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Abstract: In this study, a possibility of laser-induced breakdown spectroscopy (LIBS) for the analysis
of zeolites containing copper, chromium, cobalt, cadmium, and lead in the concentration range of
0.05–0.5 wt.% is discussed. For the LIBS analysis, microporous ammonium form of Y zeolite with the
silicon to aluminum molar ratio of 2.49 was selected. Zeolites, in the form of pressed pellets, were
prepared by volume impregnation from the water solution using Co(CH3COO)2.4H2O, CuSO4.5H20,
K2Cr2O7, PbNO3, and CdCl2 to form a sample with different amounts of heavy metals—Co, Cu, Cr,
Pb, and Cd. Several spectral lines of the mentioned elements were selected to be fitted to obtain
integral line intensity. To prevent the influence of the self-absorption effect, non-resonant spectral
lines were selected for the calibration curves construction in most cases. The calibration curves of all
elements are observed to be linear with high regression coefficients. On the other hand, the limits of
detection (LOD) were calculated according to the 3σ/S formula using the most intensive spectral lines
of individual elements, which are 14.4 ppm for copper, 18.5 ppm for cobalt, 16.4 ppm for chromium,
190.7 ppm for cadmium, and 62.6 ppm for lead.
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1. Introduction

Zeolites and zeolite-like materials belong to the group of crystalline porous materials, which
structure is based on the tetrahedral networks of SiO4 and AlO4 [1]. According to the pore diameter dp,
porous materials can be divided into three groups; (i) microporous, with dp ≤ 2 nm, (ii) mesoporous,
with 2 nm ≤ dp ≤ 50 nm, and (iii) macroporous, with dp ≥ 50 nm [2]. Channels and cavities present
inside the porous materials often contain water molecules [3]. The framework structure of corner
linked SiO4 and AlO4 tetrahedra is imaged in the following formula (1):

Mm/x[mAlO2·nSiO2]yH2O, (1)

where M represents metal cation which can be easily exchanged, the middle part of the formula (in the
brackets) represents anionic framework, and the last part shows chemically bounded water. Zeolites
occur naturally, mined across the world in huge amounts, but they are also synthesized in laboratories
to obtain required properties for the next coming specific use. Natural or synthesized zeolites are used
as the catalysts in different chemical reactions, as an ion exchanger for water softening and purification,
as the gasses adsorbents, and also in different kinds of industry. Microporous zeolites with pore
dimensions in the range of 0.1–1 nm are usually used as molecular sieves [4]. At the turn of the fifties
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and sixties of the 20th century, zeolites have begun to be used as catalysts in fluid catalytic cracking in
the petrochemical industry, where they replaced amorphous aluminosilicate catalysts [2] thanks to
their much higher catalytic efficiency.

Zeolites and zeolite-like materials are very promising materials from an environmental point of
view, because of their non-toxicity and reusability. In the last decades, many studies dedicated on the
use of natural and synthesized zeolites for the removal of heavy metals in water, wastewater, soils, etc.,
have been published [5–8].

Presence of heavy metals in water or soil can cause an accumulation of these elements in live
organisms, which can result in serious health problems. Motsi et al. studied adsorption behavior of
natural clinoptilolite for the treatment of mine drainage containing Cu, Zn, Mn, and Fe. Authors point
out the potential of natural zeolites for the removal of heavy metals from the acid mine drainage [5].
Antimicrobial activity of a synthetic faujasite (FAU) was studied by Ferreira et al. They studied two
types of FAU zeolites—NaX and NaY—doped with the silver ions, where Na ions were replaced by
Ag ions by the ion exchange. Antimicrobial activity was tested on two types of bacteria and two
types of yeasts. They proposed the potential of FAU zeolites as antimicrobial agents [6]. Pitcher et al.
investigated the possibility of using the zeolites to removal of heavy metals (Pb, Cd, Cu, and Zn) from
highway storm water. Experiments were realized on both natural and synthetic zeolites and they
settled synthetic zeolite to be more effective than the natural mordenite. They concluded zeolites are
suitable materials for lowering the heavy metal content in the highway storm water [7]. Review about
recent progress in the process of remediation of polluted soils using natural zeolites is presented in the
research of Shi et al. [8].

Zeolites are characterized by several parameters, such as silicon-to-aluminum molar ratio, surface
area, pore volume, acidity, etc. The Si/Al molar ratio determines properties and application of zeolites
so it is one of the most basic and most important parameters characterizing the zeolites. This parameter
is mostly determined by classical wet chemical analyses. In our recent studies, calibration based [9]
and calibration-free laser induced breakdown spectroscopy (CF LIBS) were successfully applied for
the determination of Si/Al molar ratios in different zeolite types [10].

Laser-induced breakdown spectroscopy (LIBS) has been applied also for the analyses of
biological [11,12], geological [13,14], environmental samples such as polluted soils, wastewater,
groundwater, etc. [15–19], and also zeolite-like samples [20]. Haider et al. applied LIBS for the
detection of trace amount of arsenic in groundwater using ZnO as an adsorbent medium. They
estimated a detection limit of 1 ppm for arsenic, but using the combination of ZnO and pre-boiling
technique, they lowered the limit to 83 ppb [15]. Sobral et al. detected trace elements such as Cu, Mg,
Pb, Hg, and Fe in the water and ice samples using LIBS. Achieved detection limits for mentioned
elements in the ice samples were six times lower than the water samples [16]. Low detection limits
were achieved using single-particle LIBS by Järvinnen et al. They utilized a NaCl matrix in the signal
processing and obtained detection limits of 0.3 ppm for Zn and 0.1 ppm for Pb [17]. Gondal et al. used
LIBS for the determination of toxic metals in wastewater originating from the paint manufacture [18].
Qualitative and quantitative analyses of heavy metals polluted soil samples are provided in the study
of Senesi et al. [19].

Very promising approach called surface-assisted laser-induced breakdown spectroscopy (SERS
LIBS) was applied for the wine characterization and the detection of trace elements like iron, titanium,
and strontium, achieving low limits of detection [21,22].

In this study, laser-induced breakdown spectroscopy was applied for the analysis of NH4 Y zeolites,
for the detection of heavy metals (Cu, Co, Cr, Cd, and Pb) in zeolite’s matrix, for the construction of
calibration curves, and for the determination of the detection limits for these five heavy metals.
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2. Experimental

2.1. LIBS Apparatus

LIBS measurements were carried out using the apparatus from our recent studies [9,10]. Main
parts of the used setup are a Q-switched pulsed Nd:YAG laser operated at the second harmonic
frequency (532 nm, max. energy of 165 mJ per pulse, pulse duration of 4 ns, and repetition rate of
10 Hz), an emission spectrometer with an echelle grating (Mechelle ME 5000, Andor Technology)
having the resolution λ/∆λ = 5000, an intensified CCD camera (iStar DH 734, Andor Technology),
optical elements (Thorlabs), translation stage, and computer. Samples in the form of pressed pellets
were placed on the translation stage. Spectra were taken as an accumulation of fifty laser shots from
five different places on the sample surface, so five spectra were taken for each sample. Used delay
time and exposition time were of 1 µs. All measurements were carried out in air atmosphere at the
atmospheric pressure (as indicates in Figure 1). Before the data processing, all measured spectra were
corrected according to the spectral response of our echelle spectrometer [23] and background noise
measured at the same conditions as the LIBS spectra was also subtracted.
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Figure 1. Laser spark created above the sample surface.

2.2. Zeolite Samples Preparation

Sodium form of zeolite Y was obtained from Research Institute of Petroleum and Hydrocarbon
Gases, Bratislava. Ammonium form zeolite Y with chemical composition (70.4 wt. % of SiO2, 25.0 wt. %
of Al2O3, 4.2 wt. % of Na2O, 0,4 wt. % of CaO, and trace amount of MgO) was prepared by the
repeated ion exchange with 2M ammonium nitrate. The weight loss of the zeolite Y was 28.03%.
The specific parameters of the used zeolite are summed up in Table 1. CuSO4.5H2O (purity of 99.0%),
Co(CH3COO)2.4H2O (98.0%), K2Cr2O7 (99.8%), PbNO3 (99.0%), and CdCl2 (99.0%) were used as a
source of relevant metals (copper, cobalt, chromium, lead, and cadmium). Metals were loaded in
amounts of 0.050 wt. %, 0.075 wt. %, 0.100 wt. %, 0.150 wt. %, and 0.500 wt. %. Solutions of a metal
compound were prepared using the distilled water and desired amount of a chemical compound.
Volume of the impregnation was made by wet way. Solution of a metal compound was blended with
the powder zeolite and this suspension was mixed. Subsequently, the suspension was dried in an
oven at a temperature of 90 ◦C for 3 h. Dried zeolite with a metal component was blended with inert
paraffin on the amount of 30% in a vibration mill for 10 min. This material was transferred to the die to
form a pellet. The die was placed in a press at a pressure of 10 MPa for 10 min. Obtained pellets were
of dimensions of 20 mm in diameter and of 2 mm in thickness.
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Table 1. Specific parameters of the used zeolite.

Surface Area (m2/g) Volume of Micropores (cm3/g) Pore Diameter (nm) Acidity (mmol/g)

748 0.32 1.9–2.2 1.75

3. Results

3.1. Qualitative Analysis

The best signal to noise ratio was observed at the delay time (GD) and the exposure time (GW) of
1 µs. Except of these experimental conditions, other settings were also tested varying from 250–2500 ns,
while the delay and exposure times were always equal (GD = GW). Several experimental conditions
were tested to obtain the best experimental conditions, signal to noise ratio, possibility to observe both
neutral and ionic lines of the elements of the interest in the LIBS spectra. Spectra were recorded in the
wide spectral range of 200–975 nm. Due to the fact that plasma emission was collected using optical
fiber linked to the entrance slit of spectrometer, spectral range between 200 nm and 220 nm was not
used for analysis because the transmittance of the used fiber decreases rapidly in this range.

Apart from emission spectral lines of silicon, aluminum, and oxygen, which are the main
components of zeolites, emission spectral lines of sodium, calcium, manganese, titanium, iron, nitrogen,
and hydrogen were also observed in the LIBS spectra. Hydrogen and oxygen came both from the
samples and from the ambient air atmosphere. Spectral lines of nitrogen originating from ambient air
were observed, too. Presence of iron and titanium could come from the impurities of chemicals used in
the process of zeolite synthesis.

But the object of this research is the analysis of five heavy metals (Co, Cu, Cr, Cd, and Pb) contained
in the prepared zeolite pellets. In the LIBS spectra of prepared pellets neutral spectral lines of lead and
copper, neutral, and ionic spectral lines of cadmium, cobalt, and chromium were detected. Typical
spectral lines of individual elements (some of them were used for construction of the calibration curves)
are depicted in Figure 2. A blank sample was measured at the same experimental conditions for the
purpose of verification of the presence of heavy metals. None of the elements of interest were detected
in the blank sample.

Atoms 2019, 7, x FOR PEER REVIEW 4 of 15 

 

3. Results 

3.1. Qualitative analysis 

The best signal to noise ratio was observed at the delay time (GD) and the exposure time (GW) 

of 1 μs. Except of these experimental conditions, other settings were also tested varying from 250–

2500 ns, while the delay and exposure times were always equal (GD=GW). Several experimental 

conditions were tested to obtain the best experimental conditions, signal to noise ratio, possibility to 

observe both neutral and ionic lines of the elements of the interest in the LIBS spectra. Spectra were 

recorded in the wide spectral range of 200–975 nm. Due to the fact that plasma emission was collected 

using optical fiber linked to the entrance slit of spectrometer, spectral range between 200 nm and 220 

nm was not used for analysis because the transmittance of the used fiber decreases rapidly in this 

range. 

Apart from emission spectral lines of silicon, aluminum, and oxygen, which are the main 

components of zeolites, emission spectral lines of sodium, calcium, manganese, titanium, iron, 

nitrogen, and hydrogen were also observed in the LIBS spectra. Hydrogen and oxygen came both 

from the samples and from the ambient air atmosphere. Spectral lines of nitrogen originating from 

ambient air were observed, too. Presence of iron and titanium could come from the impurities of 

chemicals used in the process of zeolite synthesis. 

But the object of this research is the analysis of five heavy metals (Co, Cu, Cr, Cd, and Pb) 

contained in the prepared zeolite pellets. In the LIBS spectra of prepared pellets neutral spectral lines 

of lead and copper, neutral, and ionic spectral lines of cadmium, cobalt, and chromium were detected. 

Typical spectral lines of individual elements (some of them were used for construction of the 

calibration curves) are depicted in Figure 2. A blank sample was measured at the same experimental 

conditions for the purpose of verification of the presence of heavy metals. None of the elements of 

interest were detected in the blank sample. 

324 325 326 327 328
0.0

5.0E5

1.0E6

1.5E6

317 318 319 320 321 322 323
0.0

5.0E4

1.0E5

1.5E5

2.0E5

340 342 344 346
0.0

5.0E4

1.0E5

1.5E5

2.0E5

279 280 281 282
0.0

2.0E5

4.0E5

6.0E5

8.0E5

225 226 227 228 229 230
0.0

5.0E5

1.0E6

1.5E6

2.0E6

367 368 405 406 407
0.0

1.5E4

3.0E4

4.5E4

Cu I

In
te

n
s

it
y

  
(a

.u
.)

Cu I

Cr II

Cr II

Cr II

Cr II

Co I

Co I

Co ICo I

Co I
Co I

Co I

Co I

In
te

n
s

it
y

  
(a

.u
.)

Co I

 Wavelength (nm)

Mg II

Mg II

Al II

In
te

n
s

it
y

  
(a

.u
.)

Wavelength  (nm)

Cd II

Cd I

Pb I

Pb I

 

Figure 2. Spectral lines of elements (copper, chromium, cobalt, magnesium, aluminum, cadmium, and 

lead) identified in the laser-induced breakdown spectroscopy (LIBS) spectra of zeolite. 

3.2. Diagnostics of Laser-Induced Plasma 

Figure 2. Spectral lines of elements (copper, chromium, cobalt, magnesium, aluminum, cadmium, and
lead) identified in the laser-induced breakdown spectroscopy (LIBS) spectra of zeolite.
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3.2. Diagnostics of Laser-Induced Plasma

Two main plasma parameters were monitored during the data processing, i.e., the electron density
Ne and the electron temperature Te. The electron density was calculated from the Stark broadening of
hydrogen Hα line (656.28 nm), resulting from the presence of chemically bounded water in the zeolite
samples. There is also a contribution of air humidity as the experiments were carried out in air at
atmospheric pressure. The equation with the full width at half area (FWHA) parameter was used
because of its less sensitivity to ion dynamics [24].

FWHA = 0.549nm×
( Ne

1023m−3

)0.67965
, (2)

where Ne is electron density.
The electron temperature was determined using multi-element Saha–Boltzmann plot method,

well described in the research of Aguilera and Aragón [25], assuming that the plasma is in the local
thermodynamic equilibrium (LTE). The well-known and frequently used McWhirter criterion

Ne(cm−3) > 1.6× 1012
√

Te(∆Enm)
3 (3)

was applied for the determination if the plasma is in the state of LTE. In Equation (3), the symbol
∆Enm indicates the highest energy level difference for which this criterion is still valid. This criterion
represents only a necessary but not sufficient condition of LTE and is valid in the case of stationary
and homogeneous plasma [26]. Despite this fact, a lot of authors used to apply this criterion for the
verification if the analyzed plasma is in the state of LTE [27–29].

The example of multi-element Saha–Boltzmann plot is presented in Figure 3. For the electron
temperature determination, the spectral lines of silicon, aluminum, cobalt, titanium, and magnesium
were used, and the electron temperature of 1.04 eV (±0.02 eV) was calculated from the slope of the
linear fit.

Atoms 2019, 7, x FOR PEER REVIEW 5 of 15 

 

Two main plasma parameters were monitored during the data processing, i.e., the electron 

density Ne and the electron temperature Te. The electron density was calculated from the Stark 

broadening of hydrogen Hα line (656.28 nm), resulting from the presence of chemically bounded 

water in the zeolite samples. There is also a contribution of air humidity as the experiments were 

carried out in air at atmospheric pressure. The equation with the full width at half area (FWHA) 

parameter was used because of its less sensitivity to ion dynamics [24]. 

FWHA = 0.549nm × (
Ne

1023m−3)
0.67965

, (2) 

where Ne is electron density. 

The electron temperature was determined using multi-element Saha–Boltzmann plot method, 

well described in the research of Aguilera and Aragón [25], assuming that the plasma is in the local 

thermodynamic equilibrium (LTE). The well-known and frequently used McWhirter criterion 

𝑁𝑒(𝑐𝑚
−3) > 1.6 × 1012√𝑇𝑒(∆𝐸𝑛𝑚)

3 (3) 

was applied for the determination if the plasma is in the state of LTE. In Equation 3, the symbol ΔEnm 

indicates the highest energy level difference for which this criterion is still valid. This criterion 

represents only a necessary but not sufficient condition of LTE and is valid in the case of stationary 

and homogeneous plasma [26]. Despite this fact, a lot of authors used to apply this criterion for the 

verification if the analyzed plasma is in the state of LTE [27–29]. 

The example of multi-element Saha–Boltzmann plot is presented in Figure 3. For the electron 

temperature determination, the spectral lines of silicon, aluminum, cobalt, titanium, and magnesium 

were used, and the electron temperature of 1.04 eV (±0.02 eV) was calculated from the slope of the 

linear fit. 

2 4 6 8 10 12 14 16 18
-18

-16

-14

-12

-10

-8

-6

-4

-2
 Al

 Ti

 Co

 Si

 Mg

E (eV)

T
e 
= 1.04 eV

ln
(

I/
A

g
) 
(a

.u
.)

 

Figure 3. Multi-element Saha–Boltzmann plot for the zeolite containing 0.5 wt.% of Co (where on the 

vertical axis I is the line intensity, λ is the wavelength of the used spectral line, A is the Einstein 

coefficient, and g is degeneracy of the energy level). 

Figure 4 is showing the mean value and fluctuations of the electron density and temperature 

over all densities of heavy metals in the examined zeolite samples for Cd, Co, Cr, Cu, and Pb. 

Obtained electron densities were in the range of 3.25 × 1023 – 4.55 × 1023 m-3 and the electron 

temperatures were in the range of 0.95 – 1.18 eV. 

Figure 3. Multi-element Saha–Boltzmann plot for the zeolite containing 0.5 wt.% of Co (where on
the vertical axis I is the line intensity, λ is the wavelength of the used spectral line, A is the Einstein
coefficient, and g is degeneracy of the energy level).

Figure 4 is showing the mean value and fluctuations of the electron density and temperature over
all densities of heavy metals in the examined zeolite samples for Cd, Co, Cr, Cu, and Pb. Obtained
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electron densities were in the range of 3.25 × 1023–4.55 × 1023 m−3 and the electron temperatures were
in the range of 0.95–1.18 eV.
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3.3. Influence of the Ne and Te Fluctuation on the Plasma Composition

Influence of the electron temperature and electron density on the plasma composition was also
monitored during the data processing by calculation of the ratio of singly ionized NII

S to neutral atom
NI

S number densities of element s using charge-state distribution equation:

NII
s

NI
s
=

2QII
s (Te)

NeQI
s(Te)

(
mekBTe

2π}2

)
exp

(
−

Eion
s

kBTe

)
, (4)

where Qs is the partition function at the given electron temperature Te, me is the electron mass, kB is
Boltzmann constant, Eion

S is the ionization energy of the elements.
The main part of plasma generated in our laboratory at the mentioned experimental conditions is

formed by singly ionized atoms, usually 70–80% (for some elements, like Na or K, even more), the rest
is formed by the neutral atoms. The number of doubly ionized atoms is negligible compared to the
singly ionized and neutral atoms.

Figure 5 presents the percentage of singly ionized atoms in the temperature range of 0.7–1.3 eV
and for the electron density of 3.8 × 1023 m−3. Patterned part in the graph represents the electron
temperature range obtained during our experiments. As it is clearly seen from Figure 5, the biggest
variations of singly ionized atoms percentage over the obtained temperature range is for lead (from
40% to 80%).

3.4. Calibration Curves

Calibration curves represent the dependency between the integral intensity of a selected spectral
line and the concentration of a given element. In some cases, a spectral line designated as an internal
standard is used and then intensity ratio (intensity of selected spectral line/intensity of internal standard
line) is plotted against an elemental concentration [30].
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Figure 5. Number of singly ionized atoms in the temperature range of 0.7–1.3 eV and for the average
electron density of 3.8 × 1023 m−3 (patterned part corresponds with the obtained range of Te).

In our study, calibration curves were obtained using twenty-five zeolite samples containing heavy
metals in known concentrations of copper, cobalt, chromium, cadmium, and lead. Each point in
the calibration curve represents the average of five spectra taken from five different places on the
sample surface.

The most commonly used method to compensate the dependence between the calibration curves
and the plasma parameters, is to normalize the spectral line intensity (or integral intensity) of the
element of interest to the intensity of the matrix spectral line or the buffer gas line intensity [30,31].
In our study, the heavy metals spectral lines (Cd, Co, Cr, Cu, Pb) were normalized to the spectral lines
of the matrix (Si, Al, Mg, Ca). Moreover, reducing of the electron density fluctuations was achieved by
the selection of the spectral lines of heavy metals and internal standard lines in the same degree of
ionization. The influence of the electron temperature on the calibration curves was reduced by selecting
of the spectral lines and the internal standard lines with a similar value of the upper energy levels
and both elements should have also similar ionization energies (Table 2). Using the spectrometer with
a narrow spectral range, the selected analyte and matrix lines should be close in the measured LIBS
spectrum [31], which is not our case, because we were using a broadband echelle type spectrometer.

Table 2. Specific parameters of used zeolite.

Element Ionization Energy (eV)

Si 8.1517
Al 5.9858
Cu 7.7264
Cd 8.9938
Pb 7.4167
Co 7.881
Cr 6.7765
Mg 7.6462
Ca 6.1132

A group of neutral and ionic spectral lines of aluminum and silicon were selected as the internal
standards. In the case of chromium, spectral lines of aluminum were selected as an internal standard,
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and in the case of cobalt, copper, cadmium, and lead, a group of silicon spectral lines were selected.
Spectral lines were selected according to the mentioned parameters and are listed in Table 3.

Table 3. Parameters of spectral lines used in the calibration curves (λ—wavelength of spectral line,
Aki—Einstein coefficient, Ei—energy of lower level, Ek—energy of upper level) [32,33].

Element λ (nm) Aki (s−1) Ei (eV) Ek (eV)

Si I 243.52 4.43 × 107 0.781 5.871
Si I 252.85 9.04 × 107 0.028 4.929
Si I 390.55 1.33 × 107 1.908 5.082
Cu I 515.32 6.00 × 107 3.786 6.192
Cu I 521.82 7.50 × 107 3.817 6.192
Cu I 324.75 1.39 × 108 0 3.817
Cd I 508.58 5.06 × 107 3.946 6.384
Pb I 283.31 5.92 × 107 0 4.375
Pb I 368.34 1.70 × 108 0.969 4.335
Pb I 405.78 9.10 × 107 1.321 4.375
Cr I 301.52 1.63 × 108 0.961 5.072
Cr I 301.37 8.30 × 107 0.968 5.081
Cr II 297.19 2.00 × 108 3.768 7.939
Cr II 312.50 8.19 × 107 2.455 6.421
Cr II 320.92 6.81 × 107 2.544 6.407
Co I 350.23 8.00 × 107 0.432 3.971
Co I 350.63 8.20 × 107 0.514 4.049
Co I 351.26 1.00 × 108 0.582 4.11
Co II 258.72 1.19 × 108 1.328 6.118
Co II 258.22 1.40 × 108 1.404 6.204
Co II 236.38 2.10 × 108 0.499 5.743
Co II 239.74 2.40 × 108 1.217 6.387
Al I 305.71 7.50 × 107 3.613 7.668
Al II 281.62 3.83 × 108 7.421 11.822
Mg II 280.27 2.57 × 108 0 4.422
Ca II 393.37 1.47 × 108 0 3.151

To achieve a higher precision (regression coefficient and slope of the linear fit) of calibration
curves, in some cases more than one spectral line were selected for the calibration curve construction.

3.4.1. Copper

For the calibration curves construction, usually resonant Cu I lines at 324.75 nm are used [34,35].
In Figure 6, calibration curves obtained by fitting of Cu I 324.75 nm are depicted. Both cases were
studied, i.e., with the use of an internal standard-zeolite matrix silicon Si I line at 243.52 nm and
without the use of this line. Silicon line Si I 243.52 nm was used according to its parameters, i.e., the
energy of upper level and the ionization energy of both elements; similar to the Cu I 324.75 nm line
(see Tables 2 and 3). However, as it is clearly seen from Figure 6a,b, the use of this line often leads to a
nonlinear behavior of the calibration curves already at very low concentrations of Cu in the analyzed
sample. This can be an indication of the presence of self-absorption of the Cu line.
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Therefore, non-resonant Cu I spectral lines at 515.32 nm and 521.82 nm were selected for the
calibration curves construction. A calibration curve obtained using these two lines, is depicted in
Figure 7. As an internal standard, Si I 243.52 nm line was used. Ionic spectral lines Cu II were not
observed in the measured LIBS spectra.
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Figure 7. Calibration curve of copper obtained using Cu I: 515.32 and 521.82 nm lines (error bars
represent relative standard deviation (RSD) of used data).

3.4.2. Cadmium

In the LIBS spectra, both neutral Cd I (228.80 nm, 346.62 nm, 361.05 nm, and 508.58 nm) and ionic
Cd II (226.50 nm) spectral lines were observed. For the calibration curve construction, a non-resonant
spectral line at 508.58 nm was selected. As an internal standard, silicon Si I spectral line at 243.52 nm
was selected, similarly as in the case of copper.

3.4.3. Lead

In the case of lead, several neutral spectral lines (Pb I; 261.42 nm, 283.31 nm, 368.34 nm, and
405.78 nm) were observed in the measured LIBS spectra, ionic spectral lines were not detected. For the
calibration curve construction, three Pb I spectral lines (283.31 nm, 368.34 nm, and 405.78 nm) were
used. As an internal standard, Si I spectral line at 390.55 nm was used. Spectral lines were selected
according to the very similar energies of upper level and ionization energies of both elements. Use of
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several spectral lines instead of only one line has led to the significant improvement in the regression
coefficient and intercept of the calibration curve with the y axis.

3.4.4. Cobalt

In the case of cobalt, calibration curves were obtained both from neutral and ionic spectral lines.
Three neutral spectral lines of cobalt (Co I; 350.23 nm, 350.63 nm, and 351.26 nm) were used for the
calibration curve construction. As an internal standard, neutral line of silicon Si I at 252.85 nm was
selected. Used spectral lines have close values of energies of upper levels.

Calibration curve obtained using ionic spectral lines of cobalt was constructed using four spectral
lines (Co II; 236.38 nm, 239.74 nm, 258.22 nm, and 258.72 nm). As an internal standard, ionic spectral
lines of calcium (Ca II; 393.37 nm) and magnesium (Mg II; 280.27 nm) were used.

3.4.5. Chromium

The LIBS spectra of zeolite pellets containing chromium are characterized by a high number
of both chromium neutral and ionic spectral lines, as in the case of cobalt. Chromium has similar
ionization energy to aluminum. Therefore, spectral lines of this element were selected as internal
standards. Calibration curves were constructed both for neutral atoms and ions. For the calibration
curves, two neutral chromium (Cr I; 301.37 nm and 301.52 nm) lines were used. As the internal
standard line, aluminum spectral line (Al I; 305.71 nm) was used. In the case of ionic chromium, three
spectral lines (Cr II; 297.19 nm, 312.5 nm, and 320.92 nm) were used and as the internal standard,
aluminum line (Al II; 281.62 nm) was used. Fitting parameters of the obtained calibration curves of all
elements are summed up in Table 4.

Table 4. Fitting parameters of the linear calibration curves.

Calibration Curve Line Type Line Wavelength (nm) Sensitivity
(wt.% −1)

R2 LOD (ppm)

Cu I/Si I neutral 324.75 1.262 0.995
Cu I/Si I 2 neutral lines 515.32; 521.82 0.05 0.997
Cu I neutral 324.75 111327 0.956 14.4

Cd I/Si I neutral 508.58 1.745 0.995
Cd II ionic 226.5 20.821 0.986 190.7

Pb I/Si I 3 neutral lines 283.31; 368.34; 405.78 0.174 0.999
Pb I neutral 405.78 150.86 0.937 62.6

Co I/Si I 3 neutral lines 350.23; 350.63; 351.26 1.66 0.993
Co II/Mg II + Ca II 4 ionic lines 236.38; 239.74; 258.22; 258.72 1.638 0.998
Co I neutral 348.94 154.49 0.974 18.5

Cr I/Al I 2 neutral lines 301.37; 301.52 1.634 0.997
Cr II/Al II 3 ionic lines 297.19; 312.5; 320.92 1.776 0.999
Cr I neutral 425.43 2462253 0.994 16.4

3.5. Limits of Detection

Limit of detection (LOD) represents the lowest elemental concentration which can be detected
by the given apparatus and at the given experimental conditions. For the detection limit calculation
following formula,

LOD =
3σ
S

(5)

was used, where σ designates the standard deviation of the background and S is slope of the calibration
curve linear fit. Obtained detection limits for all analysed heavy metals compared to the LOD found in
the literature are summed up in Table 5.
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Table 5. Limits of detection of five heavy metals.

Element Line (nm) Matrix LOD Ref.

Cd I 228.80 soil 6 µg/g [36]
Cd II 214.44 ice 1.4 mg/L [16]
Cd II 214.44 water 7.1 mg/L [16]
Cd II 226.50 zeolite 190.7 ppm this research

Cr I 425.22 steel 24 ppm [37]
Cr I 425.43 soil 2.5 µg/g [38]
Cr I 425.43 water 10 µg/mL [39]
Cr I 425.43 soil 2 mg/kg [40]
Cr I 425.43 oil 20 µg/mL [39]
Cr I 425.43 soil 8 ppm [37]
Cr II 267.72 steel 6 ppm [37]
Cr II 283.56 water 30 ppm [36]
Cr II 283.56 oil 0.4 µg/mL [39]
Cr II 283.56 water 100 ppb [37]
Cr II 284.33 water 42 ppm [36]
Cr II 267.72 ice 1.4 mg/L [16]
Cr II 267.72 water 10.5 mg/L [16]
Cr I 360.53 oil 10.59 µg/g [41]
Cr I 425.43 zeolite 16.4 ppm this research

Cu I 324.75 Al alloy 10 ppm [37]
Cu I 324.75 Al alloy 17.49 ppm [42]
Cu I 324.75 ice 2.3 mg/L [16]
Cu I 324.75 oil 5 µg/mL [39]
Cu I 324.75 steel alloy 6.31 ppm [43]
Cu I 324.75 water 7 ppm [37]
Cu I 324.75 water 7 µg/mL [39]
Cu I 324.75 water 9.6 mg/L [16]
Cu I 324.75 soil 3.3 µg/g [38]
Cu I 324.75 oil 2.87 µg/g [41]
Cu I 324.75 zeolite 14.4 ppm this research

Pb I 363.96 bronze 0.30% [31]
Pb I 405.78 concrete 10 ppm [37]
Pb I 405.78 soil 5 ppm [37]
Pb I 405.78 soil 17 µg/g [38]
Pb I 405.78 ice 1.3 mg/L [16]
Pb I 405.78 water 100 µg/mL [39]
Pb I 405.78 water 12.5 mg/L [16]
Pb I 405.78 soil 20 ppm [44]
Pb I 405.78 oil 90 µg/mL [39]
Pb I 405.78 oil >100 µg/g [41]
Pb I 405.78 sediments 190 µg/g [45]
Pb I 261.42 CaCO3 95 ppm [46]
Pb I 405.78 zeolite 62.6 ppm this research

Co I 350.23 W-carbide 4% m/m [47]
Co I 345.35 Cu concentrate 884 ppm [48]
Co I 348.94 zeolite 18.5 ppm this research

4. Conclusion

Twenty-five zeolite samples containing heavy metals, i.e., copper, cadmium, cobalt, chromium,
and lead, in the concentration range of 0.05–0.5 wt.% were analyzed using the laser induced breakdown
spectroscopy in order to obtain the calibration curves and the detection limits of mentioned heavy metals.

Important plasma parameters, i.e., electron density and temperature, were monitored during all
data processing. For the electron density calculation, Stark broadening of hydrogen line was used, and
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for the determination of the electron temperature, a method of multi-element Saha–Boltzmann plots
was applied. Furthermore, a representation of neutral and singly ionized atoms in the LIBS plasma
was monitored using charge-state distribution equation.

For the calibration curves, construction spectral lines of silicon (in the case of cobalt Co I, copper,
cadmium, and lead), aluminum (in the case of chromium), and calcium Ca II together with the
magnesium Mg II (in the case of Co II) were selected as the internal standards. Using the internal
standards to suppress the fluctuation of intensity between spectra, the regression coefficients and
the intercepts of a linear fit of the data points in the calibration graphs were significantly improved.
Moreover, summary of the selected lines of the studied elements increases the precision with which
we can calculate the concentration of the element in an unknown sample. Summing only the non-
resonant spectral lines, resonant lines were removed from the list to decrease the influence of an even
small self-absorption effect.

On the other hand, LOD, as it is defined, gives us information whether the element is present in
the sample or not. Therefore summarizing spectral lines is not a possibility in this case. Hence, in the
case of LOD determination, resonant spectral lines were selected in the most cases. The obtained LODs
for each heavy metal are present in Table 5. Obtained values of LOD could be better, but we wanted
to use spectra (the spectra with reliable number of accumulations) that were used for calculation of
calibration curves for the evaluation of LOD. Increasing the amount of laser shots accumulated into
one spectrum would increase the ratio amplitude of a resonant line to standard deviation of the noise
and would eventually decrease LOD. Therefore, the LODs presented in this paper are the ones that can
be obtained with standard LIBS spectra with a reasonable number of accumulations.

Obtained detection limits are comparable with those found in the literature, except of cadmium.
In this case, a relatively high detection limit can be caused due to the use of an optical fiber for the
guidance of plasma emission to the entrance slit of the spectrometer. The optical fiber decreases
sensitivity and increases noise level. Therefore, in our experimental configuration, Cd I 228.80 nm and
Cd II 226.50 nm lines are not suitable for the determination of the detection limits.

Furthermore, the use of an echelle type of spectrometer limits the possibility to obtain better
detection limits due to the shape of the calibration curve. In the case a spectral line is located at the
interface of two adjacent orders, where the sensitivity of the spectrometer can decrease to 20% or less
of the original value, the intensity of such a line will be influenced by this fact. Therefore, spectral lines
must be selected carefully in order to be not located at the interface of two adjacent orders.
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