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overcome such interferences. In order to evaluate a mathematical approach based on Lambert-Beer's
Law, the optical emissions of neodymium and praseodymium were monitored on a low-resolution (200
pm) flame atomic emission spectrometry (F-AES). These two elements were strategically chosen as an
application model because they exhibit similar physicochemical properties, joint occurrence in nature
and because they are increasingly used in the manufacture of super-magnets, a material increasingly
required by the high technology industry. The effectiveness of the mathematical approach was evaluated
in three different ways: (i) by recovery of the analytes in synthetic mixtures containing known quantities

of the species; (ii) by spike and recovery trials on a representative blend of dissolved samples and (iii) by
comparing the results obtained with another analytical method: Inductively coupled plasma optical
emission spectrometry (ICP-OES) with a higher spectral resolution. The results indicate the effectiveness
of this simple mathematical approach, allow the “survival” of instruments equipped with low-resolution
monochromators and demonstrate the applicability of this approach to spectral correction. In addition,
this work contributes an analytical method for the quantification of neodymium and praseodymium in
metallic alloy samples involved in the production of super-magnets, aiding in the strict quality control of

these materials.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

When someone desires to determine the elemental composition
of some samples, one of the first analytical techniques tried is
atomic spectrometry. Undoubtedly, it is a reference technique in
elemental analysis [1—5].

Flame atomic absorption spectrometry (F-AAS) [6,7], flame
atomic emission spectrometry (F-AES) [6], inductively coupled
plasma optical emission spectrometry (ICP-OES) [8,9], graphite
furnace atomic absorption spectrometry (GF-AAS) [10—13], mi-
crowave plasma atomic emission spectrometry (MP-AES) [14—16]
and laser-induced breakdown spectroscopy (LIBS) [17,18] are some
optical methods commonly reported in the scientific literature.
Their numerous applications stand out atomic spectrometry
methods and make them an indispensable tool in making decisions
about various analytical problems.

The success of these methods in the scientific community is
primarily due to: (i) the convenience of measuring non-ionizing
electromagnetic radiation [19]; (ii) the satisfactory precision of
results [20—22], with the exception of LIBS measurements that
often require sample preparation strategies to ensure the desired
precision [23—26]; (iii) the flexibility of operating conditions,
allowing the analytical performance characteristics to be adapted
according to the samples [27]; (iv) the linear relationships that are
easily found between the concentration of chemical species and the
radiation intensities absorbed or emitted by free atoms and/or ions
in the gaseous phase, which allows traditional approaches of cali-
bration [28] and (v) the achievement of accurate results, reaching
the real concentration of the analyte in the sample.

The mathematical basis for the quantitative evaluation of the
atomic absorption spectrum is a linear function that connects an-
alyte concentration with absorbance [29] (a dimensionless
parameter), calculated by:A = log C%s = k;Nyl, where Py is the
radiant energy of light, power per uhit’area, focusing on one side of
the sample, P is the radiant energy emerging from the other side, k;
is an absorption coefficient specific for a wavelength, Ny is the
number of atoms contained in the absorption volume and I corre-
sponds to the length of the absorption layer. This function is
described by Lambert-Beer's Law [30], which is widely known and
used in chemical analyses.

In atomic emission, the emission intensity is often linearly
proportional to the analyte concentration and this is useful for
quantifying these emitting species. Although no “atomic emission
law” is known, that is, no historical record about the origin of the
mathematical function that connects the intensity emitted with the

concentration of the emitting species has been found in the sci-
entific literatur. The equation I = kC is widely used as a linear
relationship between the emission intensity (I) at a given wave-
length and the analyte concentration (C). The k constant is
dependent on several experimental factors, such as: (i) the nature
of the emitting chemical species; (ii) the medium temperature; (iii)
the atomization mechanism; (iv) the wavelength measured; and (v)
the matrix, which may cause interferences, that can either increase
the k value due to other emissions or decrease the k value by
suppressing the emission of the analyte.

Although electronic transitions in atoms occur at very specific
wavelengths, interference may occur in absorption and in atomic
emission. As much as these atomic or ionic transitions require a
quantized energy, a “single” energy for every possible transition,
the observed spectral interferences are almost always conse-
quences of the instrumental limitation in separating the wave-
lengths in their tenths, hundredths, or even thousandths of
nanometres, so that it is difficult to distinguish the spectral lines
because in the “view” of the monochromator they overlap.

The accelerated technological development in this century has
allowed several advances in the instrumentation used in atomic
spectrometry. One of the most notable was the incorporation of
high resolution optical monochromators into absorption and
emission atomic spectrometers [31—34], which are able to separate
down to 2 pm [35]. This is an extremely useful feature to avoid the
spectral interference commonly observed in other mono-
chromators. However, because they are high-value-added in-
struments, their acquisition requires significant financial
investment and is often an impediment to most laboratories. This
fact creates a “resistance” to obsolescence, and it is very common to
find absorption and/or atomic emission spectrometers that are
technologically lagged in full operation in chemistry labs.
Conventionally, spectral interferences in chemical analysis are
overcome in two ways: (i) by changing a spectrometer, looking for
another with higher spectral resolution which has the advantage of
a simultaneous correction of the background near the analytical
line [36] or (ii) by using chemical strategies, such as extraction
procedures that have the ability to eliminate interfering species
[37].

In this context, aiming at the widest possible use of spectrom-
eters considered technologically “lagged” but still present in several
laboratories, this article evaluates a simple mathematical approach
to solve the spectral interference problem caused by the emission
of a chemical species in the measurement of another species. This
approach was inspired by the additivity of the Lambert-Beer's Law
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[38—40], a property commonly demonstrated in practical labora-
tory activities during university chemistry teaching [41,42], widely
exploited for molecular absorption measurements in UV—Vis
spectrophotometry when different colored species absorb at the
same wavelength [43] and rarely exploited in atomic spectroscopy
[44]. As an application, the neodymium (Nd) and praseodymium
(Pr) elements were quantified by flame atomic emission spec-
trometry in an instrumental condition that where spectral in-
terferences occur, and whose concentrations were determined by a
system of linear equations.

The Nd and Pr elements were strategically chosen because they
present: (i) similarity in their electronic structure, a fact that results
in electronic transitions occurring at very near wavelengths [45];
(ii) joint occurrence in nature, commonly found as a mixture called
“didymium” [46,47]; (iii) growing interest of the scientific com-
munity in the rare earth elements properties and in their quanti-
fication [48], and (iv) extensive use of these metals by industry [49],
as they are applied in modern electronic components, for example:
as dopant in ultrapure crystals for the production of lasers and as
permanent magnets [50] present in electric motors, wind turbines,
speakers, hard disks [51] and in other products closely related to
the high technology industry.

Inspired by the same logic present in the additivity of absor-
bance [39], in this work, the additivity of the optical emission in-
tensities of Nd and Pr was evaluated with the objective of
correcting spectral interferences and providing reliable measure-
ments using spectrometers equipped with low-resolution mono-
chromators. For this, the Nd and Pr contents were determined in
samples of metallic “didymium” (a solid solution containing Nd and
Pr) and in metal alloys composed of neodymium, praseodymium,
iron and boron - (Nd,Pr)-Fe-B, a base material for the production of
super-magnets [52—55].

2. Experimental
2.1. Reagents and solutions

All solutions were prepared with analytical grade chemicals and
ultra-pure type I deionized water, obtained from a Milli-Q system
(Millipore™), Potassium nitrate (Merck™) solution 0.5% w/v was
evaluated as ionization buffer. Analytical solutions containing the
ions of interest were prepared by appropriate dilution of
commercially available reference standards: Nd — 100,000 mg L~
(Specsol™) and Pr — 100,000 mg L~ (Specsol™), using 1% w/v ni-
tric acid (Merck™) as the diluent. The solutions were prepared and
stored in a 50mL conical-shaped polypropylene tube (Falcon,
Corning™),

2.2. Samples and preparation

The metallic didymium samples were produced in our labora-
tory by igneous electrolytic reduction, using molten salts from
didymium oxides concentrates. The (Nd,Pr)-Fe-B alloys were pre-
pared by the incorporation of iron and boron into the previously
produced metallic didymium.

Each solid sample was fractionated in four distinct portions, the
mass was varied from 0.25 to 0.68 g for each test portion. After
weighing, 10 mL of 15% (w/v) nitric acid (Merck™) and 5 mL of 15%
(w/v) hydrochloric acid (Merck™) were slowly added into a falcon
tube containing the solid sample.

After about 20 min, another 10 mL of 15% nitric acid (w/v) was
added to complete the dissolution reaction, obtaining a clear so-
lution. The contents were diluted to 50 mL and subsequently
diluted 15—45 times for the determinations by F-AES and up to 150
times for determinations by ICP-OES (comparative method). Blank

solutions were performed by adding all the reagents described
above in the absence of samples. All solutions were produced in
triplicate (n=3).

2.3. F-AES analysis

A flame atomic absorption/emission spectrometer (AA240FS,
Varian Inc™) equipped with a: (i) Nebulization chamber (Mark 7,
Agilent™) adjusted in 7.0mLmin~' increments; (ii) Burner for
mixing nitrous oxide (N»O)/acetylene (CoHy) (Mark 7, Agilent™)
and (iii) Czerny-Turner monochromator with software-controlled
wavelength selection (SpectrAA, Varian Inc™) with 0.2 nm of slit
(resolution) was used for the determination of Nd and Pr in emis-
sion mode.

The wavelengths used for the measurement step were selected
by monitoring the injection of mono-elemental standard solutions.
Instrumental blank (zero) was performed with continuous injec-
tion of deionized water. The general operating conditions are
shown in Table 1.

2.4. ICP-OES analysis

An inductively coupled plasma optical emission spectrometer
(iCap 7400 Duo, Thermo Scientific®) equipped with an Echelle
monochromator, simultaneous readout, 52.91 grooves/mm ruled
grating, 383 mm effective focal length and 9.5° UV fused silica
cross-dispersion prism and with spectral resolution of 0.007 nm
was also used for analysis of the same samples. The main conditions
used during the ICP-OES analysis are summarized in Table 2.

2.5. Mathematical approach

The atomic emissions observed in a mixture containing Nd and
Pr at a given wavelength are the sum of the individual Nd and Pr
emissions, under the same conditions. By observing at least 2
wavelengths (4; and 4,) it is possible to formulate a system of
linear equations with two variables and two equations [39,42], as
follows:

I(Al) = klcNd +k2Cpr

39
I(/\z) = k3Cng + k4Cpy [39]

where I;) corresponds to the emission intensity measured at a
specific wavelength (A) and (kq, k;, k; and k4) correspond to the
emission constants for Nd and Pr, obtained from the slopes of the
individual calibration curves for these elements. Cyg and Cp,
correspond to the concentrations of Nd and Pr in solution,
respectively. The concentrations of Nd and Pr in a sample was found

Table 1
Operational conditions for F-AES.
Parameter Condition
Flame type N,0/CoH,
Gases flow 11.00/7.15 L min~"!
Observation height 10 mm
Top standard? 500 mgL™!

Slit 0.2 nm

Wavelengths 660.8 nm and 495.1 nm
Measure mode Emission/Peak height
Read time 4s

? Top Standard refers to a high concentration solution used for the
equipment to identify spectral emissions and establish a maximum signal.
Individual solutions of Nd and Pr containing 500 mg L~ were prepared for
this purpose.
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Table 2
Operational conditions for ICP-OES.

Parameter Condition

RF generator power
Plasma gas (Ar) flow rate
Auxiliary gas flow rate
Nebulizer type

Spray chamber

27.12 MHz solid state, operated at 1150 W
12Lmin~!

0.50 Lmin~!

Concentric (glass)

Glass Cyclonic

Nebulizer gas flow 0.50 Lmin~!
Peristaltic pump rate 50 rpm
View mode Axial
Exposure time 15s
Replicates 3

Analytical lines Nd I 401.225 nm and Pr 11 414.311 nm

by solving the system, such that:

c :"4'1(11) _kZ'I(AZ)
Nd =" ky — Kok

and

CPr - k] k4 — ’{2"3

An extension of this reasoning can be applied to cases of inter-
ference with more than two elements, according to previous
studies in the literature [44]. In these cases, the use of a matrix and
solving the linear system by Cramer's rule is an interesting
alternative.

The associated deviations (oc,, and oc, ) were estimated by
propagation of uncertainties, detailed in the supplementary
material.

3. Results and Discussion
3.1. Flame condition and measurement mode

The first attempt was to use F-AAS for quantitative measure-
ments of Nd and Pr, since the atomic absorption is less subject to
interference than atomic emission. However, F-AAS was relatively
difficult because a flame produced by an air/acetylene mixture (the
standard mixture used in F-AAS) does not have a high enough
temperature to atomize both elements and is unable to provide free
atoms in the gaseous phase to absorb radiation from the hollow
cathode lamps. A flame produced from a mixture of nitrous oxide
(N0) with acetylene (CyH;) was evaluated. Although the flame
results in higher temperatures than the standard air/acetylene
mixture, in this flame condition the temperature increases sharply,
providing a chemical environment capable not only of atomizing
the Nd and Pr elements but also ionizing them (loss of electrons), a
process that hinders quantification by atomic absorption. To avoid
this ionization process, a solution of potassium nitrate (KNOs3) was
used as an ionization buffer at a concentration of up to 0.5% w/v.
The addition of this salt aims to suppress the ionization of the
analytes, so that potassium is ionized preferentially in relation to
Nd and Pr, keeping both elements in a form suitable to absorb
radiation.

However, this approach showed some limitations due to: (i) the
need for high potassium concentration to prevent Nd and Pr ioni-
zation, which causes great instability in the flame and (ii) the high
concentration required to obtain an appreciable signal (about of
10,000 mgL™1). In this experimental context, our investigations
suggested that the determination of both species is preferable by
atomic emission with the flame produced by acetylene and nitrous

oxide. The acetylene/nitrous oxide ratio and the burner height were
optimized [56] for flame stability and the maximum intensity
emitted by the analytes together. The optimum conditions (Table 1)
were used for next studies.

3.2. Wavelengths selection

Nd solutions at different concentrations (100—500 mg L™!) were
injected into the flame and nine different wavelengths (commonly
used for the quantification of Nd and Pr) were evaluated in relation
to the optical emission, 660.8, 513.3, 495.1, 492.5, 491.4, 489.7,
473.7, 463.4 and 284.0 nm.

All wavelengths showed a linear trend between emission in-
tensity and Nd concentration, except for 284.0 nm whose behaviour
was random. The same behaviour was observed when inserting
solutions with different concentrations of Pr, revealing a situation
of spectral interference in which the monochromator used was
unable to separate the wavelengths satisfactorily, thus not allowing
the selection of a specific wavelength for one of the elements. The
selected slit (resolution) was set as small as possible to obtain the
best separation of wavelengths in this spectrometer.

Linear regression by the least squares method provided
different slopes (k) for the equation I = k.C at different wave-
lengths, as shown in Table 3.

To choose the ideal wavelengths for the quantification of Nd and
Pr, in which spectral interference was the smallest possible, the
ratio between the calibration sensitivities obtained for the two el-
ements at each monitored wavelength was evaluated. The closer
this ratio is to 1 (100%), the longer the wavelength will be sus-
ceptible to significant spectral interference.

Based on the results in Table 3, the highest and the lowest
sensitivity ratio obtained were found at 660.8 and 495.1 nm,
respectively. These wavelengths were more selective for the
quantification of Nd and Pr, allowing better discrimination between
these elements. Consequently, 660.8 and 495.1 nm were selected
for the next studies.

3.3. Calibration, precision and limits

Fig. 1 shows the calibration curves, constructed using manual
injection of solutions for each of the elements in isolation (mono-
elemental calibration).

The individual calibration curve is extremely important for
obtaining the characteristic calibration sensitivities for each
element at the monitored wavelengths. All the mathematical pa-
rameters obtained after linear regression by the least squares
method and forcing a null intercept are shown in Table 4. The good
linear adjustment is confirmed by the high coefficient of determi-
nation (R?) achieved (ranging from 0.9961 to 0.9999) and by the
random distribution on the residual plot.

Within the linear range explored, the calibration sensitivity and
analytical sensitivity were estimated [57]. While the calibration
sensitivity (k) reflects the variation of the instrumental signal as a
function of concentration (slope of the calibration curve), the
analytical sensitivity () indicates the minimum difference in an-
alyte concentration that can be distinguished with the method.

Table 4 also reports the main figures of merit associated with the
proposed method. The injection precision [58] (also called instru-
mental precision [59]) was estimated using the standard deviation
from repetitive and sequential injections of the same sample (a
standard solution of intermediate concentration in the calibration
curve=250mgL 1) and reached a maximum of 1.1% variation,
indicating adequate stability to obtain precision results in the
evaluated concentration range [60].

The lower limits of detection and quantitation (LLOD and LLOQ,
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Table 3
Sensitivities for Nd and Pr at different wavelengths by F-AES.
Wavelenght (nm) 660.8 5133 495.1 492.5 491.4 489.7 473.7 463.4
Calibration sensitivity® for Nd (x10~3) L mg ™" 1.6 14 14 2.7 22 22 1.5 2.1
Calibration sensitivity® for Pr (x10~3) L mg~! 0.59 15 19 0.99 1.8 1.1 14 0.88
Sensitivity ratio” 281 94 76 271 123 193 106 236
Nd/Pr (%)
2 Slope of the calibration curve calculated by linear regression.
b percentage ratio calculated by: 100*(Nd Sensitivity)/(Pr Sensitivity).
—_— a = Emission intensity (660.8 nm) —_ 0.81p B Emission intensity (660.8 nm)
5 Linear fit = Linear fit
o 0.6+ ® Emission intensity (495.1 nm) A < ® Emission intensity (495.1 nm)
-~ Linear fit // -~ 0.6 Linear fit
2 ’ 2
= 'ﬁ
g 0.44 g rd
+~ + 0.4
=] =] /
=] o s
=] =]
9 0.2- k)
‘a ?w 0.2
7] 0
oy oy
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Fig. 1. Calibration curves constructed for (a) neodymium and (b) praseodymium at both wavelengths (660.8 and 495.1 nm). Below the calibration curves are the residual graphs
obtained after linear regression for (¢) neodymium and (d) praseodymium (a.u. = arbitrary units).

Table 4
Figures of merit of the mono-elemental calibration.

Wavelength (nm) Metal Linear regression equation R? LLOD (mg L") LLOQ (mg L~")  Injection precision (%)  Analytical sensitivity * (L mg~')
660.8 Nd I1=166x103xC 0.9994 3.1 104 0.4 6.6

Pr 1=590x 1074 x C 0.9961 8.8 29.2 1.1 1.7
495.1 Nd 1=147x103xC 0.9999 4.7 15.6 0.8 2.6

Pr I1=193x104xC 0.9997 3.6 119 0.5 3.8

@ Estimated value by the slope of the calibration curve divided by the lowest standard deviation of the obtained analytical signal.

respectively) were estimated using the standard deviations ob-
tained from 10 consecutive measurements of the blank solution
and was calculated in two different ways: (i) considering the direct
quantifications without mathematical correction - whose values
are reported in Table 4, and (ii) considering the quantification in the
joint presence of these elements, using the mathematical correc-
tion by the linear system of equations - whose values (LLOD; LLOQ)
were respectively (2.5; 8.4) mg L~! for Nd and (1.6; 5.4) mg L~! for

Pr. These values show that the minimum concentrations that can be
measured at an acceptable level of precision are adequate for the
quantification of both elements in the super-magnets samples
whose majority composition is Nd, Pr, Fe and B. Smallest limits are
reached when the linear system is used, since the emission signals
in two wavelengths are added, the tendency is to improve the

detectability.
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3.4. Accuracy and interference correction evaluation

The mathematical correction to overcome interferences was
applied to the results obtained using a F-AES with 0.2 nm resolu-
tion, categorized in this article as “low-resolution”, due to its poor
capability for separating wavelengths in relation to the most
modern instruments. The effectiveness of this mathematical
approach to correct spectral interference was evaluated in three
different ways: (i) recovering the analytes in synthetic mixtures
containing known quantities of the analytes (Nd and Pr); (ii) re-
covery in a representative mixture of the samples that have un-
dergone a spike of the analytes at different levels of concentration,
and (iii) comparison of the results obtained with another analytical
method (ICP-OES), which has sufficient spectral resolution to
overcome the interference.

When possible, the results obtained were compared to those in
the absence of the mathematical correction to demonstrate the
extension of the spectral interference effect. For this, the quantifi-
cation of these elements was performed through the mono-
elemental calibration curves without applying the system of
equations and directly using the most selective wavelengths for Nd
(660.8 nm) and Pr (495.1 nm). The recovery values obtained with
the synthetic mixtures are shown in Table 5 and ranged from 95 to
104%, which are acceptable for the species concentration level, in
accordance with the maximum acceptance criteria established by
the Official Association of Analytical Chemists [60].

In the absence of the mathematical correction and in the joint
presence of Nd and Pr, the recovery values ranged from 120 to
249%, revealing significant interferences between the two ele-
ments. Such behaviour could lead to inadequate results when both
elements are present in the sample. These results reinforce the
importance of using a mathematical approach to overcome spectral
interferences. On the other hand, the recoveries of the isolated
standards show that these wavelengths may be adequate when
only one of them is present in the sample.

Although the results expressed in Table 5 already demonstrate

Table 5

the effectiveness of the spectral correction, it should be emphasized
that these synthetic mixtures represent an ideal condition in which
only the combined Nd and Pr elements exist. In a real sample, other
chemicals could intensify spectral interference (especially other
rare earth elements or the high iron content in some samples).
Thus, spike and recovery trials of the analytes were carried out in
the matrix medium.

Table 5 also shows the results obtained after spike and recovery
trials on a representative mixture of the dissolved samples (blend).
The recoveries obtained (94—106%) indicate the feasibility of using
this correction method to overcome spectral interferences in a
matrix medium composed mainly of Nd, Pr, Fe and B. Table 5 also
reports recovery values obtained in the absence of the mathe-
matical correction. When the two species are together in solution,
the recoveries ranged from 131 to 176%, inadequate values that
indicate the inapplicability of the analytical method under these
conditions.

For comparison purposes, ten different samples were analysed
by this method with mathematical correction and the results ob-
tained were compared with another optical method of higher
resolution. In the “high-resolution” method used in this work, the
monochromator was efficient in separating the wavelengths
involved in the quantification of Nd and Pr. It should be noted that
the wavelengths used for the ICP-OES measurement were different
from those used by F-AES, since the atomization and temperature
conditions of the plasma compared to the flame differ significantly,
with different electronic transitions occurring in these media. Fig. 2
shows spectral fragments for Nd and Pr emissions recorded at their
characteristic wavelengths, evidencing the absence of interferences
from one species to the other.

The results obtained by both methods were compared using a
paired Student's t-test with a confidence level of 95%, the results
indicated that the methods provide results that are not significantly
different (t calculated ng =0.12; t calculated py=1.27 and t crit-
ical = 2.26). The results were also compared individually, as shown
in Table 6. The results allow to state that the mathematical

Recovery of Nd and Pr from synthetic mixtures with and without mathematical correction.

Solutions Reference value Value without mathematical correction Value with mathematical correction
Nd(mgL™') Pr(mgL™') Nd(mgL') Pr(mgL') Rec Rec.Pr(%) Nd(mgL') Pr(mgL') Rec Rec.
Nd (%) Nd (%) Pr (%)
Synthetic mixture 1 100 100 137 +2 182+2 137 182 99 +2 97 +4 99 97
Synthetic mixture 2 100 200 170+2 269 +2 170 135 96 +4 205+6 96 102
Synthetic mixture 3 200 100 239+2 249 +2 120 249 208 +4 95+7 104 95
Only Nd 250 0 254 +2 199+2 102 - 252 +2 <LLOD 101 -
Only Pr 0 250 83+2 248 +2 - 99 <LLOD 25442 - 101
Blend of samples - — 173 £1 147 £3 — — 166 +2 20+4 - -
Spiked in blend of dissolved samples® 10 0 183 +1 154+2 99 105 176 +1 20+3 101 96
0 10 176 + 1 157 +2 102 95 166 + 1 30+2 100 99
10 10 187 +4 164 +1 133 170 176 £ 1 30+1 100 94
20 0 193+2 166+ 1 100 110 187 +1 19+1 102 95
0 20 181+2 166 +1 104 95 167 +1 39+1 100 94
20 20 200+1 182+1 131 172 185+1 40+1 96 99
40 0 213 +1 177 £1 99 120 206 +1 201 100 97
0 40 187 +1 187 +1 108 98 167 +1 59+2 100 98
40 40 228 +1 218+1 136 176 206+1 60+1 100 100
60 0 234+1 192+1 100 131 227 +1 20+1 101 96
0 60 194 +1 209 +2 112 104 165+1 84+3 99 106
60 60 253 +2 253+3 133 176 224 +1 83+4 96 103
80 0 253+3 208 +1 100 141 246 +1 20+2 100 97
0 80 203 +1 231+2 117 105 166 +7 105+2 100 106
80 80 282+1 287 +1 136 175 247 +1 99+1 101 98
100 0 274 +1 223+1 100 152 267 +1 20+1 100 98
0 100 209 +1 247 +3 120 100 166 +1 120+ 4 100 100
100 100 308 +1 32242 135 175 266+ 1 119+2 100 99

3 Considering the dilution factors, the addition of 10 mgL~! of Nd or Pr in the solution corresponds to 1.5% (mass fraction) in the original sample.
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Fig. 2. Fragment spectra obtained by ICP-OES in the range of 401.17—414.36 nm with the range from 401.27 to 414.25 nm removed.

Table 6

Results of the analyses of (Nd,Pr)-Fe-B alloys (samples 1—4) and metallic didymium (samples 5—10) by F-AES method with mathematical correction and ICP-OES method.

Values expressed as percentage mass fractions.

Sample Neodymium results Praseodymium results
F-AES method (%) ICP-OES method (%) Agreement (%) F-AES method (%) ICP-OES method (%) Agreement (%)

1 27.7+03 275+0.2 101 42+08 4.0+0.1 104
2 27.1+0.2 269+14 101 54+05 5.1+0.1 106
3 31.7+0.2 31.5+1.9 101 1.1+0.5 0.8+0.1 129
4 17.5+0.1 176 +2.5 99 145+04 14.0+0.3 103
5 79.2+0.5 792 +1.7 100 189+14 21.0+04 90
6 79.6 £0.9 796+1.4 100 218+24 20.0+0.5 109
7 81.8+0.3 814+1.1 101 20.5+0.7 19.8+0.8 103
8 80.3+0.3 80.4 +0.6 100 214+0.8 203 +04 105
9 83.3+0.6 829+1.5 100 220+1.7 21.5+0.7 103
10 82.5+0.9 835+1.6 99 224425 21.6+0.5 104

approach applied in F-AES analysis with low-resolution mono-
chromator is effective at overcoming the existing spectral in-
terferences, since ICP-OES analysis obtained equal concentration
values.

4. Conclusions and outlooks

The mathematical approach with the purpose of correcting
spectral interferences in the optical emissions of Nd and Pr proved
to be effective at overcoming intrinsic adversities in the use of low-
resolution monochromators in atomic spectrometry. The evalua-
tion reported in this paper contributes to a “survival” of the various
spectrometers found in several laboratories that still have low-
resolution monochromators, allowing the use of these in-
struments for applications with spectral interference between Nd
and Pr.

In addition to confirming the effectiveness of this approach, we
also provide an analytical method for determining Nd and Pr in
alloy metal samples destined for the production of super-magnets,
which is a sample type of growing interest in the high technology
industry. Since the rare earth content affects the magnetic perfor-
mance of these materials, the analytical method developed is
important to assist in quality control. Although this sample type
does not require complex preparation, the whole challenge in
quantifying the chemical elements present in this sample consists
of overcoming the spectral interferences between Nd and Pr.

We hope that this analytical methodology will allow the sec-
ondary standardization of these alloys containing Nd and Pr for
future calibration of these elements in other instrumental tech-
niques, such as x-ray fluorescence spectroscopy (XRF), since the
shortage of suitable calibrating materials often makes it impossible

to use for analytes determination in these alloys.
Declaration of competing interest

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

Acknowledgements

The authors are grateful to the funding sources: (i) Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico - CNPq
465719/2014-7; (ii) Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior - CAPES 23038000776/2017-54; (iii) Fundacao de
Amparo a Pesquisa do Estado de Sao Paulo - FAPESP 2014/50887-4
and the fellowship granted to Rodrigo Papai (CNPq DTI-A 380490/
2018-8).

We also thank Bruno Menezes Siqueira (Application Scientist)
for initial training in ICP-OES, Valeska Meirelles (Field Service En-
gineer) for technical support and Nova Analitica company for kindly
granting an ICP-OES (iCap 7400) for use in our laboratory.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aca.2019.07.049.

References

[1] N.H. Bings, A. Bogaerts, ].A.C. Broekaert, Atomic spectroscopy, Anal. Chem. 78
(2006) 3917—3946.
[2] E.H. Evans, J.A. Day, C. Palmer, WJ. Price, CM.M. Smith, J.F. Tyson, Atomic


https://doi.org/10.1016/j.aca.2019.07.049
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref1
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref1
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref1
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref2

28

3

[4

[5]

[6

[7

(8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

R. Papai et al. / Analytica Chimica Acta 1085 (2019) 21-28

spectrometry update. Advances in atomic emission, absorption and fluores-
cence spectrometry, and related techniques, J. Anal. At. Spectrom. 21 (2006)
592—-625.

E.H. Evans, J. Pisonero, Clare M.M. Smith, R.N. Taylor, Atomic spectrometry
update: review of advances in atomic spectrometry and related techniques,
J. Anal. At. Spectrom. 33 (2018) 684—705.

A. Taylor, N. Barlow, M.P. Day, S. Hill, N. Martin, M. Patriarca, Atomic Spec-
trometry Update: review of advances in the analysis of clinical and biological
materials, foods and beverages, J. Anal. At. Spectrom. 33 (2018) 338—382.
J.R. Bacon, O.T. Butler, W.R.L. Cairns, J.M. Cook, R. Mertz-Kraus, J.F. Tyson,
Atomic Spectrometry Update — a review of advances in environmental
analysis, J. Anal. At. Spectrom. 34 (2019) 9—58.

AW. Lyon, M.E. Lyon, Flame Atomic Emission Spectrometry and Atomic Ab-
sorption Spectrometry, Encyclopedia of Medical Devices and Instrumentation
1988.

S.R. Koirtyohann, A history of atomic absorption spectrometry, Anal. Chem. 63
(1991) 1024A—1031A.

J-W. Olesik, Elemental analysis using ICP-OES and ICP/MS, Anal. Chem. 63
(1991) 12A—-21A.

G.L. Donati, R.S. Amais, C.B. Williams, Recent advances in inductively coupled
plasma optical emission spectrometry, J. Anal. At. Spectrom. 32 (2017)
1283—-1296.

DJ. Butcher, Recent highlights in graphite furnace atomic absorption spec-
trometry, Appl. Spectrosc. Rev. 52 (2017) 755—773.

B.V. L'Vov, Graphite furnace atomic absorption spectrometry—on the way to
absolute analysis, J. Anal. At. Spectrom. 3 (1988) 9—12.

M.S. Luz, P.V. Oliveira, Non-chromatographic method for separation and
determination of Fe, Ni and V porphyrins in crude oil, Talanta 199 (2019)
147—-154.

J. Naozuka, C.S. Nomura, Total determination and direct chemical speciation of
Hg in fish by solid sampling GF AAS, ]J. Anal. At. Spectrom. 26 (2011)
2257-2262.

G.M. Greenway, Atomic Emission Spectrometry | Microwave-Induced
Plasmavr, Reference Module in Chemistry, Molecular Sciences and Chemical
Engineering, Elsevier 2013.

C.B. Williams, R.S. Amais, B.M. Fontoura, B.T. Jones, J.A. Nébrega, G.L. Donati,
Recent developments in microwave-induced plasma optical emission spec-
trometry and applications of a commercial Hammer-cavity instrument, TrAC
Trends Anal. Chem. (Reference Ed.) 116 (2019) 151—157.

C.B. Williams, B.T. Jones, George L. Donati, Multi-flow calibration applied to
microwave-induced plasma optical emission spectrometry, J. Anal. At. Spec-
trom. 34 (2019) 1191-1197.

FJ. Fortes, ]. Moros, P. Lucena, LM. Cabalin, JJ. Laserna, Laser-induced
breakdown spectroscopy, Anal. Chem. 85 (2013) 640—669.

C. Pasquini, J. Cortez, LM.C. Silva, F.B. Gonzaga, Laser induced breakdown
spectroscopy, J. Braz. Chem. Soc. 18 (2007) 463—512.

C.B. Boss, K. Fredeen, Concepts, Instrumentation and Techniques in Induc-
tively Coupled Plasma Optical Emission Spectrometry, 3th ed., PerkinElmer,
Inc., 2004.

].D. Ingle, Precision of atomic absorption spectrometric measurements, Anal.
Chem. 46 (1974) 2161-2171.

N.W. Bower, ].D. Ingle, Precision of flame atomic absorption spectrometric
measurements of aluminum, chromium, cobalt, europium, lead, manganese,
nickel, potassium, selenium, silicon, titanium, and vanadium, Anal. Chem. 51
(1979) 72—76.

N.W. Bower, ].D. Ingle, Precision of flame atomic absorption measurements of
arsenic, cadmium, calcium, copper, iron, magnesium, molybdenum, sodium,
and zinc, Anal. Chem. 49 (1977) 574—579.

R. Papai, R.H. Sato, L.C. Nunes, F.J. Krug, I. Gaubeur, Melted paraffin wax as an
innovative liquid and solid extractant for elemental analysis by laser-induced
breakdown spectroscopy, Anal. Chem. 89 (2017) 2807—2815.

A.A.C. Carvalho, D.M. Silvestre, F.O. Leme, ]. Naozuka, D.P. Intima, C.S. Nomura,
Feasibility of measuring Cr(Ill) and Cr(VI) in water by laser-induced break-
down spectroscopy using ceramics as the solid support, Microchem. ]. 144
(2019) 33-38.

I. Gaubeur, M.A. Aguirre, N. Kovachev, M. Hidalgo, A. Canals, Dispersive
liquid—liquid microextraction combined with laser-induced breakdown
spectrometry and inductively coupled plasma optical emission spectrometry
to elemental analysis, Microchem. J. 121 (2015) 219—-226.

A.A.C. Carvalho, LA. Cozer, M. Santos Luz, LC. Nunes, FR.P. Rocha,
C.S. Nomura, Multi-energy calibration and sample fusion as alternatives for
quantitative analysis of high silicon content samples by laser-induced
breakdown spectrometry, J. Anal. At. Spectrom. (2019).

F.R. Bertuchi, R. Papai, M. Ujevic, I. Gaubeur, G. Cerchiaro, General chelating
action of copper, zinc and iron in mammalian cells, Anal. Methods 6 (2014)
8488—-8493.

J.A. Carter, Al Barros, ]J.A. Nobrega, G.L. Donati, Traditional calibration
methods in atomic spectrometry and new calibration strategies for induc-
tively coupled plasma mass spectrometry, Front. Chem. 6 (2018).

D.R. Malinin, J.H. Yoe, Development of the laws of colorimetry: a historical
sketch, J. Chem. Educ. 38 (1961) 129.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]
[39]
[40]
[41]

[42]

[43]

[44

[45]
[46]

[47]
[48]

[49]

[50]
[51]

[52]

[53]
[54]
[55]
[56]
[57]

[58]

[59]

[60]

Beer, Bestimmung der Absorption des rothen Lichts in farbigen Fliissigkeiten,
Ann. Phys. 162 (1852) 78—88.

M. Resano, E. Garcia-Ruiz, M. Aramendia, M.A. Belarra, Quo vadis high-
resolution continuum source atomic/molecular absorption spectrometry?
J. Anal. At. Spectrom. 34 (2019) 59—80.

M. Resano, M.R. Flérez, E. Garcia-Ruiz, High-resolution continuum source
atomic absorption spectrometry for the simultaneous or sequential moni-
toring of multiple lines. A critical review of current possibilities, Spectrochim.
Acta B 88 (2013) 85—97.

B. Welz, S. Morés, E. Carasek, M.G.R. Vale, M. Okruss, H. Becker-Ross, High-
resolution continuum source atomic and molecular absorption
spectrometry—a review, Appl. Spectrosc. Rev. 45 (2010) 327—354.

B. Welz, M.G.R. Vale, S. Florek, M. Okruss, M.D. Huang, H. Becker-Ross, High-
resolution continuum source atomic absorption spectrometry—theory and
applications, in: R.A. Meyers (Ed.), Encyclopedia of Analytical Chemistry, John
Wiley & Sons, Ltd, 2010.

Analytik Jena, High-resolution array ICP-OES (information catalog), Accessed
on JUN 2019, https://www.analytik-jena.de/fileadmin/content/pdf_
analytical_instrumentation/ICP/ICP-OS/Br_PlasmaQuant_en.pdf.

D.S. Porto, N. Akiba, M.A.L.d. Oliveira, I. Gaubeur, Speciation of chromium in
water samples after dispersive liquid-liquid microextraction, and detection by
means of high-resolution continuum source atomic absorption spectrometry,
J. Braz. Chem. Soc. 28 (2017) 266—276.

L.C. Lima, R. Papai, I. Gaubeur, Butan-1-ol as an extractant solvent in disper-
sive liquid-liquid microextraction in the spectrophotometric determination of
aluminium, J. Trace Elem. Med. Biol. 50 (2018) 175—181.

M. Otto, W. Wegscheider, Spectrophotometric multicomponent analysis
applied to trace metal determinations, Anal. Chem. 57 (1985) 63—69.

H. Kubinyi, Spectrophotometric analysis of multicomponent systems: the law
and the error, TrAC Trends Anal. Chem. (Reference Ed.) 14 (1995) 199—201.
S.D. Frans, ].M. Harris, Selection of analytical wavelengths for multicomponent
spectrophotometric determinations, Anal. Chem. 57 (1985) 2680—2684.

H. Egts, D.J. Durben, J.A. Dixson, M.H. Zehfus, A multicomponent UV analysis of
o~ and B-acids in hops, J. Chem. Educ. 89 (2012) 117—120.

M. Blanco, H. Iturriaga, S. Maspoch, P. Tarin, A simple method for spectro-
photometric determination of two-components with overlapped spectra,
J. Chem. Educ. 66 (1989) 178.

R. Hajian, A. Soltaninezhad, The spectrophotometric multicomponent analysis
of a ternary mixture of paracetamol, aspirin, and caffeine by the double
divisor-ratio spectra derivative method, J. Spectrosc.. 2013 (2013) 7.

A.R. Mauri, M. de la Guardia, Multi-component determination of lanthanum,
cerium, praseodymium and neodymium by flame atomic emission spec-
trometry, J. Anal. At. Spectrom. 3 (1988) 1111-1114.

NIST atomic spectra database (webpage), Accessed on JUN 2019, http://www.
nist.gov/pml/data/asd.cfm.

B.F. Thornton, S.C. Burdette, The neodymium neologism, Nat. Chem. 9 (2017)
194.

A. Dingle, Praseodymium unpaired, Nat. Chem. 10 (2018), 576-576.

F.O. Leme, L.C. Lima, R. Papai, N. Akiba, B.L. Batista, I. Gaubeur, A novel vortex-
assisted dispersive liquid-phase microextraction procedure for preconcen-
tration of europium, gadolinium, lanthanum, neodymium, and ytterbium
from water combined with ICP techniques, J. Anal. At. Spectrom. 33 (2018)
2000—2007.

K.M. Goodenough, F. Wall, D. Merriman, The rare earth elements: demand,
global resources, and challenges for resourcing future generations, Nat.
Resour. Res. 27 (2018) 201-216.

J.F. Herbst, ]J. Croat, Neodymium-iron-boron permanent magnets, J. Magn.
Magn. Mater. 100 (1991) 57—78.

D.D. Miinchen, H.M. Veit, Neodymium as the main feature of permanent
magnets from hard disk drives (HDDs), Waste Manag. 61 (2017) 372—376.
N.M. Potter, H.E. Vergosen, Determination of neodymium and boron in iron-
neodymium-boron alloys by direct-current plasma atomic-emission spec-
trometry, Talanta 32 (1985) 545—548.

T. Lorenz, M. Bertau, Recycling of rare earth elements from FeNdB-Magnets
via solid-state chlorination, J. Clean. Prod. 215 (2019) 131-143.

C.A. Santos, Z. Panossian, Permanent rare-earth magnets—the need to protect
them against corrosion, Mater. Sci. Appl. 10 (2019) 317—327.

D.N. Brown, Fabrication, processing technologies, and new advances for RE-
Fe-B magnets, IEEE Trans. Magn. 52 (2016) 1-9.

N.W. Bower, ].D. Ingle, Optimization of instrumental variables in flame atomic
absorption spectrometry, Anal. Chim. Acta 105 (1979) 199—-212.

J.D. IngleJr, S.R. Crouch, Spectrochemical Analysis, Prentice Hall, Upper Saddle
River, New Jersey, United States, 1988.

D.C. Harris, Chapter 5 - Quality Assurance and Calibration Methods, Quanti-
tative Chemical Analysis, W. H. Freeman and Company, New York, NY, 2010,
p. 101.

M. Ribani, C.B.G. Bottoli, C.H. Collins, I.C.S.F. Jardim, L.F.C. Melo, Validagao em
métodos cromatograficos e eletroforéticos, Quim. Nova 27 (2004) 771—780.
AOAC International, Appendix F: Guidelines for Standard Method Perfor-
mance Requirements, 2016, p. 9. Rockville, MD, USA.


http://refhub.elsevier.com/S0003-2670(19)30871-2/sref2
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref2
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref2
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref2
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref3
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref3
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref3
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref3
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref4
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref4
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref4
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref4
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref5
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref5
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref5
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref5
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref5
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref7
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref7
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref7
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref8
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref8
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref8
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref9
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref9
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref9
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref9
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref10
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref10
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref10
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref11
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref11
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref11
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref11
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref12
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref12
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref12
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref12
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref13
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref13
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref13
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref13
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref15
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref15
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref15
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref15
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref15
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref15
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref16
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref16
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref16
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref16
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref17
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref17
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref17
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref18
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref18
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref18
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref19
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref19
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref19
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref20
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref20
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref20
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref21
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref21
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref21
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref21
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref21
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref22
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref22
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref22
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref22
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref23
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref23
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref23
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref23
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref24
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref24
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref24
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref24
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref24
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref25
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref25
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref25
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref25
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref25
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref25
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref26
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref26
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref26
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref26
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref27
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref27
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref27
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref27
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref28
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref28
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref28
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref28
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref29
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref29
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref30
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref30
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref30
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref31
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref31
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref31
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref31
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref32
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref32
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref32
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref32
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref32
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref32
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref33
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref33
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref33
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref33
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref33
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref33
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref34
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref34
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref34
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref34
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref34
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref34
https://www.analytik-jena.de/fileadmin/content/pdf_analytical_instrumentation/ICP/ICP-OS/Br_PlasmaQuant_en.pdf
https://www.analytik-jena.de/fileadmin/content/pdf_analytical_instrumentation/ICP/ICP-OS/Br_PlasmaQuant_en.pdf
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref36
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref36
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref36
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref36
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref36
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref37
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref37
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref37
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref37
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref38
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref38
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref38
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref39
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref39
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref39
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref40
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref40
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref40
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref41
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref41
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref41
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref42
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref42
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref42
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref43
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref43
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref43
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref44
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref44
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref44
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref44
http://www.nist.gov/pml/data/asd.cfm
http://www.nist.gov/pml/data/asd.cfm
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref46
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref46
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref47
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref48
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref48
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref48
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref48
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref48
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref48
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref49
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref49
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref49
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref49
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref50
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref50
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref50
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref51
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref51
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref51
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref52
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref52
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref52
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref52
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref53
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref53
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref53
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref54
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref54
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref54
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref54
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref55
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref55
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref55
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref56
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref56
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref56
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref57
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref57
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref58
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref58
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref58
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref59
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref59
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref59
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref59
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref59
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref59
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref59
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref60
http://refhub.elsevier.com/S0003-2670(19)30871-2/sref60

	Additivity of optical emissions applied to neodymium and praseodymium quantification in metallic didymium and (Nd,Pr)-Fe-B  ...
	1. Introduction
	2. Experimental
	2.1. Reagents and solutions
	2.2. Samples and preparation
	2.3. F-AES analysis
	2.4. ICP-OES analysis
	2.5. Mathematical approach

	3. Results and Discussion
	3.1. Flame condition and measurement mode
	3.2. Wavelengths selection
	3.3. Calibration, precision and limits
	3.4. Accuracy and interference correction evaluation

	4. Conclusions and outlooks
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


