1. INTRODUCTION

Nowadays, around 60 different chemicals elements are
found in electrical and electronic equipment (EEE), mak-
ing this type of material a powerful economic and tech-
nological source. While the lifespan of these equipment
is decreasing over the years due to the fast-technological
development, the amount of electronic waste (e-waste) in-
creases (Baldé et al., 2017; Andrade et al., 2019a; Costa et
al., 2018).

The composition of e-waste contains precious metals,
valuable bulky materials, rare earth elements (REE), haz-
ardous and scarce metals, being extremely important to
recycle these obsolete materials. Initiatives related to re-
cycling avoid health and environmental risks, minimizing
impacts caused by primary metal extraction, being also a
strategic commercial sector (Zhang et al., 2017; Bookha-
gen et al., 2018). Therefore, the e-waste should be consid-
ered a source of valuable resources, and not a common
waste (Cucchiella et al., 2015).

Printed circuit board (PCB) is one type of e-waste, which

importance of recycling these materials.

is found in almost all EEE. It consists of a board composed
of layers of polymers and fibrous materials, such as, glass
fiber. Conductive lines are printed and, electronic com-
ponents (transistors, capacitors, integrated circuits) are
mounted on the board (Yamane et al., 2011; Cayumil et al.,
2018). There are many elements on the PCB, increasing its
complexity and heterogeneity, even so, the interest to recy-
cle this type of material increase over the years (Yamane et
al., 2011; Cayumil et al., 2018).

It is necessary several steps to recycle this material:
pre-treatment (manual disassembling); processing (com-
minution, granulometric classification, magnetic and elec-
trostatic separation); concentration (pyro and hydromet-
allurgical processing); recovery and purification (solvent
extraction, precipitation/cementation) (Silvas et al., 2015).
In the literature, there are some studies that show sever-
al recycling routes (Cui & Zhang, 2008; Huang et al., 20009;
Park & Fray, 2009; Rao et al., 2020).

In the study proposed by Dervisevic et at., 2013, the
quantitative analysis of the PCBs (individual components
and complete PCB) from computer and mobile phones
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were performed using inductively coupled plasma optical
emission spectrometry (ICP OES) and x-ray fluorescence
(XRF). Besides that, structure and chemical composition,
phase transformations and microstructural analysis were
performed. In addition, a recycling procedure was pro-
posed observing the effect of the extraction in different
parts of PCB before the melting process. The authors sug-
gested also new materials that can replace the harmful
ones, as an example, Ga-Sb-Zn as a good lead-free solder
material.

Tanvar et al., 2020, evaluate hard disk drive (HDD) as a
source of Cu and REE and, performed physical separation
in a customized water fluidization classifier for Cu recovery
from PCB. The extraction of REE elements from the mag-
net were performed using microwave exposure-leaching
and precipitation route. Another study was performed by
Moosakazemi et al., 2020, where the authors proposed a
cementation process using waste Al-based heat sinks as
cementing agent to precipitate Sn and Pb from the dis-
solution of PCBs in HCI. EI-Nasr et al., 2020, used a leach
solution (ammonia salt leaching process) for PCB from old
computers to prepare Cu nanoparticle using an ecofriend-
ly and low-cost method with L-ascorbic acid as reductant
and stabilizer. Mesquita et al., 2018, described a chemical
characterization of connector pins from PCB of computers
using Scanning Electron Microscopy — Energy Dispersive
Spectroscopy (SEM-EDS) and ICP OES. The authors con-
cluded that, due to leaching procedure of the mixed sam-
ple without grinding, the operating costs were reduced and
metals recovery were maximized.

Andrade et al., 2019b, prepared a reference material
for inorganic constituents on PCB samples. They evaluat-
ed different acid mixtures for leaching procedure. Diluted
aqua regia presented the best performance using micro-
wave radiation and ICP OES for determination of several
elements. Instrumental neutron activation analysis (INAA)
was used to compare the results obtained. After that, sev-
eral characterizations were performed according to ISO
Guides 30-35, such as homogeneity, stability (short and
long) and chemical characterization of the reference mate-
rial (Andrade et al., 2019c).

An important aspect in all studies is the characteri-
zation of the material and, one of the most used instru-
mental analytical techniques is ICP OES (Castro & Perei-
ra-Filho, 2018). This technique is already well established,
with many advantages such as multielement determina-
tion, accurate and precise determinations and, low limits
of detection (LODs), being necessary dissolution of the
solid samples. In this study, ICP OES was used to analyze
a PCB from HDD. The goal was dedicated to exploratory

analysis using correlation plot, PCB element distribution
maps and, scores maps and loading plot using the con-
centrations acquired from ICP OES. The images help to
interpret and correlate the different elements on the PCB,
characterizing this material and collaborating with urban
mining.

2. MATERIAL AND METHODS

2.1 Sample preparation, digestion procedure and
ICP OES analysis

A PCB from HDD was chosen to perform this study.
This PCB was mechanically fragmented in 77 square-
shaped sub-samples (11 rows and 7 columns) with the
help of a lathe. The size of each fragment was around 1 by
1 cm. To avoid intense sample preparation procedures, the
fragments were not crushed and milled, but entirely used.
Therefore, it was not possible to obtain replicates due to
heterogeneity of the sample. Even for a single manufactur-
er, PCB'’s are not exactly the same in composition.

The fragments’ weight ranged from 0.41 to 1.63 g, and
were separated according to their weights to further miner-
alization, which was performed using a microwave system
(Speedwave four, Berghof, Eningen, BW, Germany). Seven
mL of concentrated aqua regia (HNO, and HCl in a 1:3 ra-
tio) was used as acid mixture. The acids used were previ-
ously purified in a sub-boiling distillation system. Table 1
shows the heating program used in the microwave for DAK
100 tube, that allows up to 100 mL of volume.

After the mineralization, the final solutions volume was
completed until 20 mL with deionized water (Milli-Q®, Mil-
lipore, Bedford, MA, USA). Consecutive dilutions were per-
formed to ensure that the solutions would be fit for max-
imum allowed for dissolved solids and acidity. ICP OES
(Thermo Scientific, iCAP 7000) was used to determine Al,
Au, Ba, Ca, Co, Cr, Cu, Fe, Mg, Mn, Nd, Ni, Pb, Pd, Pt, Sb,
Sn, Ti and Zn. The determinations were performed in axial
mode, except for Ba and Ca, that were determined in radial
mode, due to high concentration of these elements on the
sub-samples. Table 2 shows the ICP OES instrumental pa-
rameters.

For Ag, Flame Atomic Absorption Spectrometry (FAAS)
was used. The FAAS instrument (Varian AA240FS, Mul-
grave, Australia) performed the determinations with a hol-
low cathode lamp of Ag. The spectrometer parameters
used were wavelength of 328.1 nm, lamp current of 3 mA
(75% of the manufacturer’s recommendation), spectral res-
olution of 0.5 nm in absorbance measurement mode. The
flame type was Air-C,H, with a flow of 1.3 L min".

Limits of detection and quantification were calculated

TABLE 1: Microwave heating program used for fragments’ mineralization.

Percentage of maximum

Steps Temperature (°C) Ramp time (min) Hold time (min) pressure* used (%)
1 120 5 5 60
2 150 5 2 70
3 200 5 15 80

* The maximum pressure is 30 bar
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TABLE 2: Instrumental parameters for ICP OES determinations.

Instrumental Parameters Operation conditions

Power applied by RF (W) 1150
Nebulizer gas flow rate (L/min) : 0.70
Auxiliary gas flow rate (L/min) 0.5

Argon gas flow rate (L/min) 12
Integration time / s 15 for low and 5 for high emission lines .
Analytes Emission Lines (nm) .
Al 1308.215
Au 1267.595
Ba 11493.41
Ca 1422.673
Co 11228.616
Cr 11284.325
Cu 1327.396
Fe 11239.562
Mg 11280.27
Mn 11260.569
Nd 11401.225
Ni 11231.604
Pb 11220.353
Pd 1340.458
Pt 11203.646
Sb 1217.581
Sn 1283.999
Ti 11338.376
Zn 1213.856

according to Equation 1 and 2:
3xsdpiank

LoD = sensitivity (1)
_ 10xsdpiank

LOQ - sensitivity (2)

Where sd,, ., is the standard deviation of blank solutions

signals.

2.2 Exploratory analysis

With the concentrations obtained by ICP OES determi-
nation, PCB element distribution maps, scores maps and
loading plot, besides correlation plots were performed in
order to visualize and interpret the data. For the scores and
loading, the data were auto-scaled and the images were
constructed according to the results from Principal Com-
ponent Analysis (PCA). For correlation plot, the values were
calculated with Pearson correlation. More details about
these plots are written in the section “Results and Discus-
sion”. All data organization, treatment, calculation, and fig-
ures preparation were made in MATLAB 2017b (Matworks,
Natick, MA, USA.

3. RESULTS AND DISCUSSION
3.1 Concentration values acquired by ICP OES

A PCB from HDD was studied and, in this case, the
goal was to verify the distribution of the elements on the

board without milling process. The main advantages are
minimum sample preparation and maximum recovery of
the elements, since each small fragment is analyzed in-
dividually. On the other hand, for some fragments the re-
sulting mineralized solution was not entirely free of solid
residues. These samples contain a lot of polymers and
silicon.

Table 3 presents the concentration values obtained by
ICP OES for Al, Au, Ba, Ca, Co, Cr, Fe, Mg, Mn, Nd, Ni, Pb, Pd,
Pt, Sn, Ti and Zn. For Ag, the results were obtained using
FAAS. LOD and LOQ are also showed in Table 3. The PCB
was split in 77 sub-samples, which were named according
to the position of them on the board. For example, row 1
and column 1 is the first sub-sample. There are 11 rows
and 7 columns. The concentration values are in a range
from the minimum to maximum of each row among the 7
columns. In the case of Ag, concentration obtained in the
row 1 (R: 1) and the 7 columns (C: 1 to 7) ranged from 201
to 415 mg kg (see Table 3).

The most abundant element on the PCB is Cu with
maximum concentration around 30% m m™ in row 11 and
column 3 (see Table 3, concentration value of 299482 mg
kg"), followed by Fe (~ 11% m m™, row 7, column 3), Sn (~
8% m m™, row 11, column 3), Ca (~ 7% m m", row 8, col-
umn 6) and Pb (~ 4% m m™, row 11, column 2). Among the
precious or noble metals, Pd is the most abundant on the
PCB with 0.31% m m™ in row 3 and column 2, followed by
Au (0.15% m m™, row 10, column 3), Pt (0.11% m m™, row 7,
column 3) and Ag (0.07% m m”, row 9, column 6).

Harmful elements, as Cr and Pb, were determined on
the PCB with low concentration for Cr (maximum of 43
mg kg™). On the other hand, high concentrations for Pb
were determined (from 0.16 to 4% m m™), which is pres-
ent on the solder material. Neodymium, a REE, was also
determined with high concentrations for some fragments
(0.90% m m™ for row 3 and column 4). Therefore, it can
be observed huge variability of different elements that are
present on a PCB from HDD.

3.2 Exploratory analysis using different tools

As described in the last section and Table 3, the results
obtained for a single PCB are chemically rich, but how these
elements are correlated? Is it possible to identify a group of
elements that can be recycled together? These questions
will be clarified in this section. For better visualization of
the data, several images were built. The scores map and
loading plot are based on PCA, as mentioned before, that
describe the original dataset, simplifying and reducing the
number of variables without losing information (Speranga
et al,, 2017; Carvalho et al.,, 2015; Santos et al., 2018). The
data were organized in a matrix with 77 samples (sub-sam-
ples) and 21 variables (elements concentration) and, this
dataset was auto-scaled to give the same importance to
all variables. The dataset is represented in a new space
with principal components (PC’s). In this case, 21 variables
or dimensions (elements concentration) were reduced to
2 new variables with 20% and 18% of explained variance
for PC1 and PC2, respectively. Figure 1 shows the original
PCB before the lathe process (split in 77 sub-samples with
11 rows and 7 columns), the scores and loadings for PC1

J.P. Castro et al. / DETRITUS / Volume 13 - 2020 / pages 131-139
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FIGURE 1: Scores map and loading plot of the PCB with decomposition in two principal components (PC1 and PC2).

and PC2. The scores represent the sub-samples and, the
loadings the variables.

In this case, the red and blue colors are correlated with
positive and negative loadings, respectively. According to
PC1, the red spots (scores PC1) are more correlated with
Au and Sb (loading PC1), and the blue spots with Mg, Cr, Ca
and Al. For PC2, the red spot (scores PC2) is more correlat-
ed with Fe, Pt, Co and Ni (loading PC2), and the blue spots
with Ti, Pd and Ba.

Another way to visualize this data is with the correlation
plot that is shown in Figure 2. This plot is based on Pearson
correlation, that shows how close two variables are to ob-
taining a linear relationship. The correlation value (R) range
from -1 to 1 and this number refers: (1) correlations close
to 1, that means a positive correlation where the variables
change in the same direction; (2) null correlation (close to
0), none relationship between variables; (3) correlations
close to -1, that means negative correlation where the vari-
ables change in an opposite way. The red spots have a pos-

itive correlation (close to 1), while the blue spots negative
correlation (see the color bar for better interpretation).

Ca, Al and Mg, for instance, have a correlation close to
1 (maximum), and these three elements are correlated with
Cr in a range of 0.8. Figure 3 shows the individual distri-
bution on the PCB of these four elements using the con-
centrations acquired from ICP OES. The plots were made
using the function “imagesc” from MATLAB. With Figure 3,
it is possible to observe that Ca, Al and Mg have the same
profile, with high concentration on the same sub-samples
(rows 1 and 2 with columns 2 and 3, for example). And low
concentration (blue spots) for sub-samples on the rows 5
and 6 with columns 5, 6 and 7 (also similar for Cr). The
correlation of these three elements with Cr is not so high
because just in some fragments the profile of Cr is similar
with Ca, Al and Mg (row 1 with columns 2 and 3, for exam-
ple). Ca, Al and Mg are present in the glass fiber used on
the PCB. This material is composed of SiO, with the high-
est concentration, followed by Ca0, and ALO,. MgO is also
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FIGURE 2: Correlation plot for all elements determined by ICP OES.

in the composition but with a lower concentration than Ca
and Al (Sanapala, 2008), and this can be also observed in
Figure 3 (see the color bar with the concentration values).

Other elements that have correlation close to 1 are Sn
and Pb (Figure 2), which are on the solder material used to
assemble the components on the PCB. The lead-based sol-
ders are banned in European Union, but in some regions are
still used due to physic-chemical properties, high degree of
“wetting” and the cost of Pb. Sn-Ag-Cu (Sanapala, 2008)
and Ga-Sb-Zn (Dervisevic et al., 2013) alloys can be used
as free-lead solder material, being the Sn-Ag-Cu alloy more
used than Ga-Sb-Zn alloy. Figure 4 shows the individual dis-
tribution of Pb and Sn on the PCB and can be observed the
same behavior for both elements, mainly concentrated on
the row 11. Sn concentration is much higher than Pb con-
centration, which can be also found in anticorrosive coat-
ings of other metals.

According to PC2 loading plot (Figure 1), Ba, Ti and Pd
are correlated and observing Figure 2, this correlation is
around 0.8. On the other hand, it is more about Ba/Ti and

Distribution for Ca %10 Distribution for Al *10

Rows

12 3 4 5 6 7 1 2 3 4 5 6 7
Columns Columns

Ba/Pd. The relationship between Ba and Ti may be due to
the barium titanate present on the ceramic material as die-
lectric in capacitors. Figure 5 shows the individual distribu-
tion of Ba, Ti and Pd. It can be observed the similar profile
between Ba and Ti. But, for Ba and Pd, it can be considered
an indirect correlation, where on row 3 and columns 1, 2
and 4, there are high concentration of Ba and Pd. The plati-
num group elements are used as coatings in switches and
Sensors.

Elements as Pt, Fe, Co and Ni appear correlated in PC2
loading plot (Figure 1) with Zn being also in the same plot
quadrant. The correlation plot (Figure 2) contain Pt with Fe
in a correlation close to 1, Co/Ni with Fe and Co/Ni with
Pt in a correlation close to 0.8, but for Zn the correlation
decrease around 0.6. Figure 6 shows the individual distri-
bution for these elements. They have a similar behavior,
mainly on the row 7 and columns 3 and 4. These elements
can be found in some components on PCB, Fe in magnet-
ic components and Ni in conductive films in resistors, for
example.

A last correlation in the PC1 loading plot (Figure 1) is
for Au and Sb with a value around 0.6 (Figure 2, correla-
tion plot). Figure 7 shows the individual distribution on the
PCB. The profile is a little bit similar with high concentra-
tion on row 10 and column 3, for example. Gold is used as
coating of connection pins of micro-chips and in integrated
circuits. Antimony can be used in soldering, Cu plating or
connect to it on the connecting pins, as a semiconductor
dopant, in addition, as additive of flame retardant polymer-
ic composites.

There are other elements in Figure 2, but with low corre-
lations with each other. For example, Cu is the most abun-
dant element on the PCB and, in Figure 2 appears with low
correlation with other elements. Cu is used on printed cir-
cuit tracks and in the connecting pins, in addition, it is also
used in some electronic components.

4. CONCLUSIONS
The possibility of sample preparation without gridding
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FIGURE 3: Distribution of Ca, Al, Mg and Cr on the PCB with individual concentration acquired by ICP OES.

136

J.P. Castro et al. / DETRITUS / Volume 13 - 2020 / pages 131-139

27



Rows

Rows

Distribution for Sn

Columns

x10*

~
Rows

ra

1

Distribution for Pb

>3 & 5 6
Columns

7

=10*

S

7

[

FIGURE 4: Distribution of Sn and Pb on the PCB with individual concentration acquired by ICP OES.

Distribution for Ba

Rows
@

@

2 3 4 5 @6
Columns

%IH
4

x10°

05

Distribution for Ti

Rows

1 23 4 &5 &
Columns

7

2500

2000

wn

1500

Rows
=S

&

1000

@

w

Distribution for Pd

! .
2
2500
3 .
4
2000
1500
1000
500 500
10
1
0 0
1 2 3 4 & 6T

Columns

FIGURE 5: Distribution of Ba, Ti and Pd on the PCB with individual concentration acquired by ICP OES.

Distribution for Co

Rows

2 3 4 B 6 7
Columns

Distribution for Ni

1 2

3 4

16000

14000

12000

10000

Rows

8000

2000

5 6 7

Columns

Distribution for Fe

Columns

)

- o @ ~
Rows

w

[

Distribution for Pt

1000
900
800
700
600
500
400
300
200
100
o
1 2 34 5 6 7

Columns

FIGURE 6: Distribution of Co, Ni, Fe and Pt on the PCB with individual concentration acquired by ICP OES.

J.P. Castro et al. / DETRITUS / Volume 13 - 2020 / pages 131-139

137

28



Distribution for Au

1400

1200

1000

Rows

200

2 3 X K A T
Columns

Distribution for Sb

3500

4 2000

Rows

1000

1 2.2 4 & 6 7
Columns

FIGURE 7: Distribution of Au and Sb on the PCB with individual concentration acquired by ICP OE.

process may avoid material loss, improving the detectabili-
ty, and figures of merit of the proposed method. In addition,
the use of several images contributed to better interpreta-
tion of ICP OES results. Each figure complements the other,
while scores map and loading plot show the main correla-
tion among elements, correlation plot presents how closely
correlated these elements are and, individual distribution
shows how is this correlation around the PCB components.
Therefore, it is a promising way to visualize and interpret
the data, contributing to urban mining and recycling.
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3. Alternative calibration methods for direct solid analysis techniques

In this chapter, two studies approaching the analysis of high-performance
magnet are shown employing two techniques: LIBS and WD XRF. In both studies,
some calibration strategies were proposed to overcome the problems with matrix
effect due to direct analysis of solids. A brief description about this topic are

presented in the next pages.

3.1. Direct analysis of solids

There are several steps to achieve a final result in a chemical analysis,
such as, material collect; pretreatment (washing, drying, milling, sifting,
polishing); sampling; weighing; sample treatment (digestion, dissolution,
lixiviation, fusion); separation (interferents — analyte) and preconcentration in
some cases; calibration and, final result. Due to several steps, the possibility of
contamination is huge, so, the elimination of some steps is advantageous.
Besides eliminate contamination possibility, direct analysis of solids is much
faster than traditional analysis [41-44].

With direct analysis of solids is necessary the collect of material,
pretreatment (normally, milling), sampling and weighing to perform pellets, for
example, which means, several advantages: higher analytical frequency, lower
reagent consumption (sample treatment is excused), lower residue generation,
lower risk of contamination, lower risk of analyte losses, higher detectability (there
is no dilution) and microanalytic characteristic [41-44].

On the other hand, quantitative analysis presents challenges. Due to the
possibility of generating chemical information through small masses, the
sample’s representativeness needs to be adequate with reduced sample particle
size to obtain a homogeneity and minimize matrix effect, obtaining an efficient

atomization with a good precision [41-44].

3.2. Calibration methods

In the literature is common to find many studies using the traditional
approaches for univariate models, such as, external calibration (EC), matrix-
matching (MMC), internal standardization (IS) and standard addition (SA) [45].
For direct analysis of solids, the MMC is the most used due to its characteristics
to minimize the matrix effect, where it is possible using a set of samples with

reference values or certified reference material (CRM) or solid standards with the

32



interference as standards being similar with sample matrix. On the other hand,
as disadvantages, it is necessary a huge dataset if use samples as standards,
few CRMs are available with appropriate mass in a microanalytic analysis and
the necessity to know the matrix with all interferents to make a solid standard [45].

Therefore, the search for alternative models is increasing and new
proposals are emerging. Multi-energy calibration (MEC) is a recent strategy
proposed by Virgilio et al. [46]. It is a simple matrix-matching procedure that uses
two solid standards of calibration (two pellets): (1) a portion of sample and
standard; and (2) a portion of sample and blank. The proportions sample:standard
and sample:blank need to be constant to overcome the strong matrix effects. The
blank is a diluent that can be a salt or binder, for example. And the standard used
can be a CRM or sample with reference values of the interest analytes. Normally,
calibration curve is built fixing the energy (E, wavelength), varying the
concentration (C) and adopting | (instrumental response) as dependent variable.
But, in this case, the C is fixed and the E is varied (analytical signals obtained in
several wavelength). Therefore, the calibration is performed by analysis of each
pellet, where multiple analytical signals from the same element are acquired in
several wavelengths. Relationships can be considered and are showed in Eq. 1
and 2:

[SAHED = (csam 4 ¢5t) Eq. 1
159 = m(csem) Eq. 2

Where the 159D and 185%™ are the instrumental responses for the
pellet with sample + standard and, for the pellet with sample + blank, respectively,
m is the proportionality constant, Csa™ is the analyte concentration in the sample
and CsY s the analyte concentration in the standard. With the same matrix
(sample amount constant in both pellets) and same experimental conditions, the

Eg. 1 and 2 may be combined as showed in Eq. 3 and, rearranged in Eq. 4:

I(sam) I(sam+std)
Al — A
csam ~ csamycstd

Eq. 3

(sam) _ ;(sam+std) csam
Ly; =1y X [—] Eqg. 4

csamcstd
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Igam“td) on the x-

The linear curve is built plotting Iz(fam) on the y-axis vs.

axis with several instrument responses in different wavelengths, so, the slope will
be (Eqg. 5):

Slopez[ ¢ ]

csamgcstd

Eq. 5

As Cs js known, the analyte concentration in the sample is found by Eq.

Slope xcStd
csam = 222 _ Eq. 6
(1-Slope)

Virgilio et al. proposed this strategy for microwave-induced plasma optical
emission spectrometry (MIP OES), ICP OES and high-resolution continuum
source flame atomic absorption spectrometry (HR-CS FAAS) in different matrices
[46]. For LIBS, the first approach using MEC was made by Babos et al. [47],
where the authors determined Ca, Cu, Fe, Mn and Zn in solid samples of cattle
mineral supplements with satisfactory results. There are also applications for
brick clay and sediment [48], liquid crystal displays (LCD) [49], dietary
supplements [50], and nickeliferous ores [51].

One-point gravimetric standard addition (OP GSA) is another alternative
strategy proposed by Babos et al. [52], in which is based on SA calibration with
only one standard addition, increasing the analytical frequency and decreasing
the amount of sample used. Two standards are used like MEC: one with sample
+ standard and, the other one with sample + blank. In addition, masses are
considered, instead of volumes being more appropriate for direct analysis of
solids. The calibration curve is built with two points, where Xaxis and Yaxis are

showed in Eq.7 and 8, respectively:

_ mgsCs+mpCp
Xaxis = m Eq- 7
X
_ Mmytmg
Yaxis = My S Eq- 8

Where the ms is the standard mass, Cs is the standard concentration
(known), mp is the diluent mass, Cb is the concentration of the analyte in the
diluent, mx is the sample mass, S is the analytical signal. The concentration of

the analyte in the diluent is O, so the term mpCp is neglected in Eq. 7. In Xaxis has
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the standard concentration added, being O for the pellet with sample + blank. In
yaxis IS the analytical signal referring to one wavelength multiplied by the masses
of pellet with sample + standard or sample + blank. The concentration of the
interest analyte in the sample (Cx) is calculated by extrapolation of calibration
curve (Eq. 9):

__ Intercept

Cy = Eq. 9

Slope

In addition, for being a model with two points, it is necessary calculate the
F-test to confirm the significance of the models.

The characteristics of MEC and OP GSA are similar because both present
the same sample preparation being a crucial factor to obtain a good final result
due to the homogeneity of the mixtures [45]. With MEC is possible to observe
spectral interferences and remove them from the model. In addition, both models
present an excellent matrix-matching procedure using only two standards for
each sample. On the other hand, the selection of appropriate blank and standard
can be a challenge [45].

The two-point calibration transfer (TP CT) was a strategy proposed in this
thesis, where the general idea is based on the amount of sample influenced by
the plasma. This strategy is derived by the Slope ratio calibration (SRC) [53] with
one difference: the TP CT uses only two points to build the linear model instead
of several points as shown in Nunes et al. [53]. With well-established
experimental conditions, the emission intensity (1) is directly proportional to the
ablated mass of the analyte (m) showed in Eq. 10, being also proportional to the
number of pulses (Np) collected as Eq. 11. Therefore, the | is proportional to the
Np, as Eq.12:

I = kim Eq.10
m = k,Np Eq.11
I =KNp K =kikyk, Eq.12

The linear model is built plotting the intensity related to emission line of the
interest analyte in yaxis as a function of the number of laser pulses in Xaxis. It is
made two linear models: for an unknown sample and, a sample considered

standard. This standard sample can be a CRM or a sample with reference values.
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Using the Csw (analyte concentration in the standard) and, both slopes of the two

linear models, the Csample is Obtained with Eq. 13:

Slopesample

Slopestandard

Csample - X Cstd Eq-13

As mentioned before, the model is built with two points that refer to two
sets of laser pulses. It is important that the second set is bigger than the first and,
the intensity in yaxis is related to the sum of the both sets of laser pulses. As the
model has two points, the F-test is calculated to verify the significance, as
mentioned for OP GSA.

As advantages, the sample preparation and data treatment are simple.
But, to choose a standard is a difficult task. In order to obtain a good accuracy,
the concentrations of the interest analyte in the unknown and the standard
samples must be similar [45]. This strategy was also applied for cocoa beans
[54], waste PCB [55] and recycled polypropylene from car batteries [56].

There is also the multivariate analysis that is the study of several variables
measured in a number of samples, appointed by first-order calibration. Some
advantages over univariate approach are noted: multiple responses improve the
precision and reduce noise; if all variation source (interferent and analyte) is
present in calibration model and both signals are different, this model will be able
to handle the interferents; and many parameters are calculated where it is
possible to understand, investigate and improve the model [57]. Multiple Linear
Regression (MLR), Principal Component Regression (PCR), Partial Least Square
(PLS) and Artificial Neural Networks (ANN) are the most common multivariate
approaches. In this chapter, MLR and PLS were studied.

MLR assumes that the concentration is an absorbance function (Eq. 14)
and the regression coefficient can be calculated by Eq. 15:

y=Xb+e Eq.14
b=(XX)"Xy Eq.15

Where y is the vector containing the predicted concentration, X is the data
matrix, b is the vector with the coefficients of the model, e is the vector with
residue and y is the vector with the real concentration. All the calculations are
evaluated by Anova Table. In this model, it is necessary more samples than

variables and, the variables need to have low correlation each other [58,59].
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Some studies are found in the literature with LIBS and MLR for Ti quantification
in sunscreen [60], Pb quantification in tea leaves [61] and total carbon
concentration in soil [62].

In PLS approach, a subspace is generated by latent variables (LV), which
are linear combinations of original data, with information from data of matrix X
(Eqg. 16) and property of interest y (Eq. 17) [58,59,63]. The main goal is the
correlation between X and y maximizing the covariance between the scores T
and U, as Eq. 18:

X=TP +E Eq. 16
y=UQ +e Eq. 17
U=RT Eq.18

Where T and U are the scores for X and y, respectively, P and Q are the
loadings for X and y, respectively. Some algorithms are used for calculations,
such as, Nonlinear Iterative Partial Least Squares (NIPALS):

- Calculate weights (W) from U random;
- Scores of X (T) from W;

- Loadings of y (Q) considering T;

- Scores of y (U) with Q;

- Loadings of X (P) considering T.

The regression coefficient (b) and the prediction values (y) are calculated
by Eqg. 19 and 20, respectively:

b=WPW)1Q Eq. 19
y=Xb Eq. 20

It is important a special care with overfitting and underfitting, which means,
information in excess (high factors number, error and explained variance) and,
important information was not considered (low factors number and high prediction
error), respectively [58,59,63].

A sure rule is to validate the model. There are two options: cross-validation
(CV) and prediction of new samples. The best option is to obtain a large dataset
with the possibility of sharing it in two sets (calibration and validation) and, also
calculate the CV, mainly to choose the adequate number of factors [58,59,63].

Among the methods of multivariate calibration, PLS is the most employed
with many applications in different fields for LIBS [64—66] and WD XRF [67—69].
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3.3. Laser-induced breakdown spectroscopy (LIBS)

LIBS is a technique based on emission spectroscopy, where a short pulse
of high energy is generated by a laser and focused on sample surface through
lens and mirrors. When this high energy reaches the sample, a plasma (~10,000
K) is formed with its characteristics (fusion/vaporization of a small amount of
sample). Plasma material will be dissociated into several atomic and ionic species
and, with the cooling of the plasma the ions and atoms emit optical radiation, in
which is collected by optical fiber and taken to spectrometer to be diffracted and,
detected. After all, the spectra are processed in the computer [70-72]. The LIBS

scheme is shown in the Figure 2.
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Figure 2. LIBS instrumentation.

The advantages of this technique are countless: (i) versatile sampling; (ii)
none or few sample preparation (minimizing interference); (iii) ablation with small
amount of sample; (iv) material analysis with difficult mineralization; (v) long
distance analysis (portable LIBS); (vi) analysis of the sample micro-region; (vii)
multi elementary analysis; (viii) simple and fast analysis (high analytical
frequency). But limitations are also present: spectral and matrix interferences;
low availability of calibration standard in pg range; problems with heterogeneity
(high heterogeneity: low precision and high relative standard deviation - RSD),
low sensitivity and repeatability [70-72].
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Some parameters may be optimized to obtain reliable results in LIBS [73].
Laser pulse energy and spot size (size of ablated area) are observed together in
the laser pulse fluency term (laser pulse energy per unit area, J cm2) [70]. And
delay time, that is the necessary time between plasma creation and data
acquisition to isolate the region where there is a maximum of signal-to-
background ratio [70]. In addition, the signal can suffer fluctuations due to
sample-laser interaction, being minimized with spectra normalization [74,75].

In order to compare with ICP OES, the main differences in LIBS
instrumentation are the plasma that is formed in situ in the sample surface by
laser beam (there is no sample transport), different types and shapes of samples
can be analyzed and temporal resolution to avoid continuum emission.

Over the years the interest in analysis by LIBS is increasing with many
applications in different areas: agriculture [76], environmental [77], food [78],
pharmaceutical [79], biological [80], forensic [81], metallurgical [82], e-waste [3].
In a Web of Science search, 5,005 papers were found from 1991 to 2021 using

the topic “Laser-induced breakdown spectroscopy and LIBS”.

3.4. Wavelength Dispersive X-ray Fluorescence (WD XRF)

The XRF analysis is a qualitative and quantitative method based on
intensity measurements (number of X-rays detected per time) of the characteristic
X-rays emitted by the sample elements [83].

The primary X-ray photons can be produced in an X-ray tube where a large
number of electrons from the cathode are accelerated to bombard the anode with
high kinetic energy being converted into X-ray photons to reach the sample
surface. These X-ray photons reach an electron of the innermost layer of the
atom, which is removed leaving a vacancy. This vacancy is filled by an electron
of a higher energy level that emits an X-ray fluorescent photon characteristic of
the electronic transition of the elements present in the sample. With an
appropriate crystal considering the characteristics of the analyte, the radiation is
dispersed at different wavelengths according to Bragg’s law. Collimators are used
before the radiation dispersion to ensure an effectively parallel beam and after,
where the different diffracted wavelengths are sent to the detector (flow
proportional counter — FPC or scintillation counter - SC). The signal is amplified

and transformed into a digital counting (intensity in count per second — cps versus
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20 degrees) being processed to obtain analytical data [83]. The WD XRF scheme
is shown in Figure 3.
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Figure 3. WD XRF instrumentation.

The most common characteristics of this technique are non-destructive
analysis, robustness, sequential determination of several elements, qualitative
and quantitative analysis and minimum sample preparation. On the other hand,
some disadvantages are present such as: matrix effect, high limits of detection
and higher interference mainly for light elements and, light elements as H, C, N,
O are not detected [83-85].

Different applications are found in the literature: qualitative approach for
chemical speciation [67] and spectral image [86], besides quantitate analysis
(determinations in a range from ppm to %) for several types of samples [87-90].
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3.5.Calibration strategies for the direct
determination of rare earth elements in
hard disk magnets using laser-induced

breakdown spectroscopy
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ARTICLE INFO ABSTRACT

This study is dedicated to the direct determination of base (B and Fe) and some rare earth elements (REE; Dy, Gd,
Nd, Pr, Sm and Tb) in hard disk magnets. Five calibration strategies were tested and compared. Two of them are
related to multivariate calibration: multiple linear regression (MLR) and partial least squares (PLS). Both pre-
sented adequate trueness values within a range of 80-120% for almost all analytes. The only exception was Tb,
which was probably due to matrix effects. The use of MLR and PLS permits the testing of calibration models in
the presence of interference, but matrix effects are not corrected. Because of this, three other univariate cali-
bration methods were also tested and compared: multi-energy calibration (MEC), one-point gravimetric standard
addition (OP GSA) and two-point calibration transfer (TP CT). These three calibration approaches permit matrix
effects corrections, but an appropriate selection of the blank and standard is mandatory. The standard error
obtained ranged from 0.01 to 6% using these univariate calibration methods.
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1. Introduction

The amount of electrical and electronic equipment (EEE) is growing
rapidly due to several anthropogenic factors such as disposable income,
urbanization and industrialization. These technological devices bring
new economic opportunities to several industries and countries. In
many countries, individuals own more than one electronic device,
which is replaced frequently in time periods shorter than one year. A
consequence of this high consumption cycle is a continuous and
alarming increase in electronic waste (e-waste) generation. In 2016, for
instance, the worldwide generation of e-waste was approximately 45
million metric tons. For 2021, the generation of e-waste is projected to
be approximately 50 million metric tons [1].

Thus, the recycling of e-waste is very important to avoid con-
tamination of the air, water and soil, where potentially toxic elements
and organic molecules can put human and animal health at risk [2-4].
In addition, the recovery of precious and strategic metals, such as rare
earth elements (REEs), in e-waste is a growing demand and a reality due
to the reduction in their natural reserves [5].

According to Chemical & Engineering News from the American
Chemical Society (ACS) [6], scientists from the U.S. Department of
Energy are spearheading research to develop different processes for the
monitoring of REEs in coal waste. A particular process is the use of
laser-induced breakdown spectroscopy (LIBS) systems. The researchers

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

https://doi.org/10.1016/j.talanta.2019.120443

are trying to optimize the method to detect lower concentrations of
REEs and, also to development a field-portable LIBS instrument. An-
other source of information is an European project named “Next gen-
eration urban mining - automated disassembly, separation and re-
covery of valuable materials from electronic equipment” (ADIR) [7],
which explores and demonstrates innovative technologies for the au-
tomated disassembly and separation of mobile phones and electronic
printed circuit boards (PCBs) from computers for the recovery of va-
luable materials. In this European project, the LIBS technique is used to
measure the chemical composition of e-waste. Some tests were per-
formed, and recovery rates of > 90% for tantalum, tungsten and neo-
dymium were achieved. The authors mentioned that one of the features
of LIBS is the possibility to measure samples of a distance from few
centimeters to up to hundreds of meters with high analytical frequency,
in addition to the other characteristics and possibilities. In 2018, Costa
et al. [8] published a review presenting several applications of LIBS for
e-waste, focusing on direct chemical characterization of polymers and
PCBs.

In addition to LIBS, other analytical techniques are used to char-
acterize these materials. Inductively coupled plasma optical emission
spectrometry (ICP OES) or inductively coupled plasma-mass spectro-
metry (ICP-MS) are employed in many laboratories, but this analysis
involves acid digestion to transform a solid material into a homo-
geneous aqueous solution. This step of the analytical sequence is clearly
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laborious and requires a longer time to accomplish [9,10].

Therefore, the search for analytical instrumental techniques able to
perform direct analysis is growing. LIBS is one example, based on
atomic emission spectrometry, which uses a laser as the excitation
source. Some advantages such as its high analytical frequency, real-time
and on-site analysis, non-destructiveness, minimum sample preparation
and multi-element capability, enable LIBS technology to be widely used
in several applications [11-13].

In the majority of cases, when solid or powder samples are analyzed,
it is faster and easier to obtain a spectrum rather than directly de-
termine the property of interest. Therefore, calibration models relate
the concentration of an analyte to the intensity of its emission line [14].
However, when the sample is analyzed without preparation, analyte
and matrix are simultaneously analyzed, and matrix effects can com-
promise the atomic emission phenomena, jeopardizing some of the
figures of merit such as the accuracy and precision. In this way, cali-
bration strategies should be evaluated and developed to efficiently
minimize these drawbacks when using LIBS for the quantitative ana-
lysis of solid samples.

There are reports in the scientific literature of several univariate
calibration strategies for LIBS, such as matrix-matching calibration
[15], standard addition [16], internal standardization [17], and cali-
bration-free [18]. However, new calibration procedures for LIBS, such
as multi-energy calibration (MEC) [19-22], one-point gravimetric
standard addition (OP GSA) [23] and calibration based on number of
pulses named slope ratio calibration [24] have recently been reported
in the scientific literature. These strategies present satisfactory results
for quantitative determination by LIBS because they employ an efficient
matrix-matching method for the samples and standards, which mini-
mizes the matrix effects related to the direct analysis of solids.

In the case of multivariate calibration strategies, partial least
squares (PLS) [25,26] and multiple linear regression (MLR) have been
successfully applied in LIBS [12,15,27-29]. One of the main advantages
of these methods is the possibility of developing a calibration model in
the presence of interferents.

Thus, the goal of this study is to propose and evaluate reliable ca-
libration strategies for LIBS, such as PLS, MLR, MEC, OP GSA and a
promising calibration strategy named two-point calibration transfer (TP
CT), for the determination of six REEs (Dy, Gd, Nd, Pr, Sm and Tb) and
two base elements (B and Fe) in high-performance magnets from hard
disks (HDs). This material is composed of a Nd-Fe-B alloy including a
high amount of REEs. REEs can be recycled and returned to the elec-
tronics industry to obtain new EEEs. One previous study is documented
in the literature using LIBS with magnets, which covered only the
spectral and qualitative analyses of these materials [30].

2. Materials and methods
2.1. Sample preparation and reference values

HDs are devices where data are stored. It is highly complex with
several parts as polymers, metals, printed circuit boards (PCBs) and two
magnets: the actuator and the spindle motor magnets. In this study,
only the actuator magnets were used, and several samples (~56 HDs)
were obtained from 8 different manufacturers. These samples were
acquired, and the magnets were combined in groups (8 different groups
named M1-M8) according to their manufacturers.

The first step of the sample preparation involved heating the magnets
in a furnace at 500 °C (approximately 2 h) to eliminate the magnetic field.
After that, the sample groups were ground in a knife mill (IKA, A11), and
the particle size was estimated to be lower than 500 um.

To obtain analytes reference values, an analytical method using
diluted nitric acid and digestion by a digester block, followed by de-
termination with ICP OES was used. This method was already published
by Castro and Pereira-Filho [31], which presents more detailed in-
formation about the samples.
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2.2. LIBS setup

A LIBS system model J200 (Applied Spectra, Fremont, CA) equipped
with a 1064-nm Nd:YAG laser and a spectrometer 6-channel charge-
coupled device (CCD) with 12,288 pixels ranging from 186 to 1042 nm
was used in this study. The operational conditions that can be modified
in the instrument are the delay time (0-2ps), laser pulse energy
(0-100 mJ), spot size (50-250 um), and laser repetition rate (1-10 Hz).
The gate width is fixed at 1.05ms. The irradiance and laser fluence
ranges varies from 0.255 GW cm ™2 and 2 J cm ~2 (250 um spot size and
1 mJ laser pulse energy) to 636.62 GW cm ~ 2 and 5093 mJ cm ™2 (50 um
spot size and 100 mJ laser pulse energy), respectively.

In this study, the instrumental conditions used were 1924 mJcm ™
for the laser fluence (85 mJ laser pulse energy and 75 pm spot size), a
0.5 ps delay time and a 5 Hz laser repetition rate. The analyses were
performed in raster mode.

2

2.3. Calibration strategies

2.3.1. Multivariate calibration

The sample preparation for LIBS was simple and consisted of mixing
1g of milled sample with 0.2g of microcrystalline cellulose (as a
binder). This mixture was homogenized with a mortar and pestle and
pressed (60 kN for 2min) to form pellets (approximately 12 mm dia-
meter). The whole procedure was performed in triplicate.

For each pellet, approximately 330 spectra were acquired to obtain
a representative analysis, and 12 normalization modes [32] were ap-
plied to the raw data 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 in-
ternal standard). After this, the average (9) or sum (10) is calcu-
lated.
Norm 11 and Norm 12: each individual spectrum is divided by the
intensity of the C I 247.85 nm emission line. After this, the average
(11) or sum (12) is calculated.

After calculate the normalizations, several emission lines were se-
lected for B and Fe (base elements) and Dy, Gd, Nd, Pr, Sm and Tb
(REEs). These lines were chosen according to the Aurora software
(Applied Spectra) in combination with information from the National
Institute of Standards and Technology (NIST) [33]. The emission lines
selected for each analyte are shown in Table 1, and the area and height
of each signal were calculated and, the average of the replicates was
recorded.

After this process, two multivariate calibration models were eval-
uated for each element: PLS and MLR.. These data sets were autoscaled,
and leave-one-out (loo) cross validation was applied. The best results
were observed through the standard error of cross validation (SECV)
and trueness after comparison to reference values obtained with acid
digestion and ICP OES determination. Low SECV values and trueness
values of approximately 100% are expected for the results.

For MLR, an analysis of variance (ANOVA) table was calculated for
each model, and some emission lines were removed due to insignificant
regression coefficients. The confidence level used was 95% in all cases.
For some analytes, the number of variables (emission lines) was equal
to or higher than the number of samples (8), preventing the use of MLR.
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Table 1

All of the emission lines selected and evaluated in the calibration strategies for the elements B, Dy, Fe, Gd, Nd, Pr, Sm and Tb.
Emission lines (nm) B* Dy Fe* Gd Nd Pr Sm Tb
Al 206.66 353.17 234.34 279.69 410.94 410.07 359.26 334.94
A2 208.89 364.54 239.56 303.28 415.60 414.31 443.43 336.22
A3 249.67 389.85 259.94 308.19 430.35 511.07 466.94 337.88
A4 345.13 404.59 263.13 310.05 482.54 517.39 484.17 350.91
A5 - 421.17 273.95 333.13 485.90 525.97 - 354.02
A6 - - 275.57 335.86 490.18 - - 356.85
A7 - - 522.84 336.22 524.95 - - -
A8 - - 527.03 - - - - -

*B and Fe are base elements, while the others are REE.

Therefore, several combinations of variables were tested for these cases,
using loo cross validation to select the best emission line combination.
Fe, with 8 emission lines, is a good example, and 28 MLR models were
calculated by combining the emission lines in groups of 6:
(%'2, = 28 combinations). After defining the regression model, another
loo cross validation was performed, but this time it was for samples in
order to calculate SECV.

All calculations were performed using Microsoft Excel®, MATLAB®
2018a (Matworks, Natick, MA, USA) and Pirouette version 4.5
(Informetrix, Bothell, WA, USA).

2.3.2. Univariate calibration strategies

Three univariate strategies were tested and compared: MEC, OP
GSA and a calibration procedure named two-point calibration transfer
(TP CT). These univariate calibrations utilize a matrix-matching pro-
cedure. The MEC and OP GSA methods require only two calibration
standards for each sample. The sample preparation procedure is similar
for both, but the data treatment is different. Two standards (pellets) are
used: the first one (P1) with sample plus blank and the second (P2) with
sample plus standard. P1 was composed of 0.30 g of blank (Na,COs3),
0.25 g of sample and 0.05 g of binder (microcrystalline cellulose). P2
was composed of 0.30g of standard, 0.25g of sample and 0.05g of
binder. Both mixtures were homogenized with a mortar and pestle and
pressed (60 kN for 2 min) to form pellets (approximately 12 mm dia-
meter). These pellets were also prepared in triplicate.

The concentrations of analytes in the samples are very high, so a
sample named #M8 containing 0.65% w w ' B, 1.53% w w ' Dy, 64%
ww ™! Fe, 0.09%ww~ ' Gd, 24.51% ww~ ' Nd, 3.9% w w ™" Pr, 0.34%
ww ™! Sm, and 0.18% w w ! Tb was used as a standard to prepare P2
for both MEC and OP GSA calibrations. The LIBS spectra were recorded
as mentioned in section 2.3.1. Multivariate calibration, followed by the
normalization calculations and, emission lines selection (Table 1).

For MEC, a linear model was built with the different emission lines
of each analyte (Table 1). The model was calculated for all of the
normalizations and for the area and height of the emission lines. The x-
axis is the intensity of P2 (sample + standard) and the y-axis is the
intensity of P1 (sample + blank). Through the obtained slope of the
calculated linear model and the concentration of standard added
(known), Cgq, the concentration of analyte (unknown), Cgampe, is cal-
culated, as shown in Eq. (1) [19,34].

Slope X Cua

C. =
“amPle ™ 1 Slope @

The best results were selected after observing the relative standard
deviation (RSD) and trueness after comparison with reference values.

In the case of OP GSA, a calibration curve is calculated with only
two points: P1 (sample + blank) and P2 (sample + standard) for each
emission line (Table 1) of the analyte, employing the 12 normalization
modes, in order to select the best condition. On the x-axis, the con-
centration of the analyte in the sample is plotted: 0 for P1
(sample + blank) and for P2 the concentration of the added standard
(known). On the y-axis, the intensities of the selected emission lines of

the analyte for both pellets are plotted. The sample concentration is
calculated from the intercept and slope of the calibration curve, as
shown in Eq. (2) [23].

Intercept

C =
sample Slope (2)

The best results were identified by the RSD and trueness according
to reference values. Additionally, an F-test was performed in order to
observe the significance of the calculated models and their linearity.
Both F-values, Fexperimental 8Nd Fiapulated, Were calculated and compared.
The F-values were obtained after calculations of mean of square of re-
gression and residue (MSR and MSr, respectively). For the model to be
considered statistically valid with good linearity, the Fexperimental had to
be higher than Fi pyiated, With this ratio preferably being higher than 10
[35].

The other calibration procedure tested was the TP CT method. In
this study, we also used #M8 as the standard due to the lack of certified
reference materials with a similar matrix. The sample preparation is the
same as in section 2.3.1 Multivariate calibration, where the samples
(sample + cellulose as binder) were pressed to form pellets.

First, the 330 spectra obtained for each pellet (n = 3) are split into
two spectra sets (two points): the first one with 100 spectra (from the
first up to the 100th spectra) and the second with the remaining 230
spectra. These spectra sets were separately summed (normalization
mode number 5), and the intensity of point 2 is obviously higher than
point 1. After this, the area and height of the emission lines (Table 1) of
each analyte were selected. Thus, a linear model is calculated with only
two points for each emission line evaluated, where the x-axis is the
number of spectra (100 or 230) and the y-axis is the intensity of both
points. This was done for the interrogated sample and for the sample
chosen as the standard. The combination of the slopes from both models
and the standard concentration (known) permits the calculation of the
sample concentration, as shown in Eq. (3) [24].

S lopesample

C, = Cyq X
sample std SlOpesm ( 3)

As the pellets were made in triplicate, the RSD and trueness were
calculated according to the reference values obtained from ICP OES
determination. In addition, through the F-test, the ratio of
Fexperimental:Frabulatea Was also evaluated, to verify the linearity of the
calibration curve calculated from the two points, as described in OP
GSA. Fig. 1 shows graphs of the three univariate calibration models for
Fe. In Fig. 1a, MEC with 8 emission lines (from A1 to A.8) is shown, 1b,
OP GSA using only the data from A8 and 1c, TP CT using only the data
from A6. In all cases, M6 and M8 are the interrogated sample and the
standard, respectively.

3. Results and discussion

The matrix effects are challenging characteristics that make quan-
titative analyses difficult using LIBS, compromising the accuracy and
precision. In this way, as the analyte and matrix are simultaneously
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Fig. 1. Graphical description of the three univariate calibration strategies: (a)
MEC, (b) OP GSA and (c) TP CT.

Table 2
Parameters for the multivariate calibration models.
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ablated by LIBS, the phenomena of the atomic/ionic/molecular emis-
sions of the analyte that occur in the formed plasma may be subject to
effects of the sample matrix that are directly analyzed by the LIBS.

In this paper, the main goal is to study and compare several cali-
bration strategies and discuss the advantages and limitations of each
one for a sample of e-waste, such as magnets. The emission spectrum
obtained by LIBS for the magnets is very complex, presenting thousands
of emission lines due to the high amount of Fe in their composition
(approximately 60% w w™1). As a consequence, many emission lines
appear, which are able to interfere with each other. An additional dif-
ficulty is the fact that REE emission lines can mutually interfere.

3.1. Evaluation of multivariate calibrations for LIBS

The MLR and PLS methods present some intriguing features for their
use as calibration strategies in LIBS for the analysis of complex samples
as magnets. These strategies make it possible to develop calibration
models in the presence of interferents.

Table 2 shows some of the parameters used in the proposed models.
In addition, Fig. 2 shows the trueness values calculated by comparing
the predicted concentrations of all the calibration strategies that were
evaluated to the reference concentrations obtained by ICP OES (men-
tioned in section 2.1. Sample preparation and reference values).

For almost all elements and samples, the trueness values were
within the range of 80-120%, with the exception of Tb (Fig. 2h),
showing that the PLS and MLR calibration models efficiently predicted
the concentrations of the majority of the analytes in the magnet sam-
ples.

For Tb, the SECV values calculated for the PLS and MLR methods
were 0.231 and 0.237% w w ™ %, respectively, as seen in Table 2. The Tb
concentration in the ICP OES analyzed samples was between 0.02 and
0.53% w w~ L. Therefore, the calculated SECV values were 12-fold
higher than the lowest concentration determined for Tb (#M2). As
such, a trueness value above 120% was obtained for the prediction of
Tb in the sample that possessed concentration lower than the SECV
value. In addition, strong matrix effects were observed for the predic-
tion of the Tb concentration in some samples, with trueness values
varying from approximately 26 to 2000% for PLS and from O to 500%
for MLR (see Fig. 2).

The normalization type was chosen by observing the lowest value of
SECV and the best trueness (between 80 and 120%). These models were
calculated from the signal area. PLS models were calculated with all of
the emission lines shown in Table 1, and the number of latent variables
varied from 1 for B, Gd, Nd and Tb to 3 for Pr.

Alternatively, for the MLR models, some of the emission lines were
removed due to the fact that their calculated coefficients were not
significant, as shown in Table 2. In the case of Fe, for instance, the
coefficients relating to A1, A4 and A8 were not significant at a con-
fidence level of 95%.

Element (Concentration range) Normalization

Latent Variables for PLS

Valid coefficients for MLR” SECV (% ww™ 1)

PLS MLR PLS MLR
B (0.63-0.71% w w™ 1) 3 2 1 bO; bA4 0.033 0.098
Dy (0.72-1.75% w w™ 1) 1 4 2 b0; bA1; bA2; bA3; bA4 0.101 0.351
Fe (59-64% w w™ 1) 2 12 2 b0; bA2; bA3; bAS5; bA6; bA7 0.997 3.994
Gd (0.09-0.11% w w™ 1) 1 3 1 bA4; bA6; DA7 0.007 0.039
Nd (24-26% w w™ 1) 11 3 1 bO; bA1; bA3; bA4 0.898 3.237
Pr (2-4% ww™ 1) 9 9 3 All (from A1 to A5) 0.067 0.078
Sm (0.31-0.38% w w™ 1) 9 11 2 b0; bA1; bA2; bA3 0.020 0.048
Tb (0.02-0.53% w w™ 1) 4 11 1 b0; bA1; bA3; bAS5; bA6 0.231 0.237

2 See description in Table 1.
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The SECV values varied from 0.007% for Gd (PLS) to 3.994% for Nd
(MLR). In general, the PLS and MLR methods were good models with
predictive capacity and robustness for all elements; although, the pre-
diction of Tb in some samples, was not possible due to the high values
of SECV and strong matrix effects that were observed. Both methods
had similar predictive capabilities, but the SECV values were lower for
PLS than for MLR.

3.2. Evaluation of univariate calibrations for LIBS

For univariate models, almost all of the elements were in the range
from 80 to 120%, with some exceptions, mainly the MEC method (see
Fig. 2). For example, for Dy (Fig. 2b), two samples were below 80% for
the MEC method, which may be related to the unsuitable proportions of
the sample and standard. This parameter was not investigated in this
study. On the other hand, for Tb, the trueness values were within the
acceptable range. The parameters used in these univariate strategies are
shown in Table 3.

The normalizations were chosen according to the best trueness and
lowest RSD, as indicated in Table 3. Both peak area and height were
used in these models, depending on the sample and element. These
normalizations are important to compensate the signal fluctuations
(area or height) and sample matrix differences during data acquisition.
The RSD values are also presented, which were calculated from the
replicate samples (n = 3). For MEC, the RSD varied from 3 to 44%, for
OP GSA from 2 to 44% and for TP CT from 2 to 28%, which is con-
sidered acceptable for LIBS measurements when direct solid analyses
are performed.

3.3. What is the best calibration strategy for LIBS?

This is a very difficult question and depends on the situation; all
calibration strategies evaluated have advantages and limitations.
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Multivariate models are calculated in the presence of interference but
do not correct for matrix effects. In addition, the calculations to con-
struct these models are complex, and knowledge about chemometrics is
necessary. However, if the samples are similar and do not have ap-
preciable matrix effects, the models are able to predict values with
acceptable accuracy.

The univariate models studied in this paper, such as MEC and OP
GSA, are efficient alternatives to compensate matrix effects. In the case
of MEC, spectral interference (outlier in the linear model calibrations)
can also be observed because several emission lines are used, and, if
some of them present interference, it is possible to exclude their re-
spective signals and correct the model. This is an advantage when
compared with the other methods. However, the sample preparation for
MEC and OP GSA is laborious, and the choice of an appropriate blank is
difficult in some cases. On the other hand, in several situations, only
these methods are able to solve the matrix problems.

For OP GSA, the data treatment is simpler than that of MEC because
only one emission line is used. The F-test ratio varied from 2 to 356
among all of the elements and samples, showing the good linearity of
the models.

Among the three univariate models tested, TP CT is a new strategy
and is very promising for LIBS. The general idea is based on the amount
of sample influenced by the plasma. If this amount is greater, the in-
tensity of the analyte in the sample will be greater. The sample pre-
paration and data treatment are simpler in TP CT than in the other
methods. A standard (certified reference material or sample that has a
reference value) and sample are necessary. If the reference matrix is
similar to the sample, the results are excellent. It is necessary only to
split the spectra into two sets, sum the spectral information from both
sets and select the emission lines of interest. Point 2 must be at least
twice as large as point 1 to obtain this difference. Multiple normal-
izations were not necessary because this strategy uses only the sum of
the spectra (normalization number 5), and the F-test ratio varied from 3
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Fig. 2. Trueness (%) value of each element according to reference values for the five calibration strategies: (a) B, (b) Dy, (c) Fe, (d) Gd, (e) Nd, (f) Pr, (g) Sm and (h)

Tb.
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to 959, showing good linearity of the models.

An interesting note are the RSD values calculated from determina-
tions employing the TP CT method (2-28%), are low when compared
with those from other calibrations (for MEC 3-44% and for OP GSA,
2-44%). However, one limitation is that the physicochemical properties
of the standard and the analyzed samples must be similar, to be efficient
matrix-matching. In addition, the concentration of the analytes presents
in the samples to be analyzed, cannot have great variability, when
compared to the concentration of the analytes present in the standard

used for the quantification calculations. If there is great variability of
the concentration, an under or overestimation of the concentration of
the analyte present in the sample may occur, thus compromising the
accuracy of the determinations.

Tb is a good example in this case. The Tb concentrations in the
samples varied from 0.018% to 0.52% w w ™!, being a very wide range.
In this case, the PLS and MLR models were not able to correctly predict
the concentrations of Tb in the samples due to the difference among
them, as can be observed in Fig. 2. On the other hand, MEC and OP GSA

Table 3
Parameters for the univariate calibration models.
Element MEC OP GSA TP CT
Normalization  Signal type RSD (% - Normalization Signal type and Emission ~ RSD (% - Signal type  Emission line RSD (% -
Range) line Range) Range)

B 9 and 10 Area/ 10-43 1,3 and 9 Area/Height 10-36 Area/ A2, A3 and A4 4-18
Height A2, A3 and A4 Height

Dy 2 and 3 Area/ 6-19 3and 7 Area/Height 7-21 Area/ AL, A2, A4and A5 2-18
Height A2 - A5 Height

Fe 1,5and 9 Area/ 4-32 1 and 9 Area 5-25 Height A2, A3 and A8 6-24
Height AL, A4, N7, A8

Gd 1,3 and 5 Area/ 10-36 1,5and 9 Area/Height 11-44 Area/ A3 and A4 2-20
Height A - N7 Height

Nd 1,3,9and 10  Area/ 6-43 1,3,7,9and 10 Area/Height 2-24 Area/ A2 - N6 3-16
Height Al - A3, A5, A6 Height

Pr 1,3,7and 9 Area 3-41 1,3,7 and 9 Area/Height 4-25 Area/ A2, A4 and A5 5-17

Al -3 Height

Sm 1and 3 Area/ 6-37 1, 3,9 and 11 Height 5-40 Area/ A2 and A3 7-28
Height A1, A3, A4 Height

Tb 1,3,4,7and 9 Area/ 19-44 1,3 and 4 Area/Height 10-36 Area/ A1, A3, A4 and A5 10-23
Height A - N6 Height

47



J.P. Castro, et al.

120000
= M8 (Std)
e M7 (Std)
M1 (Sample) .
90000 -
2
‘@
c
9 60000
£ Area and M:
[)]
o M8 as Std: 43% (Trueness)
- M7 as Std: 90% (Trueness)
30000 4 [M8] = 0.18% m/m
[M7] = 0.40% m/m
[M1] = 0.53% m/m
0

T T
100 230
Number of spectra

Fig. 3. TP CT method with two different Tb standards in the M1 sample.

were able to correctly predict the Tb due to the matrix-matching
method, which is an advantage in this case. In the TP CT method, the
standard used was initially M8 (0.18% w w ™' Tb), but for Tb, it was
necessary to change the standard according to the concentrations, as
can be observed in Fig. 3, which shows an example of an M1 sample
(0.53% w w™1) and the use of two different standards (M7 and M8)
with their respective trueness.

An example of the three univariate models is shown in Fig. 4. The
linear models for MEC with (Fig. 4a) and without (Fig. 4b) spectral
interferences, OP GSA (Fig. 4c) and TP CT (Fig. 4d) methods with their
respective parameters are shown for Nd. It is possible to observe
spectral interference in the MEC model and exclude it, improving the
trueness and R% Another observation is the best results are seen for TP
CT, with a low RSD (7%) and excellent trueness (100%).

A parameter that was calculated for all of the strategies was the
standard error (SE) according to Eq. (4):
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Fig. 5. Standard error (%) values for all elements determined using each cali-
bration model proposed (PLS, MLR, MEC, OP GSA and TP CT), and con-
centration range for the analytes.

R DS
SE= T @

where y, is the analyte reference concentration, y is the concentration
predicted by the calibration model, and n is the number of samples.
Fig. 5 shows the SE results for all of the elements in each calibration
model. According to these calculations, it is possible to note that the
errors were low and that the majority of the elements were similar
among the different strategies. All errors are below the concentration of
the elements in the samples, with the exception of Tb, which had a
sample with a concentration of 0.018% w w—1, and the lowest error
for Tb was 0.025% in the MEC model. Even so, the MEC model was able
to predict the Tb concentration in this sample with a trueness of 94%.
In this study, raw data were hardly employed for PLS, MLR, MEC
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Fig. 4. Three univariate models for Nd: (a) MEC with spectral interference, (b) MEC without spectral interference, (¢) OP GSA and (d) TP CT.
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and OP GSA. Normalizations are always useful for these data due to the
complexity of laser-sample and laser-plasma interactions, in addition to
the responsiveness of plasma according to the physical and chemical
characteristics of the samples [36]. However, for TP CT, only the nor-
malization number 5 (sum) is necessary.

To compare these calibration approaches for LIBS with an ICP OES
analysis for the same material, it is notable that the analysis in LIBS is
much faster than ICP OES, besides is not necessary to convert the solid
sample into an appropriate aqueous solution for analysis, collaborating
with the principle of green chemistry. Even with the problems in solids
direct analysis, it is possible to save time and resources with these ap-
proaches. However, it is necessary to use reference values, at least, for
some samples to ensure the quality of the measurements.

4. Conclusion

Five calibration strategies were proposed and compared for the di-
rect analysis of HD magnets by LIBS, focusing on the determination of
base and REEs. The models obtained presented good results with ro-
bustness and precision. Each calibration approach has its advantages
and limitations and can be chosen according to its necessity and the
intrinsic characteristics of the sample and the analyte. In this case, the
TP CT stands out over the other calibration strategies evaluated, with
sample preparation and data treatment simpler and faster, obtaining
excellent figures of merit.

The characteristics of LIBS together with either chemometric (PLS
and MLR) or univariate (MEC, OP GSA and TP CT) models make it a
powerful analytical technique that can be used in recycling industries to
directly characterize e-waste.
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Due to matrix effects and limitations in the calibration process for direct analysis of solids, the search for dif-
ferent calibration approaches is very important. This study is aimed to Nd determination in high-performance
magnets from hard disk using direct solid analysis by wavelength dispersive X-ray fluorescence. Three univariate
calibration methods were evaluated: multi-energy calibration, one-point gravimetric standard addition and two-
point calibration transfer. These strategies employ an efficient matrix-matching method, minimizing the matrix
effects related to the direct analysis of solids. The trueness values were calculated according to reference con-
centration by inductively coupled plasma optical emission spectrometry and the concentration obtained by
univariate models. For almost all samples, the trueness values were within an acceptable range from 80 to 120%.
Besides that, relative standard deviation values ranged from 3 to 27% for all cases and, the standard error ranged
from 2 to 6% w w~ ' Nd among the calibration methods. These parameters show the potential of these alter-

native calibration methods over traditional ones.

1. Introduction

In the field of elemental determination, direct solids analysis mini-
mizes the number of preliminary sample preparation operations in the
analytical sequence when compared to wet-based traditional ap-
proaches. Analysis of solid samples permits several advantages as,
minimizes the risks associated with sample handling (i.e., contamina-
tion and analyte losses), avoids the use of hazardous reagents and waste
generation [1]. However, calibration is still one of the most challenging
steps in direct analysis of solid samples. The lack of matrix compat-
ibility between calibration standards and samples may jeopardize the
correlation of the analytical signals with the element concentrations.
These problems of matrix effects are particularly true for matrix-de-
pendent calibration methods, such as X-ray fluorescence (XRF), laser-
induced breakdown spectroscopy (LIBS) and laser ablation (LA) systems
coupled with plasma optical emission spectrometry/mass spectrometry
[2-4].

External calibration (EC) using univariate methods is a strategy
commonly sought due to its simplicity of application, data handling and
interpretation. Different strategies have been used as well as matrix-

matching calibration (MMC) employing certified reference materials
(CRMs) or standards with similar sample matrix composition [5]. For
these cases, the low similarity in physical and chemical properties be-
tween CRMs/standards and test samples is often the reason of biased
results. For instance, the MMC can be combined with internal stan-
dardization (IS) [6] to overcome this problem and avoid matrix effects.

Another widespread calibration approach is the standard additions
(SA) [7] based upon the preparation of a set of calibration standards by
spiking the analytes in gradually crescent concentrations on the sample.
The test sample itself is used for calibration, hence the matrix effects
can be corrected. However, this method typically requires five cali-
bration standards (i.e., five successive additions), generally consumes
large amount of sample, and requires long period of time for analysis,
becoming more convenient for small batches. Alternatively, Babos et al.
[8] used one-point gravimetric standard addition (OP GSA) as a
strategy for Ca and P determination in mineral supplements for cattle
using direct solid analysis by LIBS. In addition, OP GSA method requires
only two calibration standards: sample + blank (S1) and
sample + standard (S2). A calibration curve with two points is calcu-
lated with the added analyte concentration on the x-axis (0 for S1 and
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the concentration added of standard for S2). And on the y-axis, the
intensities of the analyte emission line for both calibration standards.
According to intercept and slope, the concentration of the element in
the sample can be calculated. Although it has been exploited for LIBS
[8] and inductively coupled plasma mass spectrometry (ICP-MS) [9,10]
so far, OP GSA can be an alternative for XRF, specially for direct ana-
lysis of solid samples, because this strategy requires a small amount of
sample and enables simple and rapid data processing.

Others non-traditional and effective approaches for matrix effects
correction have been developed, named as multi-energy calibration
(MEC) [11] and, more recently, two-point calibration transfer (TP CT)
[12]. Similar to OP GSA, MEC applies only two calibration standards,
on the other hand, different electronic transition energies (emission
lines) are used to obtain a linear model. This linear model is built
plotting the intensities from S1 (sample + blank) on the y-axis and the
intensities from S2 (sample + standard) on the x-axis. With the slope of
the linear model and the analyte concentration added to S2 (Cyyq), the
analyte concentration in the sample can be obtained.

The performance of MEC has been evaluated for various complex
samples and instrumental methods such as inductively coupled plasma
optical emission spectrometry (ICP OES) [11], microwave-induced
plasma optical emission spectrometry (MIP-OES) [11,13], high-resolu-
tion continuum source flame atomic absorption spectrometry (HR-CS
FAAS) [11], ultraviolet-visible spectroscopy (UV-Vis) and fluorescence
spectroscopy [14], and LIBS [8,15-18].

Two-point calibration transfer was successfully applied for LIBS
analysis of electronic waste based on the amount of sample ablated
[12]. The linear model is calculated with only two points for each
emission line, where the x-axis is the reached area of these two points
and the y-axis is the signal intensity of both points. This strategy is
applied for a standard and test samples, so the analyte concentration
can be determined by the combination of the slopes from both curves
and the standard concentration (known) using, Eq. (1) [12,19]:

slope,,
slope, @

Cy = Cya X

where Cy is the unknown sample concentration; Cgq is the standard
concentration; slope, is the slope of the linear model from the unknown
sample and slopegq is the slope of the linear model from the standard
concentration.

Usually matrix effects are associated to complex samples, particu-
larly when appropriate CRMs are not available for calibration. For in-
stance, electronic waste (e-waste) is among the most complex matrix in
terms of composition, heterogeneity, and contain a large amount of
hazardous, base and precious elements including rare earth elements
(REEs) [20-22]. In the present study, magnet samples from computer
hard drive disks (HDDs) were interrogated in terms of technological
composition by XRF using direct analysis. From electronic aspects,
these magnets are made of Nd-Fe-B alloys composed of several REEs
with magnetic, luminescent, optical and thermal properties [23-25].

The goal of this study was to evaluate different approaches of ca-
libration methods not reported for XRF. For instance, Nd determination
in HDD was exemplified and special attention was given to overcome
problems related to matrix effects for complex samples. To the best of
our knowledge, OP GSA, MEC, and TP CT methods have not yet been
applied to WD XRF technique.

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
high-performance magnets. The samples were irradiated with X-ray
emission provided by a Rh tube with a maximum power of 4200 W. The
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instrument is equipped with five different crystals that can be used in
the wavelength dispersion, ranging from 0.124 A (0.0124 nm, LiF220)
to 162.662 A (16.2662 nm, 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 (0.15 mm,
0.40 mm, 1.00 mm and 2.60 mm) and two detectors: a flow propor-
tional counter (FPC) and a scintillation counter (SC). Two elliptical
masks of 0.50 mm and 10 mm were used to perform the analysis. The
electronic transitions Nd Ly; (0.187 nm), Nd L3, (0.203 nm), Nd L{3
(0.212 nm), Nd LB4 (0.216 nm) and Nd Lo, (0.237 nm) were mon-
itored. The current and the voltage applied to the X-ray source were
50 mA and 60 kV (3000 W), respectively.

Reference Nd concentrations were obtained using an inductively
coupled plasma optical emission spectrometer (ICP OES) (iCAP 7000,
Thermo Scientific, Waltham, MA, USA), after acid decomposition of the
samples (n = 3) in hot block digestor (Marconi, Piracicaba, Sdo Paulo
State, Brazil). The emission line monitored was Nd 378.425 nm using
axial viewing, and the instrumental conditions were established as the
manufacturer recommendations

2.2. Reagents, solutions and samples

All solutions used in the ICP OES determinations were prepared
using high purity water (18.2 MQ cm 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 digest the samples. All
glassware and polypropylene vessels were prior decontaminated by
detergent washing, soaking in 10% (v/v) HNOj3 for 24 h, and then
thorough rinsing with distilled-deionized water.

Standard solutions used to build the ICP OES calibration curve were
prepared by the appropriate dilution of stock standard solutions con-
taining 1000 mg L~! Nd (Specsol, Sdo Paulo, Brazil) in 10% (v/v)
HNO;.

In order to prepare solid calibration standards, sodium carbonate
(Merck, Darmstadt, Germany) and microcrystalline cellulose (Synth,
Sao Paulo, Brazil) were used as diluent (blank) and binder, respectively.

In HDDs, there are two types of high-performance magnets: actuator
and spindle motor, but, in this study, only the actuator magnets were
used. The small size of the magnets limited the milling process of each
magnet individually. Then, the strategy was separate the 56 magnets
into 8 different groups (named M1-M8) from 5 to 13 individual sub-
samples, according to devices manufacturer to obtain sufficient mass
for the milling process. More details can be seen in Castro & Pereira-
Filho [21].

2.3. Sample preparation for Nd determination by ICP OES

An ICP OES was used as analytical technique to determine the re-
ference concentrations of Nd in magnets after acid decomposition of the
samples. First, the samples were heated in a furnace at 500 °C ap-
proximately two hours for the elimination of the magnetic field. Then,
they were ground in a knife mill (IKA, A11) to obtain a more homo-
geneous sample. Approximately 100 mg was accurately weighed in
perfluoroalkoxy (PFA) tubes and subsequently added 10 mL of
7 mol L.~ HNOjs for decomposition (n = 3) in hot block digestor during
two hours at 100 °C, as optimized by Castro & Pereira-Filho [21].

2.4. Univariate calibration strategies for Nd determination

Three univariate calibration strategies for determination of the Nd
in magnets by WD XRF were evaluated: i) MEC, ii) OP GSA and iii) TP
CT. All these strategies use an efficient matrix-matching method, be-
cause the calibration curve and linear models are obtained using stan-
dards in the presence of the matrix of each sample. Data handling is the
main difference among these three strategies.
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Fig. 1. Schematic representation of (a) MEC and OP GSA, standard 1 (Sample + Blank): 0.25 g sample, 0.3 g Na,CO3 and 0.05 g microcrystalline cellulose, and
standard 2 (Sample + Standard): 0.25 g sample, 0.3 g M8 sample and 0.05 g microcrystalline cellulose, (b) TP CT, unknown sample: 1 g sample and 0.2 g
microcrystalline cellulose, and standard sample: 1 g M8 sample and 0.2 g microcrystalline cellulose, for WD XRF analysis procedure.

For MEC and OP GSA, only two calibration standards are required
for each sample. The standard 1 (S1) consisting of sample + blank; and
the standard 2 (S2) consisting of sample + Nd standard. The S1 was
composed of 0.25 g of sample, 0.30 g of blank (Na;CO3) and 0.05 g of
binder (microcrystalline cellulose). The S2 was composed of 0.25 g of
sample, 0.30 g of Nd standard and 0.05 g of binder. The sample named

M8 containing 24.51% w w~ ! Nd, was used as a standard to prepare S2
for both MEC and OP GSA calibrations.

For TP CT, the sample preparation for WD XRF analysis was simple
and consisted of mixing 1 g of milled magnet sample with 0.2 g of
microcrystalline cellulose (as a binder). The sample M8 (1 g of M8
sample with 0.2 g of microcrystalline cellulose) was also used as a
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standard for TP CT.

All mixtures were homogenized with a mortar and pestle and
pressed (60 kN for 2 min) to form pellets (approximately 13 mm dia-
meter). These pellets were also prepared in triplicate. Fig. 1 shows a
schematic representation of the MEC, OP GSA (both Fig. 1a) and TP CT
(Fig. 1b) procedures for WD XRF analysis.

Using the counting time of 2 s, 0.15 mm collimator, elliptical masks
of 0.50 mm (for TP CT) and 10 mm (for MEC, OP GSA, TP CT), 0.1°
increment, LiF 200 as diffraction crystal, and scintillation counter de-
tector, all solid samples and standards were analyzed in the scan mode
by monitoring spectral windows for diffraction angles 26 from 57 to 75°
related to Nd Ly; (26 - 55.606° or A1-0.187 nm), Nd LB, (26 - 60.746°
or A2-0.203 nm), Nd Lf33 (26 - 63.781° or A.3-0.212 nm), Nd L34 (26 -
65.120° or A4-0.216 nm), and Nd Lo, (20 - 72.125° or A5-0.237 nm)
electronic transitions.

Three authentic replicates were prepared to evaluate the precision
of the model according to relative standard deviation (RSD). Besides
that, the standard error (SE) was calculated for all calibration strategies
according to Eq. (2):

_ 2=
SE = n—-1 2

where y; is the Nd reference concentration obtained by ICP OES, ¥ is
the concentration predicted by the linear model using WD XRF and n is
the number of samples.

3. Results and discussion

In this study, three univariate calibration methods (MEC, OP GSA
and TP CT) were performed in order to determine Nd in samples of
high-performance magnets.

One of the advantages to determine Nd is the possibility to use only
one crystal with five different electronic transitions, which make the
analysis faster than when it is necessary to change the crystal. Besides
that, there is a lot of interference between Nd and Pr. But, in this case, it
was not a problem due to a high amount of Nd in the magnets. The
typical Pr concentration in the analyzed samples ranged from 1 to 5% w
w1 [21]. Fig. 2 shows the intensity of the different transitions chosen
for Nd. Fig. 2a presents the signal used for MEC and OP GSA, for both
pellets (S1 and S2), while Fig. 2b and c is for TP CT with 0.50 mm and
10 mm of elliptical mask, respectively.

The analysis for TP CT was made in two different diameters of el-
liptical mask. This approach is necessary due to the fact that is needed 2
points to build the linear model. Fig. 2b shows the signal with 0.50 mm
of elliptical mask, a smaller area of the sample was irradiated, re-
trieving, as expected, lower intensity when compared to 10 mm of el-
liptical mask, where the irradiated area is larger. It is important that the
intensity of point 2 must be higher than the point 1. As can be observed
in Fig. 2b and c, even with low intensities, using 0.50 mm of elliptical
mask (Fig. 2b), it was possible to build the linear models with good
statistical parameters. The linearity was evaluated calculating an F-test,
where the ratio between the F ,jculated and Frapulatea being higher than
10 is preferably. These F values were accounted using the mean of
square for Regression (MSR) and residue (MSr).

Fig. 3 shows the three univariate models for sample M3. For MEC
(Fig. 3a), a linear model was calculated with the 5 transitions of Nd
with a R? close to 1, trueness of 94% and RSD of 14%. The Nd con-
centration was determined using Eq. (3):

Cor = Slope X Cgyq
Nd= o
1 — Slope 3

One of the advantages for MEC is the possibility to identify spectral
interference in electronic transition used in the linear model. If any
specific transition has spectral interference, the point (Nd transition)
can be removed from the linear model, improving the correlation. But
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Fig. 2. Spectral intensities of Nd electronic transitions for (a) MEC and OP GSA,
(b) TP CT with 0.50 mm of elliptical mask, and (c¢) TP CT with 10 mm of el-
liptical mask.

in this case, the Nd concentration in the samples is very high and
spectral interferences were not identified in the monitored electronic
transitions to Nd by WD XREF. The trueness for all models was calculated
according to reference values obtained by ICP OES.

For OP GSA (Fig. 3b), the calibration curve was built according to
gravimetric approach, considering the masses of standard, unknown
sample and diluent (x-axis and y-axis) [8]. The Nd concentration is
based in the extrapolation method and is calculated by Eq. (4):
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Fig. 3. Univariate models for sample M3 using (a) MEC, (b) OP GSA and (c) TP
CT. These results are the average of triplicate values and the error bars are the
standard deviation of the triplicate.

Intercept
Cna= ——
Slope 4

In this method, only two calibration standards are necessary (S1 and
$2) monitoring only one Nd electronic transition, as it can be observed
in Fig. 3b. The linearity was also tested by F test, which, in this case, the
ratio between Fexperimental @Nd Fiapulatea Was 106, demonstrating the
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variances from regression and residue are statistically different at 95%
confidence level, so the model can be considered linear. Besides that,
trueness of 93% and RSD of 12% were obtained.

Fig. 3c shows the TP CT model for sample M3. As in the OP GSA,
only one Nd transition is monitored and is made a calibration transfer
between the standard and unknown sample. The Nd concentration in
the unknown sample is calculated by Eq. (1).

One crucial aspect in the TP CT is the similarity between the stan-
dard and unknown sample. Good results are obtained if they are si-
milar. In this case, trueness of 106%, RSD of 13% and an F ratio higher
than 10 for both (standard and sample M3) were obtained.

All the parameters of the calibration methods for each sample are
showed in Table 1, as well as the Nd concentration obtained by ICP OES
and the RSD values. Five Nd transitions were tested for OP GSA and TP
CT, but the best transition for each sample was chosen according to
trueness and RSD, as observed in Table 1. But, even with the selection
of one electronic transition for each sample, for TP CT, it is important to
mention that all the 5 transitions presented good results for all samples
(M1 - M7). The trueness ranged from 97 to 118% and RSD from 5 to
19% among all samples and transitions, this is an advantage because is
possible use any Nd transition with good figures of merit and repeat-
ability.

On the other hand, for OP GSA, the results change from one sample
to other. For M7, just the transition 5 (\5) presented good result (even
being a little bit above 120% trueness), but for other samples (M4 and
M5), this transition 5 presented low values of trueness (bellow 80%).
Another example is the transition 1 (A1), that presented high values of
trueness for all samples, except for M5.

Another parameter presented in Table 1 is the F ratio for OP GSA
and TP CT. In addition, Fig. 4 shows the trueness obtained according to
Nd concentration calculated with the WD XRF models and the Nd re-
ference concentration determined by ICP OES.

For almost all samples, the trueness values were in the acceptable
range from 80 to 120% (between the lines in Fig. 4). The values ranged
from 65 to 126% for MEC, 80 to 127% for OP GSA and 99 to 114% for
TP CT. The RSD values ranged from 3 to 26%, from 4 to 27% and from 5
to 13% for MEC, OP GSA and TP CT, respectively. The F tests performed
for OP GSA and TP CT presented ratios (Feaiculated/Frabulated) @bove 10,
showing a good linearity for both cases. The standard errors were 2, 4
and 6% w w ! Nd for TP CT, OP GSA and MEC, respectively, being far
below the average Nd concentration (see Table 1). Another advantage
of these proposed methods is the use of the raw data, none normal-
ization was performed.

When comparing the three methods, is notable that MEC presented
trueness values worse than the other methods for some samples. But
note that, in MEC, all the electronic transitions of Nd are used, while in
the other methods, it is necessary only to choose the best one. An ad-
vantage to use more than one transition of Nd is the possibility to ob-
serve the spectral interferences, as already mentioned.

A favorable aspect for MEC and OP GSA is the powerful matrix-
matching procedure using only two calibration standard per sample,
which efficiently corrects or minimizes matrix effects enabling quanti-
tative results with satisfactory accuracy and precision. These two cali-
bration standards require a certain amount of time to prepare and are
laborious if the number of samples is high. Other crucial point is the
choice of the diluent in these standards. In some cases, the transition
lines for diluent can interfere in the transition lines for the element of
interest. Therefore, a special careful is needed.

For TP CT, the sample preparation and data treatment are very
simple and fast, the only aspect that needs attention is the choice of the
standard, which have to present similar matrix with the unknown
sample. This can be a problem when the interest element has a very
large concentration range in the samples.
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Table 1
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Nd reference concentration obtained by ICP OES for all samples, RSD value for all calibration strategies, wavelength (electronic transition used for OP GSA and TP

CT), and F ratio calculated (for OP GSA and TP CT linear models).

Samples  Nd concentration — ICP OES (% w w™')  RSD (%) Wavelength (nm), see details in Fig. 2 F ratio
MEC OP GSA TP CT OP GSA TP CT OP GSA TP CT (sample) TP CT (Std)

M1 25.62 25 6 12 A3 Al 19 295 36

M2 25.55 4 6 11 A5 A4 249 1272 37

M3 26.33 14 12 13 A5 A3 106 413 29

M4 25.75 26 27 5 A3 A5 34 200 55

M5 25.93 3 4 13 A4 A2 593 202 44

M6 24.99 5 5 10 A4 A3 243 1535 29

M7 23.52 8 7 11 A5 Al 233 1050 36

Range 23.52-26.33 3-26  4-27 5-13 - - 19-593 295-1535 29-55
Average  25.38 12 10 11 - - 211 710 38

140 (CNPq, 401074/2014-5, 305637,/2015-0, 160152/2015-1, and

Trueness (%)

M1

M2 M3 M4

Samples

Fig. 4. Trueness (%) for all samples using the three univariate calibration
strategies (MEC, OP GSA and TP CT). These results are the average of triplicate
values and the error bars are the standard deviation of the triplicate.

4. Conclusion

After testing three new methods of calibration for WD XRF analysis,
it is notable that there is no perfect and standardized procedure for
overcoming all analytical problems. Each strategy can be useful for a
given situation such as identify spectral interferences (MEC), overcome
severe matrix effects (OP GSA), or use of a single standard for cali-
bration (TP CT). All the proposed models presented good results for
direct Nd determination in magnets, making a powerful combination
between these three univariate calibration approaches and WD XRF for
characterization of Nd in the recycling process of e-waste. On the other
hand, TP CT seems to be more robust because good results were ob-
tained for all samples and the Nd electronic transition selection was not
a critical aspect.
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4. Characterization of LIBS spectra by PARAFAC

Parallel Factor Analysis (PARAFAC) is a decomposition method for multi-
way data and it is considered a principal component analysis (PCA)
generalization. In a three-way data, the structural base is given by A, B and C
(loadings) containing air, bjt and ckj related to the three dimensions of the data
(Figure 4), which means, data measured as a function of three factors [91,92].

For LIBS, samples, variables (emission lines) and depths, for example.

cl c2
- bl b2 _ g
- * Y| E - o] + | E
al a2
F

xijk=Zaifbjfckf+sijk,i=1 ..... 1;j=1 ..... ];kzl ..... K,‘
=

Figure 4. Structural base for three-way data by PARAFAC.

Where Xijk is the emission line intensity of sample i measured at emission
line j and pulse k; &k is the variation not explained by the model (residuals); ai,
bjt and ck describe the importance of the samples/variables of each component
(F, number of components). The model is calculated by Alternating Least Square
(ALS) and, this algorithm estimates the value of one of the loadings from the
values of the others, starting with random values until reaching a convergence
criterion [91].

As result, PARAFAC will provide a unique solution: mixtures of analytes
can be separated, relative concentrations, pure spectra and profiles can be
estimated, if the data are trilinear, number of components are chosen correctly
and the data must have a good signal-to-noise ratio. This characteristic of
PARAFAC is the unigueness and, it is the great advantage of this method [91,92].

The crucial aspect is the choice of the components number and, besides
the knowledge of the analyst about the system, explained variance, split-half
analysis and core consistency diagnostic (CORCONDIA) can assist [93,94]. For
split-half analysis, it is necessary to split the data into two sets, for example, and
then calculate the PARAFAC model for both sets, if the number of components
is correct, both models will provide the same result due to the uniqueness of
PARAFAC [94]. The CORCONDIA method is a calculation to verify how much
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the data are trilinear, the ideal model is that with higher number of components
but that preserves the trilinear structure [93].

Other possibility is the constraints use, as an example, the non-negativity.
This application avoids negative spectra that are not in accordance with the
expected nature of LIBS data. Orthogonality and unimodality are other examples
for constraints [94].

For a quantitative analysis, the estimated scores for the samples can be
used to predict their real concentration with the advantage of second order:
possibility of calibration in the presence of unknown interferents that are not
present in the calibration set [91,92].

In this chapter, PARAFAC was used to characterize the LIBS spectra from
PCB analysis by LIBS, being the first study about PARAFAC and LIBS in the
literature. This study was made during my internship abroad at the University of

Copenhagen under supervision of Dr. Rasmus Bro.
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4.1. Laser-induced breakdown spectroscopy
(LIBS) spectra interpretation and characterization
using parallel factor analysis (PARAFAC): a new

procedure for data and spectral interference

processing fostering the waste electrical and
electronic equipment (WEEE) recycling process
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Laser-induced breakdown spectroscopy (LIBS)
spectra interpretation and characterization using
parallel factor analysis (PARAFAC): a new procedure
for data and spectral interference processing
fostering the waste electrical and electronic
equipment (WEEE) recycling processt

Jeyne Pricylla Castro,®® Edenir Rodrigues Pereira-Filho {2 *° and Rasmus Bro?

Laser-induced breakdown spectroscopy (LIBS) was used to characterize base (Al and Cu) and noble (Au and
Ag) elements on a printed circuit board (PCB) from a hard disk (HD). A PCB was cut into 77 fragments, and
a matrix of 4 rows and 4 columns with 10 laser pulses in each point of the matrix was acquired in each
fragment by LIBS. For each element, a spectral range was selected with its respective emission lines and
Parallel Factor Analysis (PARAFAC) was used to model the data. LIBS spectra are two-way data, but in this
case, the depths were used as a third mode being the data set: samples x variables (emission lines) x
depths (laser pulses from 1 to 10). PARAFAC was able to model spectral interference and analyte
emission lines in separate components, which allows the removal of the contribution of the
concomitants from the measured data. The scores (relative concentrations, mode 1) of the component
of interest were used to create a map of the PCB colored by relative concentration, and it was possible
to visualize where the element is predominantly located on the PCB. In addition, classification models
were applied for Au and Ag using partial least squares discriminant analysis (PLSDA) after removal of the
interferents using the PARAFAC result. Good figures of merit were obtained for calibration, cross-
validation and validation data sets with accuracy ranging from 0.94 to 1.00. Therefore, the use of
PARAFAC and LIBS spectra was very useful, being a great contribution to the LIBS community and urban
mining.

replaced by new ones in a short period of time, varying from 1 to
2 years in the case of mobile phones.

Electrical and electronic equipment (EEE) presents in its
chemical composition several important elements due to their
unique physical and chemical properties. These elements can
be categorized as noble (Ag, Au), base (Al, Cu) and technological
(In, among others), which make EEE functional, but as
a consequence, obsolete EEE is very complex, highly heteroge-
neous and difficult to recycle. The worldwide number of users of
technological products is growing at great speed with the social
and economic advance, and innovation. Nowadays, many
people have more than one electronic device (mobile phones,
tablets, and personal computers, among others), which can be

“Department of Food Science, University of Copenhagen, Copenhagen, Denmark
*Group of Applied Instrumental Analysis, Chemistry Department, Federal University of
Sdo Carlos, P. O. Box 676, Sao Carlos, Sao Paulo State, 13565-905, Brazil. E-mail:

erpf@ufscar.br
+ Presented at the 2020 Winter Conference on Plasma Spectrochemistry, Tucson,
AZ, USA.

This journal is © The Royal Society of Chemistry 2020

The huge demand for critical metals can cause their defi-
ciency in the Earth's crust, leading to supply risks in the future,
and fostering the interest in secondary resources, such as e-
waste recycling. The world generation of e-waste in 2016, for
example, was around 45 million metric tons, which is equiva-
lent to almost 4500 Eiffel towers. In 2021 the expected e-waste
generation can reach an alarming value of more than 50
million metric tons. This huge amount of e-waste presents
complex, diverse and rich composition, being a source of scarce
and valuable raw materials.”

The correct recycling of e-waste depends on proper charac-
terization of these materials, including the development of
reliable analytical methods.*” Laser-induced breakdown spec-
troscopy (LIBS) is a technique where direct solid analysis is
possible with high analytical frequency and minimum sample
preparation. On the other hand, direct analysis presents several
difficulties in the reproduction of the data due to the ablation
process, plasma formation, microheterogeneity and matrix
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effects, which can be circumvented by combining LIBS spectra
with chemometrics.®™*?

Due to sample heterogeneity, LIBS spectra of these materials
are very complex with thousands of emission lines in which the
emission line of one element may interfere with another. This
can be a problem for some elements with low concentration in
the sample or when all emission lines from the element of
interest have some spectral interference, compromising the
analysis.**

Parallel factor analysis (PARAFAC)" is a decomposition
method applied for multi-way data (higher order data
arranged in boxes). It can estimate the spectra and concen-
tration 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. It can be considered a gener-
alization of Principal Component Analysis (PCA) for multi-
way data, but with an advantage over bilinear methods,
which is the uniqueness of the solution. This method has no
limitations with rotational freedom. So, the true underlying
spectra will be found if the data is trilinear, the right number
of components is chosen and the signal-to-noise ratio is not
prohibitively bad.***”

Fluorescence' " and chromatography**>* data are the most
common application areas of PARAFAC with several examples
in the literature. These examples include applications for
chemical characterization,*?* multivariate calibration,*®
exploratory analysis,” and so on. But for LIBS, it is worth
mentioning that there is no study combining LIBS emission
spectra and PARAFAC modeling.

The aim of this study is the characterization of metals on
a printed circuit board (PCB) from a hard disk (HD), an e-
waste type with a very rich composition. Base (Al and Cu)
and noble (Au and Ag) elements were investigated. To model
the data, PARAFAC was used for the first time, being

Fig. 1 Description of the data acquisition and organization.

M6 | J Anal. At. Spectrom., 2020, 35, 1115-1124

Paper

a potential and reliable approach to identify and handle
spectral interferences. In addition, using the PARAFAC
results, reliable classification models were applied for the
noble elements using partial least squares discriminant
analysis (PLSDA).

2. Materials and methods

2.1 Sample preparation

An obsolete PCB from a HD is a special type of WEEE, composed
of several chips and other technological characteristics. This
PCB is responsible for several actions, such as the movement of
the disks and read/write heads, recording and receiving data
between the disk and the computer, as well as the routines
related to data security.

It is clear that these PCBs present several base, noble and
technological elements that can be recycled and used in the
manufacturing of new electronic devices. In this case, in
order to simulate a crushing machine in industry, one PCB
from a HD was chosen and cut into 77 fragments (11 rows and
7 columns) with around 10 by 10 mm. Each fragment was
taken as an individual sample and it was further analyzed by
LIBS.

2.2 LIBS setup, data set acquisition and organization

The LIBS instrument used in this study was a model J200 from
Applied Spectra (Fremont, CA) equipped with a 1064 nm
Nd:YAG laser and pulse duration of 8 ns. The spectrometer is
a 6-channel charge-coupled device (CCD) with 12 288 pixels that
covers a spectral range from 186 to 1042 nm. Some instrumental
conditions can be varied: delay time (0 to 2 ps), spot size (50 to
250 um), laser pulse energy (0 to 100 mJ) and laser repetition
rate (1 to 10 Hz). The analysis can be acquired using raster,
matrix or punctual modes.

Columnl  Fragmentl,pulse ., Column 7

10 (4x4)

E
L

Fragment7, pulse
10 (4x4)

Fragment1,
pulse 1 (4x4)

Fragment7,
pulse 1 (4x4)

Fragment71,
pulse 10 (4x4)

Fragment77,
pulse 10 (4x4)

Fragment71,
pulse 1 (4x4)

Fragment77,
pulse 1 (4x4)
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In this study, the LIBS instrumental conditions were fixed at
100 mJ of laser pulse energy, 100 um of spot size, 1 us of delay
time and 5 Hz of laser repetition rate. A matrix of 4 rows and 4
columns was performed on each of the 77 fragments and 10
laser pulses were acquired in each point of the matrix: ~160
spectra per fragment and a total of more than 12 000 spectra.
The distance between the points was 1 mm. As the sample
presents a heterogeneous feature with several components in
high relief, the data acquisition was made manually. In some
cases, the points fell into orifices, where the acquisition of the
signal was not possible. Therefore, the final data set is 77
fragments x ~160 spectra, resulting in 12 100 spectra. Each
spectrum has 12 288 variables (from 186 to 1042 nm). A picto-
rial description of the data acquisition and organization is
shown in Fig. 1. The red horizontal and vertical lines were
marked in order to visualize the PCB fragmentation. In addi-
tion, the red dots (4 x 4) represent the laser pulses applied in
each fragment and from pulses 1 (surface of the sample) to 10
(bulk of the sample).

2.3 Multi-way data analysis using PARAFAC

The PARAFAC model is applied for multi-way data, which
means that the acquired data set is measured as a function of
three or more types of variables. For LIBS, two-way data were
established for several depths, thus generating multi-way data.
PARAFAC was used to model the data arranged inan 7 x J X K
three-way array. The first one (I) refers to the 77 samples (1210
spectra), the second (J) to the emission lines (wavelengths) and
the third (K) to the pulses (depth, from 1 to 10), a pictorial
description is shown in Fig. 2. In this figure only a spectrum
section from 17 emission lines covering Cu 324.75 and 327.39 is
shown as an example. The PARAFAC model can be written using

eqn (1).

F
Xjp = Y dirbicis + e,
= 1)

i=1, ., L j=1..,J, k=1 .. K;

For LIBS analysis, x;; is the emission line intensity of
sample i measured at emission line j and pulse k. The ¢ is
the variation not explained by the model (residuals) and a,
bjrand ¢ describe the importance of the samples/variables
of each component (F, number of components), a; being
proportional to the concentration of the /™ analyte in the

1500 -

Pulses (K=10) 1000

500 -

LIBS intensity

04
~

s2730 T

Sample (1 = 1210)

c
Emission lines (J = 17) U Em,

s 32475
“on Ines

Fig. 2 Description of the | x J x K three-way array for LIBS spectra.
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sample i, bran estimate of the emission spectrum of the f
analyte up to a scaling factor and c;s proportional to the
depth of the f™ analyte in the pulse k. The model is calculated
using the algorithm alternating least squares (ALS). Details
about the calculation can be found in other
publications.*>3%3*

Due to a high number of variables (12 288), variable
selection was previously performed for each target element.
Base (Al and Cu) and noble (Ag and Au) elements were
studied. For Cu, for instance, two ranges of emission lines
were chosen, I 324.75 and I 327.39 nm, a reduction from
12 288 to 17 variables. The index “I” means that these lines
are atomic emission lines. For Al, from 12 288 to 17 variables,
also two ranges of emission lines: I 394.4 and I 396.15 were
chosen. In the case of Au and Ag, just one range of emission
line was chosen, I 479.25 and I 338.28 nm, respectively (data
reduction from 12 288 to 7 variables for each noble metal).
These emission lines were selected because they had intense
signals. In some cases, spectral interference was observed
which was eliminated after data treatment that will be
described in the next sections. So, the data set was defined by
1210 samples (77 samples x ~16 points), 24 variables for base
(17 emission lines) and noble (7 emission lines) elements,
and 10 pulses.

All the calculations were performed using MATLAB® 2018a
(Mathworks, Natick, MA, USA) and PLS_Toolbox 8.7 software.

2.4 Classification models for noble elements’ data
inspection

Classification models were applied using PLSDA in order to
verify the presence or absence of the noble elements in the
fragments. With the results obtained from the PARAFAC model
and interference removal from the data, individual PLSDA
models were calculated for Au and Ag. The main step in this
process was to find a suitable data set to perform the calcula-
tions, because for each fragment there are ~16 spectra (16
points), and it is impossible to perform the average of these
spectra, due to the heterogeneity of the samples. Fig. 3 shows an
example for fragment 1 and the problem of performing the
average of the spectra. In this figure high analytical signals are
observed for points 11, 1 and 5, but for the other points the
analytical signal is low. The intensity of the average spectrum is
too low compared to the spectrum of point 11 (high analytical
signal). Therefore, several strategies were used to classify these
samples and the most suitable solution is described below:

- Data sets: this part was organized into two data sets (Au and
Ag) after interference removal with the dimensions 1210
samples x 7 variables x 10 pulses. First, selection of one pulse
according to the PARAFAC model. Resulting data set: 1210
samples x 7 variables for the chosen pulse.

- Selection of the representative spectrum for each fragment.
The strategy used was to select one of these spectra that pre-
sented higher intensity of the emission line. Final data sets: 77
samples x 7 variables.

- Due to lack of representative reference values for each
fragment, one strategy for classification was to consider
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Fig. 3 Description of the heterogeneity problem for the fragments.

samples with intensity higher than 500 with Au and/or Ag (class
1) and samples with intensity below 500 without Au and/or Ag
(class 0). The intensities below 500 are too low and can be
confused with noise. In order to establish this threshold (500),
we calculated the noise before and after the peak and multiplied
it by 3 to ensure the presence of the element.

After the data set organization, mean centering was per-
formed and two separate models were calculated. Cross vali-
dation using venetian blind with 6 and 3 splits was performed,
for Au and Ag, respectively. For external validation, the data was
split into calibration (66% of the data) and validation using the
onion approach.* Figures of merit were evaluated:

- Sensitivity (true positive rate, TPR): model ability to avoid
false negatives;

- Specificity (true negative rate, TNR): model ability to avoid
false positives;

- Error rate (ER): estimation of the model error;

- Non-error rate (NER): capability to correctly classify;

- Accuracy: estimation of the model error, high accuracy
means a good model;

- AUC: area under the ROC (Receiver Operating Character-
istics) curve.

For two classes, sensitivity and specificity are “specular”.*
The strategy described in this section was performed for Au and
Ag.

In order to verify the difference between the classification
models from raw data and the data after removal of interfer-
ence, the classification was also made for the raw data using the
same parameters mentioned above.

3. Results and discussion

One of the major drawbacks related to LIBS spectra is spectral
interference. In many cases, these interferences are present in
the most intense emission lines of the elements jeopardizing
the analysis. In order to minimize this problem, it is

M8 | J Anal At. Spectrom., 2020, 35, 1M15-1124
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recommended to choose secondary emission lines that do not
present any interference, which is a difficult task for some
elements.®

The PARAFAC model has many advantages, and one of them
is the uniqueness. This implies that the pure spectra, profiles
and relative concentrations can be estimated and mixtures of
analytes can be mathematically separated® if the data are
following the structure of the PARAFAC model. This feature can
be very important in LIBS data analysis, minimizing possible
problems related to spectral interference.

A new and possibly useful contribution to the LIBS
community is the use of PARAFAC to identify these interfer-
ences and removing them. In addition, the samples used in this
study are several fragments from a PCB, a complex and
heterogeneous matrix, that has more than 20 elements. The
focus is on the base and noble elements, such as Al, Cu, Ag and
Au. All of them presented some interference in the emission
lines, making the application of PARAFAC in the LIBS spectra
an interesting test of the ability to mathematically filter the
interference signal.

3.1 PARAFAC model for Cu profile characterization

The PARAFAC model was calculated for the data using only Cu
emission lines (1210 samples x 17 variables x 10 pulses) and it
is shown in Fig. 4. Fig. 4a shows the spectral range chosen for
Cu. In the figure, it is possible to observe the great variability
among the samples and the presence of interference that can
jeopardize the analysis.

The results of a PARAFAC model are given in three modes.
The first mode is for the samples, and the parameters represent
the relative concentrations found with the model for each
component. Mode 2 is for the variables: emission lines for Cu,
and mode 3 is related to the 10 pulses analyzed (depth). Fig. 4b
and c show the results for modes 2 and 3, respectively.

A model with 3 components explained 88% of the variance
and had a core consistency around 62%. The core consistency
(CORCONDIA) is used to verify the appropriate number of
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PARAFAC model.
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components and can be understood as the percentage of
trilinear variation in the model space. We took the highest
number of PARAFAC components that presented a sufficiently
high core consistency (>50%).*

Another characteristic of PARAFAC is the possibility to apply
constraints, which is helpful to interpret or for stability of the
solution. Using constraints, the fit of the model is lower than
that of the unconstrained model, but on the other hand, the
constrained model can be more realistic. The most common
constraints are non-negativity, unimodality and orthogonality.
In this study, non-negativity was used for the three modes. This
constraint is used to avoid negative spectra that are not in
accordance with the expected nature of the LIBS data.*"?

As can be observed in Fig. 4b, there are 3 components
describing the data, namely the components 1 (blue line) and 3
(yellow line) both of which represent the emission lines for Cu.
The spectrometer used is a CCD with 12 288 pixels ranging from
186 to 1042 nm. The resolution changes from one channel to
another. The resolution in the spectrometer channel where the
Cu emission lines (324.75 and 327.39 nm) are present is around
0.09 nm. Therefore, both peaks appear in the following inter-
vals: 324.72 and 324.81 nm (324.75 nm), and 327.33 and
327.41 nm (327.39 nm). There is not a pixel exactly at 324.75 or
327.39 nm. On the other hand, the component 2 (red line) can
be an interference of the Ti ionic emission lines: II 324.86 and II
327.16 nm. The index “II” means that these lines are ionic
emission lines.

Other useful information is observed in mode 3 (Fig. 4c),
where it is possible to visualize a difference between pulse 1 and
the others (from 2 to 10). According to this, Cu is more present
in the bulk of the samples, even for the component 2 (inter-
ference) that present the same behavior of the target element in
the depth.

In certain cases, the so-called split-half analysis™ was used to
further ascertain the number of components. This approach
splits the data into two sets and then calculate PARAFAC models
for both. If the number of components is chosen correctly, both
models will give the same result due to the uniqueness of the
PARAFAC model.” This strategy was performed and the simi-
larity of both models was 89%.

With the model results, the relative concentrations (scores,
mode 1) of components 1 (T1) and 3 (T3) (component 2 is related
to interferences) were summed because they represent the same
element with difference in the emission line position among the
samples. In order to verify the distribution of Cu in the board, the
final relative concentration (sum of T1 and T3) was used to
construct images. Fig. 5a shows one example for fragment 61,
where the yellow squares represent locations with higher amount
of Cu than the blue parts. This is a good approach to observe
where the element is predominantly located.

This relative concentration can also be used to estimate the
real concentration using linear regression with some known
values of concentration. Reference values can be obtained, for
instance, using inductively coupled plasma optical emission
spectrometry (ICP OES) after acid mineralization of samples.
But in the case of the present study, it was not possible to obtain
good agreement between the LIBS and ICP OES measurement
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Fig. 5 Example for fragment 61. (a) Cu distribution in this fragment
using the relative concentrations (sum of T1 and T3); (b) raw data; (c)
spectral range after removal of component 2.

due to sampling and heterogeneity problems. While for LIBS we
have 160 spectra for each fragment, for ICP OES there is one
reference value per fragment. The ideal situation would be to
obtain reference results for each laser pulse.
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We can use the PARAFAC model to minimize the interfering
signal by subtracting the interference component from the raw
data. The second component was extracted using the outer
product, followed by its subtraction from the initial data set,
showing the applicability of PARAFAC to handle interference
problems. This can be seen in Fig. 5b and c, where fragment 61
is presented using the initial data set and the same data after
removal of component 2, respectively. After the interference
removal it is possible to visualize a more selective spectrum.

A positive aspect observed using PARAFAC was the Ti inter-
ference at position 324.81 nm. In this case, Ti (the interferent)
or Cu can be detected, but using PARAFAC it was possible to
observe two different situations:

(1) Component 3 (Fig. 4b) is related to both Cu emission
lines: maximum in 324.81 and 327.41 nm.

(2) Component 2 (Fig. 4b) is related to Ti emission lines:
maximum in 324.81 and 327.15 nm.

This is a very positive aspect which is not possible using
visual inspection or other chemometric techniques.

3.2 PARAFAC model for Al profile characterization

Another example of the applicability of PARAFAC in LIBS data
was Al In this case a spectral range with two emission lines was
selected and 17 variables were organized. The results are shown
in Fig. 6. For several spectra, the presence of an interferent in
the second emission line (396.15 nm) is observed. A PARAFAC
model with 3 components was appropriate. Fig. 6a shows mode
2 with an identified interferent in the component 3, and Fig. 6b
shows mode 3.

The components 1 and 2 are very similar in mode 2 (Fig. 6a),
but it is possible to observe a huge difference in the pulses
(Fig. 6b, mode 3). Component 1 has a high amount of Al for
pulse 1, which decreases as the depth increases until it reaches
pulse 10. On the other hand, mode 3 is very similar for
components 2 and 3 (interference). This interference can be Ti I
396.28 nm or Fe I 396.31 nm.

Fig. 6¢ shows raw data for fragment 14 with high intensity for
Alin pulse 1, decreasing the intensity for pulses 5 and 10, where
it is possible to observe the interference in the 396.15 nm
emission line. This behavior is observed for all the samples,
proving the presence of Al in the pulse 1. Therefore, component
1 refers to Al due to the presence of this element in pulse 1, as
mentioned before. It means that Al is more concentrated in the
surface of the board (pulse 1). This is another advantage of
using multi-way data and tools that model this type of infor-
mation, making it possible to visualize variations in the data
using different modes.

To visualize the Al distribution in the board, images were
obtained for the relative concentration of the component 1.
Fig. 7a shows the fragment 14, for instance, where the yellow
points are related to high amounts of Al. Besides that, the
component 3 was extracted using the outer product, followed by
its subtraction from the raw data set. Fig. 7b and ¢ show the
example for fragment 14, with the initial data set and after
removal of component 3, respectively.
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3.3 Noble elements: PARAFAC and classification models

In this study, Au and Ag were investigated. For each element,
one spectral range was selected and the baseline correction
was made using the Automatic Whittaker Filter. Fig. 8a and
d show the spectral range chosen for Au and Ag, respectively,
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and it is possible observe the complexity of these data, mainly
due to the low concentrations that these elements have on the
PCB'36,37
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components 1 and 2.

PARAFAC models were calculated for both elements and the
results can be seen in Fig. 8b and e, for Au and Ag, respectively.
For Au, 3 components were found with the PARAFAC model
(Fig. 8b), with components 2 (red line) and 3 (yellow line) being
the Au. The emission line of Au is 479.25 nm, but there is not

M22 | J Anal. At. Spectrom., 2020, 35, 115-1124

a pixel exactly at this point, so the peak can appear at 479.22
(component 2) or 479.3 nm (component 3). Explained variance
of 86% and CORCONDIA of 79% were obtained. In addition, the
validation of the model was made using the split-half analysis
with a similarity of 90% between both data sets. For Ag, three
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Table 1 Figures of merit of the classification models for Au and Ag
Results for the raw data Results for the data after removal of interference
Class/no. Class/no. of
of samples TPR TNR ER NER Accuracy AUC samples TPR TNR ER NER Accuracy AUC
Au Calibration 0/25¢ 1.00 0.92 0.04 0.96 0.96 0.99 0/27° 1.00 1.00 O 1.00 1.00 1.000
1/26° 0.92 1.00 1/24° 1.00 1.00
Cross-validation  0/25 0.92 0.85 0.12 0.88 0.88 0.95 0/27 0.96 0.92 0.06 094 0.94 0.993
1/26 0.85 0.92 1/24 0.92 0.96
Validation 0/16 0.94 1.00 0.03 0.97 0.97 0.98 0/14 1.00 0.92 0.04 0.96 0.96 0.994
1/10 1.00 0.94 1/12 0.92 1.00
Ag  Calibration 0/12¢ 1.00 0.90 0.05 0.95 0.92 0.97 0/18¢ 0.94 0.97 0.04 0.96 0.96 0.994
1/39° 0.90 1.00 1/33° 0.97 0.94
Cross-validation  0/12 1.00 0.87 0.06 0.94 0.90 0.93 0/18 0.94 0.97 0.04 0.96 0.96 0.981
1/39 0.87 1.00 1/33 0.97 0.94
Validation 0/14 1.00 0.83 0.08 0.92 0.92 0.98 0/8 1.00 0.94 0.03 0.97 0.96 0.993
1/12 0.83 1.00 1/18 0.94 1.00

@ Without Au or Ag. ” With Au or Ag.

components were also observed with the PARAFAC model
(Fig. 8e) with variance of 90% and CORCONDIA of 68%. Using
split-half analysis, the validation was performed and 60% of
similarity was found between both data sets, which may be
justified due to complexity of the spectral range chosen
(Fig. 8d). In this case, the component 3 (yellow line) is the
element of interest(Ag) and it is exactly at pixel 338.28 nm. In
addition, the mode 3 (pulses analysis) of the models shows the
presence of these elements at depths.

For Au and Ag, 1 (the first one) and 2 (the first and the
second) components can be excluded from the raw data set,
respectively. Fig. 8c is the spectral range for Au after removal of
component 1, allowing us to observe a more resolved spectral
range. And Fig. 8f is the spectral range for Ag after removal of
components 1 and 2.

These new data with minimizing the signal of the interfer-
ence were used to apply classification models using PLSDA to
classify whether the sample contains the noble elements or not.
The 5™ and 6™ pulses were selected for Au and Ag, respectively.
All procedures adopted were mentioned in the section “2.4
Classification models for noble elements’ data inspection”. In
order to compare the performance of the models, PLSDA was
calculated for the raw data from Au and Ag. One latent variable
was selected for the data after removal of interference, but for
the raw data, two latent variables were necessary for both
elements. All the figures of merit are presented in Table 1.

Table 1 shows the sensitivity (TPR) and specificity (TNR) for
both classes, besides the ER, NER, accuracy and AUC for Au and
Ag. Good results were observed with accuracy ranging from 0.94
to 1.00 and the error rate ranging from 0 to 0.06 for those after
removal of interference. On the other hand, for the raw data,
accuracy ranging from 0.88 to 0.97 and the error rate ranging
from 0.03 to 0.12 were observed. Therefore, the possibility to
remove the interference improved the results for the classifi-
cation of the samples. This approach can be very useful for the
recycling process using the PARAFAC to remove interference
and then calculate classification models.

This journal is © The Royal Society of Chemistry 2020

4. Conclusions

In this study, characterization of base and noble elements on
a PCB was proposed using PARAFAC to model the data. This
approach is useful for handling spectral interference from
emission lines by extracting them from the data or using the
interest scores (from the component of interest) for additional
calculations. In addition, multi-way analysis aids to visualize
the variations in different modes, for instance, the investigation
of depths and the spectral range. Another positive aspect is the
use of images with scores, which makes possible to visualize
where the element is more concentrated. For noble elements,
PLSDA models were built with the spectra after removal of
interferents and good figures of merit were acquired. Therefore,
the use of LIBS spectra and the PARAFAC model was a good
approach with several advantages for characterization of ana-
Iytes and contribution to urban mining.
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5. Conclusion

In this thesis, it was possible to develop a reference method using ICP
OES for the high-performance magnets containing all the steps for sample
preparation until the ICP OES analysis. A simple method was used: diluted acid
(HNO3) and digestor block minimizing the environmental impact from strong acids
concentration. For the PCB samples, the preparation was minimized because
none gridding step was made, so the sample was digested with aqua regia using
microwave system followed by ICP OES determination. The differential was the
exploratory analysis with different plots: score and loadings; correlation plot and
individual distribution of the elements plot. With this approach, it was possible to
understand and visualize the data, contributing with urban mining.

On the other hand, the best way to prepare a sample is not to prepare it,
but to analyze it directly. Therefore, LIBS technique was used to characterize the
high-performance magnets to determine rare earth elements (Dy, Gd, Pr, Sm, Tb
and Nd) and the base elements (B and Fe). Five calibration strategies were
tested: MLR and PLS as multivariate strategies and, MEC, OP GSA and TP CT
(proposed in this study) as univariate strategies. For the multivariate calibration,
the models are calculated in the presence of concomitants but do not correct
matrix effect and, the calibration/validation dataset must have the same linear
range. For univariate calibration, MEC and OP GSA are efficient matrix-matching
methods but the choice of blank and standard can be a difficult task, besides care
with the homogenization of the mixtures. In addition, with MEC is possible the
removal of emission lines that present spectral interference. The TP CT seems
to be more robust with low RSD values, the sample preparation and data
treatment are simpler than the other, but the choice of standard is critical.

The three univariate calibration strategies (MEC, OP GSA and TP CT)
were also applied for the Nd determination using WD XRF. As mentioned before,
each strategy can be useful for a given situation. In general, all the models
presented good results, where the TP CT seems to be more robust. In addition,
the advantage to determine Nd with WD XRF is the use of only one crystal
including five electronic transition where the analysis is faster.

And finally, the chapter 4 was the first paper about LIBS and PARAFAC in
the literature. With this combination, it was possible handling spectral interference

extracting them from the initial data or use the scores of the interest component
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for additional calculations (calibration or classification). After the removal of
interference, partial least square discriminant analysis (PLS DA) was performed
for noble elements and the figures of merit were better than the models with the
raw data. The scores are also useful to build images where it was possible
visualize the distribution of the elements on the PCB. In addition, the multi-way
analysis is an attractive field to visualize the variations in different modes, as
example, samples, emission lines and depth. Also, in this case, with the
PARAFAC two different situations with Cu was observed: two emission lines for
Cu were investigated and the components given by PARAFAC showed the
interference and interest emission line at the same position in the first emission
line, but the PARAFAC managed to differentiate both through the second
emission line (where the interferent was not present at the same position). In a
normal approach, this would not be possible.

Figure 5 shows a conclusion overview by a chart. With all these
approaches, it was possible to propose quick and simple methods to facilitate

and optimize the recycling process.
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