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Abstract: This research qualitatively and quantitatively characterises the minor chemical elements in
diesel particulate matter (DPM). DPM was extracted from in-use diesel engine passenger vehicles
of diverse types and models from major brand car producers in Europe. We analysed particulate
matter extracted from the exhaust manifold part from passenger vehicles that are used in daily
life environment. To qualitatively and quantitatively characterise the DPM, we employed the
high-resolution Laser-Induced Breakdown Spectroscopy analytical technique (LIBS). Qualitative
spectrochemical LIBS analyses confirmed the presence of minor chemical elements—silicon, nickel,
titan, potassium, strontium, and molybdenum in DPM. For quantification of the LIBS signal,
the calibration functions were constructed from internal calibration standards. Different concentrations
of detected minor elements Si, Ni, Ti, K, Sr, and Mo were measured with respect to the type of complex
particulate matter.

Keywords: particulate matter; diesel particulate matter; particulates; soot; carbon emissions; pollutant
emissions; vehicle emissions; exhaust emissions; ultrafine particles; metallic nanoparticles; trace
metals; trace elements; trace emission; air quality; optical emission spectroscopy; laser-induced
plasma spectroscopy; LIBS; LIPS

1. Introduction

Issues with diesel engine emissions and vehicles emission monitoring [1–3] are important subjects
for human health. However, the real situation immediately reflects on the current quality of circulating
air flow in the cities, suburbs, and industrial or rural areas, which influences the number of inhalant
nanoparticles within the particulate matter (PM) in air and forms the current air pollution of our
“modern” civilisation. Non-polluted clean air is important for our human body, mainly for the lungs,
cardiovascular system, as well as for the central nervous system and brain [4,5]. Nowadays, PM and
metallic nanoparticles are the key sources of many diseases and illnesses or deaths. Therefore, it should
be among our highest priorities to rigorously explore and understand the composition of particulate
matter. The knowledge of this information can help to find new techniques to precisely measure and
quantify the content of different chemical elements adsorbed inside the small PM and to minimise the
vehicle’s emissions.

In this research, we employed a Laser-Induced Breakdown Spectroscopy technique [6] for
spectrochemical analysis of particulate matter. PM was collected from in-use passenger vehicles driven
by diesel engines. We inspected the particulate matter from sixty-seven unique passenger vehicles
used in a daily life environment. The main task was to investigate the composition of particulate
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matter, essentially agglomerated minor chemical compounds. Due to the complicated processes
involved within the combustion of diesel engines, the presence of agglomerate chemical elements in
diesel exhaust emissions occurred. These processes are linked with engine type, engine size, engine
operation conditions, type of fuel, quality of fuel, additives, lubricants, and aftertreatment devices.
All these inputs modify the particulate exhaust emissions and the final elemental composition of diesel
particulate matter (DPM) emitted from in-use diesel engine vehicles.

In this manuscript, we speak about diesel particulate matter to clearly distinguish the particulate
matter formed from the diesel engine driven vehicles. DPM is a specific type of particulate matter due
to the combustion processes involved.

The main objective of this manuscript is to characterise the minor chemical elements in different
diesel particulate matter samples by the Laser-Induced Breakdown Spectroscopy technique. Here,
we present the quantitative analytical approach to obtain the concentration of minor chemical
elements in the exhaust emissions as particulate matter from in-use diesel engine passenger vehicles.
This presented work here is the continuation of our previous research study published in [7,8], where we
examined the major chemical elements in diesel particulate matter by LIBS. The major elements of
DPM were identified as carbon, iron, magnesium, aluminium, chromium, zinc, sodium, and calcium,
in addition to the hydrogen and oxygen content.

2. Methodology

In this research, we applied the Laser-Induced Breakdown Spectroscopy technique (LIBS) for
qualitative as well as sensitive quantitative compositional analytical measurements of chemical elements
in DPM [7,8]. The basic principle of the LIBS method is quite well explained in the publications [9–11],
and therefore, we only shortly describe the experimental setup.

By means of the LIBS technique, we can qualitatively analyse the major and minor chemical
elements of DPM, and after a calibration procedure provide a qualitative characterisation of the
sample composition.

2.1. Experimental LIBS Setup

The setup used for Laser-Induced Breakdown Spectroscopy included a laser source-pulsed
Nd:YAG (Neodymium doped Yttrium Aluminum Garnet) laser, high-intensity laser system, collection
optics (mirrors, focusing lens, optical telescope), experimental LIBS chamber, and high-resolution
optical spectrometer. An emerging laser radiation from the laser source was navigated via optical
mirrors into the sample. Before hitting the sample, a high power laser light was focussed via focussing
optics. Consequently, the sample surface material has been ablated, the ejected nanoparticles were
ionised, and plasma was created. A schema and experimental laser-induced breakdown spectroscopy
setup is shown in the Figure 1.

For laser-induced plasma generation, we have used a solid-state Nd:YAG laser, Yasmin, from
Quantel, France. The laser radiation has a pulse duration of 8.5 ns and wavelength of 1064 nm in an
invisible IR radiation spectrum. During the experiments, we have used the pulses with 300 mJ laser
energy per pulse. Due to different DPM matrices, we used a higher laser pulse energy to increase
the plasma optical emission and to gain a broad spectral signal for all DPM samples. We used a
10 cm focusing lens for laser radiation and plane solid target surface to create homogeneous plasma.
The light from plasma emission was collected perpendicularly via a collection optics-telescope directly
to high-resolution Aryelle Butterfly, Echelle spectrograph from LTB, Berlin, Germany. The spectrometer
is equipped with an Intensified Charge Coupled Device (ICCD) detector PI-Max 4 from Princeton
Instruments, Trenton, NJ, USA, and consists of two individual spectrographs. The first part was from
190 to 440 nm in the UV range and the second was in the range from 440 to 800 nm for the VIS optical
spectrum. The resolution capability is from 3 to 7 picometres in the VUV range and 4 to 8 picometres in
the VIS part. Such a high spectral resolution provides LIBS measurements with a broad spectral range
and with detailed spectral information. During the measurements, the delay time of 1 µs and a gate
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width of 2 µs has been used. The plasma optical emission has been generated in an air atmosphere with
atmospheric pressure and room temperature. A brief description regarding the type of equipment,
model, company, and device specification is included in the Table 1.
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Figure 1. Schema and experimental laser-induced breakdown spectroscopy setup. LS—Laser Source
(Nd:YAG laser, Yasmin, Quantel, France), M—Mirror, P—Plasma, S—Sample, FL—Focusing Lens,
L1 and L2—Optical Telescope, OS—Optical Spectrometer (Aryelle Butterfly, Echelle spectrograph,
LTB Berlin, Germany), D—Intensified Charge-Coupled Device (ICCD) Detector, PI-Max 4, Princeton
Instruments, Trenton, NJ, USA.

Table 1. Brief description of type of equipment, model, company, and device specification.

Type of Equipment Model Company Specifications

Nd:YAG laser Yasmin Quantel, France τp ≈ 8.5 ns; λ ≈ 1064 nm; Ep ≈ 300 mJ

Echelle spectrograph Aryelle Butterfly LTB, Berlin, Germany UV: 190–440 nm, Res: 3–7 pm
VIS: 440–800 nm, Res: 4–8 pm

ICCD detector PI-Max 4 Princeton Instruments, USA delay time = 1 µs; gate width = 2 µs

2.2. Particulate Matter Collection and Sample Preparation

Sixty-seven samples of particulate matter were prepared from different in-use diesel engine
passenger vehicles. These were from diverse automobiles producers in Europe. Passenger cars that
were particularly selected for sample collection were from the standard daily life environment, such as
those we use to drive every day to work, school, shopping, etc. We have not used vehicles for special
tests, driving test cycles, nor test engines. Particulate matter samples were extracted at the end of the
exhaust system directly from the tail pipe.

In reality, we have collected the particulate matter from more than seventy different passenger
vehicles; unfortunately, not all samples were used for LIBS analytical measurements. This was due to
the insufficient particulate matter powder for the sample preparation or some samples being simply
destroyed during the sample preparation. Due to the lack of PM, we could not prepare identical samples
from the same vehicle, or same samples were destroyed during the LIBS analytical measurements.

The selection of passenger cars was performed without any preferences. No automobile producer
brands or types of vehicles were preferred. The samples of particulate matter extracted from diesel
engine passenger vehicles, particularly tail pipe deposits, were pressed mechanically into the flat
disc-like shape pellets with diameters of 6 mm. In total, we obtained LIBS spectra from sixty-seven
different PM samples from different passenger vehicles.

3. Results and Discussion

3.1. Diesel Particulate Matter Measured by LIBS

Basic spectrochemical analyses of diesel particulate matter were performed by the Laser-Induced
Breakdown Spectroscopy technique. Typical examples of measured LIBS spectra from three different
diesel particulate matter samples are shown in Figure 2. In these graphs, x-axis denotes the spectral
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wavelength and y-axis denotes the intensity of the measured optical emission signal in arbitrary units
(a.u.). A.U. is used due to the lack of absolute intensity signal; therefore, in practice, the LIBS signal
has to be further calibrated.
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Figure 2. Laser-Induced Breakdown Spectroscopy (LIBS) signal measured from three diesel particulate
matter samples. High-intensity spectral lines are from major chemical elements—carbon, iron,
magnesium, aluminium, chromium, zinc, sodium, and calcium. (a) C, Mg, Ca, and Al; (b) Fe, Cr, and
Ca, Mg; and (c) C, Ca, and Mg.

From these three spectrographs, we can observe strong optical line emissions mainly from major
chemical elements: carbon, iron, zinc, magnesium, sodium, chromium, calcium, and aluminium
spectral lines. Measured chemical elements were previously identified as major components of diesel
particulate matter. More details can be found in references [7,8]. Measured Laser-Induced Breakdown
Spectra obtained from DPM extracted from exhaust emissions from in-use diesel engine passenger
vehicles exhibit typical line spikes with distinct line peaks, which are generated from atomic, ionic,
and molecular spectral transitions.

3.2. Qualitative Measurements of Minor Chemical Elements in Diesel Particulate Matter

In order to qualitatively characterise the minor chemical elements in diesel particulate matter,
the state-of-the-art LIBS laboratory setup was built to obtain optical emission spectral images and
particular quantitative data with high spectral resolution. The results from LIBS measurements are
shown in Figure 3a–f. Figures are showing a measured signal as original data—not filtered—from
sixty-seven samples of diesel particulate matter. In this figure, the x-axis represents the measured
wavelength in (nm) for the spectral LIBS signal and the y-axis represents the intensity of the LIBS
signal in arbitrary units. In this study, we mainly focus our research to minor chemical elements.
These are particularly minor spectral lines from molybdenum, nickel, potassium, silicon, strontium and
titan atomic or ionic optical emission. Since the strength of the measured LIBS signal for a particular
atomic or ionic spectral line is generally proportional to the concentration of the studied analyte in
the sample, we analysed in detail each measured LIBS spectrum and the corresponding spectral line
profile. Each spectral peak is characterised with an individual line peak-shape, intensity, and Full
Width High Maxima (FWHM). Obtained signal and particular atomic and ionic spectral lines data
were used for qualitative as well as quantitative characterisation of diesel particulate matter.
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and (f) Molybdenum.

For a detailed qualitative LIBS comparison, we numerically calculated the integral of each spectral
peak to obtain qualitative information about the chemical composition of diesel particulate matter.
The individual profile of the spectral peak has been background corrected and fitted with an appropriate
fitting function curve. The results from the integral calculations are shown in Figure 4a–f. In this figure,
one can easily compare chemical elements variations, corresponding to the concentrations of studied
minor elements in DPM matrices. In this figure, the x-axis represents the number of individual DPM
samples, and the y-axis represents the numerically calculated integral values in arbitrary units (a.u.).
Nevertheless, for detailed quantitative analytical measurements, the calibration procedure of LIBS
spectral data has to be performed. This procedure is explained further in Section 3.3.

The silicon-atomic spectral line Si I at 288.16 nm is displayed in Figure 3a. Here, we can relatively
easy compare variations in the silicon signal (a.u.) within diverse DPM matrices. A high content of Si
is in the samples #51, 31, 25, and 55. From LIBS analytical measurements and numerical calculations,
the results of which are shown in Figure 4a, we can conclude that silicon is a minor element, and it has
been measured in 63 out of 67 different DPM samples.

The nickel-ionic spectral line Ni II at 221.64 nm is shown in Figure 3b. Here, the response peak
from the nickel signal is quite strong. The calculation of the signal integral values is shown in Figure 4b.
The samples with a high content of nickel are #12, 4, 34, 5, and 20. Nickel as a minor chemical element
was measured in 43 different DPM samples.
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Figure 4. Comparison of calculated integral values from optical emissions spectrum of (a) Silicon,
(b) Nickel, (c) Titan, (d) Potassium, (e) Strontium, and (f) Molybdenum minor chemical elements in
diesel particulate matter.

The titan-ionic spectral line Ti II at 334.94 nm is compared in Figure 3c. From the numerical
calculation shown in Figure 4c, we can see that the optical emission from this element was measured in
32 DPM matrices. A high content of titan is present in samples #51, 55, and 59.

The potassium-atomic spectral line K I at 766.48 nm is present in the IR spectral range shown in
Figure 3d. A high content has been measured in samples #51, 4, 26, 28, 25, and 8. The comparison of
calculated integral values from the potassium spectral signal is shown in Figure 4d. Potassium was
measured in 50 different DPM samples.

The strontium-ionic spectral line Sr II at 407.77 nm recorded from the visible spectral region is
shown in Figure 3e. From the numerical calculation and signal comparison in Figure 4e, strontium as a
minor chemical element has been measured in 35 different DPM samples. A strong signal from Sr is in
samples #4 and 51.

The molybdenum-atomic spectral line Mo I at 390.29 nm is shown in Figure 3f. Here, the intensity
of the Mo spectral line is well pronounced. From the integral calculation shown in Figure 4f, a higher
content of molybdenum is in two samples, #12 and 59. Molybdenum as a minor element has been
measured in 17 different DPM samples.

The summary of identified minor chemical elements in the DPM is shown in Table 2. In this table,
the atomic and ionic spectral lines that were used for the LIBS analytical measurements as well as the
sample numbers are included. The spectroscopic lines data included in Table 2 are from the National
Institute of Standards and Technology (NIST) atomic spectra database [12].
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Table 2. Spectral atomic and ionic lines employed for the analytical LIBS measurements as well as the
number of samples with detected chemical elements. The spectral lines are from the National Institute
of Standards and Technology (NIST) atomic spectra database [12].

Analyte Spectral Line Wavelength
(nm)

Detected in/Total
Number of Samples

Si Si I 288.16 63/67
Ni Ni II 221.64 43/67
Ti Ti II 334.94 32/67
K K I 766.48 50/67
Sr Sr II 407.77 35/67

Mo Mo I 390.29 55/67

3.3. Quantitative Analyses of LIBS Signal

Qualitative and quantitative spectrochemical information about the composition of the examined
analytes is contained in the LIBS spectrum. This originates from excited neutrals, ions, and molecules
within the generated laser-induced plasma. Therefore, different approaches are known to gain the
quantitative information from LIBS measurements. One of the methods determines the concentration
of each element independently by evaluating the line emission from known transition probabilities and
from the absolute measurements of the integrated line intensities. Another possible way is to measure
the emission line intensities relative to the line intensity of the main abundant element. Quite often,
the approaches to obtain quantitative results are the LIBS intensities in relation to known calibration
standards or certified reference materials. By assuming the optical emission line intensity (or integral
of spectral peak curve), the ratio of the concentration of two species A and B can be expressed as
a function ratio of the line intensity of species A to the line intensity of species B. Considering that
the concentration ratio is directly proportional to the ratio of corresponding line intensities, it is
possible to establish a calibration function. This curve is basically a plot of relative concentrations of an
element obtained by LIBS measurements versus the known relative concentrations of this element
in the samples. Then, calibration curves can be used for the quantitative determination of unknown
concentrations in the examined material.

The quantitative characterisation of the diesel particulate matter samples and the LIBS spectral
signal were obtained from internal laboratory calibration standards. Laboratory standards were
prepared with different concentrations of major as well as minor chemical elements. The majority
of the elements in the PM are due to the high intensity and signal strength measured by the LIBS
technique from carbon, iron, zinc, calcium, and magnesium. These elements are forming the major
concentration of elements in the DPM matrix. According to our previous research (see Ref. [7,8]),
these chemical elements form a main part of the diesel particulate matter. Minor elements of the
laboratory prepared particulate matter samples are molybdenum, nickel, potassium, silicon, strontium
and titan. These elements form a minority group due to the lower concentrations of these elements in
the DPM.

For calibration purposes, similar types of particulate matter material were produced as internal
standards in our laboratory. These were on the basis of previous qualitative and quantitative analytical
measurements of various types of diesel particulate matter matrices performed by the high-resolution
LIBS technique. Internal standards were made from pure certified elements bought from Sigma-Aldrich
Chemie GmbH., Taufkirchen, Germany and Carl Roth GmbH., Karlsruhe, Germany. All laboratory
calibration standards were produced as mixtures of nanopowdered materials. The nanopowder
was further mixed and milled by a laboratory grinder to obtain well-mixed fine powder. This way,
the prepared nanopowder was pressed into the pellets with a diameter of 6 mm, similar to the
DPM samples.



Energies 2020, 13, 6113 8 of 16

3.4. LIBS Measurements of Calibration Samples

All calibration standards were analysed by using the same experimental parameters as those in
the DPM matrices, which were explained earlier. An identical experimental setup, parameters, laser
energy, spectrometer, and detector settings were used. Again, LIBS measurements were performed in
air atmosphere at normal atmospheric pressure. Calculated calibration functions and R2 regression
parameter, 95% confidence limits, and prediction bands measured for molybdenum, nickel, potassium,
silicon, strontium, and titan are shown in Figure 5. In this figure, the x-axis represents the calculated
integral value for an individual spectral line from minor elements. To enhance the LIBS quantitative
analytical sensitivity of calibration functions, in particular, the regression parameter, confidence
limits, and limit of detection ratio of two spectral lines were used. One spectral line from a minor
chemical element versus one spectral line from a major chemical element (carbon) from prepared
calibration standards were calculated. Each profile of spectral peak has been background corrected
and fitted with an appropriate mathematical function. The y-axis represents a known concentration
of individual chemical elements in the laboratory prepared standards. For the calibration purposes,
we used either the linear fitting or the nonlinear allometric fitting procedures, depending on the
measured and calculated data from the LIBS analyses. The concentrations and calibration curves of
individual chemical elements are shown in weight percent (wt %) unit. Calibration functions often
experience a nonlinear profile. This is because of the sample-matrix effect. The matrix effect is due to
the different concentrations of major elements in the sample that influence the physical and chemical
property of the studied material. Therefore, it is useful to split the interval of calibration into smaller
intervals of concentration values: for example, a calibration function for low concentrations, for middle
concentrations, and for high concentrations. This approach can help increase the sensitivity of LIBS
quantitative analytical measurements.

3.4.1. Silicon Calibration Curve

Generally, in an LIBS optical spectrum, there are available many silicon spectral lines. However,
in the case of DPM, a number of silicon spectral lines are quite limited, due to the often overlapping
of silicon spectral lines with other more intense spectral lines, such as iron atomic or iron ionic lines.
Therefore, we decided to use the specific spectral line Si I at 251.63 nm, which is often applied in
optical emission spectroscopy for samples with a high concentration of iron, as this line is very well
pronounced in this kind of PM matrix. The profile of the spectral peak has been background corrected
and fitted with an appropriate mathematical function. Furthermore, we calculated the integral values
of individual signal lines (Si I at 251.63 nm) for each calibration sample. The integral of the line peak
signal has been calculated for all calibration samples. Due to the carbon element forming a major
content of the DPM samples, it can be used for calibration procedures. The background corrected and
fitted spectral peak line of carbon C I at 193.02 nm was calculated, and its peak integral values were
used for the calibration procedure, too. The integral product of the silicon atomic line and carbon
atomic line ratio was plotted against the known concentration of silicon in the calibration curves.
The calibration function for silicon is shown in Figure 5a. Here, obtained ratios are marked in the
graph as black squares, 95% confidence limits are marked by dashed lines (green), linear fit is marked
by solid lines (red), and prediction bands are marked by solid lines (blue). The R2 parameter was
calculated to 0.98. Due to the limited number of prepared internal standard samples and the resulting
calibration function, it is recommended to use the data from the calibration function only within the
obtained interval values, in our case from 0 wt % to 3 wt % for Si.
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(green dashed line) and prediction bands (blue line) for: (a) Silicon, (b) Nickel, (c) Titan, (d) Potassium,
(e) Strontium, and (f) Molybdenum obtained from laboratory prepared PM calibration standards.
Concentrations of elements are in weight percent (wt %).

3.4.2. Nickel Calibration Curve

To gain the nickel calibration function from the laboratory prepared internal standards, we used
the ratio of peak integral of an ionic spectral line Ni II at 230.30 nm and integral values of the carbon
atomic line C I at the 193.02 nm profile. The regression parameter R2 was calculated from nonlinear
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allometric fitting procedures to 0.90. The calibration curve for Ni is shown in Figure 5b. From the
internal standards prepared and resulting sample data, the Ni calibration function can be use for the
interval values between 0 to 7 weight percent (wt %).

3.4.3. Titan Calibration Curve

The titan calibration curve was calculated from the integral values of the ionic spectral line Ti
II at 334.94 nm profile. The signal from the Ti spectral line was at first background corrected and
afterwards fitted with an appropriate function. The regression parameter R2 was calculated from
nonlinear allometric fitting procedures to 0.91. The calibration curve for Ti is shown in Figure 5c.
From the prepared internal standards and resulting sample data, the Ti calibration function can be use
for the concentration between 0 and 4 wt %.

3.4.4. Potassium Calibration Curve

To acquire a potassium calibration curve, we calculated the ratio of the peak integral of the
atomic spectral line K I at 766.48 nm and integral values of the carbon atomic line C I at 193.02 nm
profile. The regression parameter R2 was calculated from nonlinear allometric fitting procedures to
0.95. The potassium calibration curve is shown in Figure 5d. From the internal standards and sample
data, the calibration function of K can be used for the interval values between 0 and 3 weight percent.

3.4.5. Strontium Calibration Curve

The calibration curve for strontium was obtained from the ionic spectral line Sr II at 407.77 nm
profile. The signal from the Sr line was background corrected and fitted with an appropriate function.
Afterwards, the integral of the fitted function was calculated. The regression parameter R2 was
calculated from linear fitting procedures to 0.98. The calibration curve for Sr is shown in Figure 5e.
From the measured data, the Sr calibration function can be optimally used for the concentration of
internal values between 0 and 5 wt % of Sr in particulate matter.

3.4.6. Molybdenum Calibration Curve

To gain a molybdenum calibration curve, we calculated the ratio of the peak integral of the
atomic spectral line Mo I at 390.29 nm and the integral of the carbon atomic line C I at the 193.02 nm
profile. The regression parameter R2 was calculated from nonlinear allometric fitting procedures to
0.93. The molybdenum calibration curve is shown in Figure 5f. From the spectral data and calibration
function, Mo can be used in an interval between 0 and 6 weight percent.

The obtained calibration curves for molybdenum, nickel, potassium, silicon, strontium and titan
will result in the possibility of further predicting concentrations of minor chemical elements in various
diesel particulate matter samples.

Table 3 specifies minor chemical elements in DPM, a summary of selected spectral lines, calculated
R2 regression parameters, and concentration intervals (wt %) that are valid for calibration curves.
Optical spectral lines and ratios of chemical elements are used for LIBS signal processing.

Table 3. Summary of calibration: minor chemical elements in diesel particulate matter (DPM), calculated
regression parameter R2, concentration interval in (wt %) and calibration curve validity. Optical spectral
lines and ratios of chemical elements used for LIBS signal processing.

Calibration for
Analyte

Regression
Parameter R2

Calibration for
Concentrations wt %

Optical Spectral Lines and Integrated
Peak Ratio for Calculation

Si 0.98 0–3 Si I @ 251.63 nm, C I @ 193.02 nm
Ni 0.90 0–7 Ni II @ 230.30 nm, C I @ 193.02 nm
Ti 0.91 0–4 Ti II @ 334.94 nm
K 0.95 0–3 K I @ 766.48nm, C I @ 193.02 nm
Sr 0.98 0–5 Sr II @ 407.77 nm

Mo 0.93 0–6 Mo I @ 390.29 nm, C I @ 193.02 nm



Energies 2020, 13, 6113 11 of 16

By means of the calibration functions presented in Figure 5a–f and by using calculated integral
values from the background corrected and fitted LIBS signal measured from different DPM, shown in
Figure 4a–f, it was possible to get quantitative information about the minor chemical elements. Results
from the quantitative determination after applying calibration curves are shown in Figures 6a–c and
7a–c. In these six figures, each bar graph represents an average concentration of chemical element for
one sample determined in wt %. Concentration of silicon, nickel, and titan are shown in Figure 6a–c,
while concentration of potassium, strontium, and molybdenum are shown in Figure 7a–c. Here,
the measurements are from 67 different DPM samples. Due to the calibration procedure, the resulting
concentrations values shown here are only within the valid calibration interval, as explained above in
Table 3. The other values, especially samples with much higher concentrations, were simply omitted.
However, it would be also possible to use these calibration functions, but it is recommended to perform
an additional calibration procedure with extra calibration standards and measured data points for
each concentration interval to increase the precision of measured data.

3.5. Quantification of Minor Chemical Elements in Diesel Particulate Matter

3.5.1. Silicon Concentration in DPM

According to the silicon calibration function shown in Figure 5a and the calculated integral values
from the LIBS signal shown in Figure 4a, the maximum content of silicon in Figure 6a was measured to
be 2.33 wt %. From Figure 6a, the minimum measured and detected concentration of Si was 0.22 wt %.
The mean value was calculated to 0.94 wt % and the median value was calculated to be 0.81 wt %
in DPM. The samples with zero Si signal and samples with a concentration above 3 wt % were not
included into the statistics. For this reason, 37 valid samples within the concentration interval were
accepted. Other samples with much higher concentrations of Si in DPM were simply omitted.

3.5.2. Nickel Concentration in DPM

By using nickel calibration data, the maximum Ni content was measured to 6.36 wt %. From
Figure 6b, the minimum measured concentration of Ni was 0.57 wt %. The mean value was calculated
to 2.22 wt % and median value of Ni was calculated to 1.76 wt %. The zero Ni signal and concentration
above 7 wt % were not included into these statistics. For statistics, 37 samples within the accepted
interval were used.

3.5.3. Titan Concentration in DPM

From the titan calibration curve and measured samples data, the maximum of Ti content was
measured to 3.95 wt %. From Figure 6c, the minimum measured concentration was 0.36 wt %. The mean
value was calculated to 1.21 wt %, and the median value was calculated to 0.95 wt %. A zero Ti signal
and concentrations above 4 wt % were not included in the statistics. We used 29 samples for statistics
within the accepted interval.

3.5.4. Potassium Concentration in DPM

From the calibration curve and measured data, the maximum of potassium content in DPM was
measured to 2.23 wt %. From Figure 7a, the minimum measured concentration was 0.1 wt %. The mean
value was calculated to 0.48 wt % and the median value was calculated to 0.37 wt %. A zero K signal
and concentrations above 3 wt % were not included into the statistics. For these statistics, 50 DPM
samples within the accepted interval were used.

3.5.5. Strontium Concentration in DPM

From the calibration function of strontium and measured data, the maximum content of Sr was
obtained to 0.99 wt %. From Figure 7b, the minimum concentration was 0.01 wt %. The mean value
was calculated to 0.09 wt % and median value was calculated to 0.04 wt %. A zero Sr signal and
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concentrations above 5 wt % were omitted. For statistics, 35 different samples within the accepted
interval were used.
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Figure 7. Quantitative determination of minor chemical elements in particulate matter collected
from in-use diesel engine passenger vehicles by Laser-Induced Breakdown Spectroscopy. Bar graphs
represent an average concentration of chemical element in wt %. Concentration of (a) Potassium,
(b) Strontium, and (c) Molybdenum in 67 different DPM samples.

3.5.6. Molybdenum Concentration in DPM

By means of the molybdenum calibration function and DPM samples, the maximum Mo
concentration was measured to 5.9 wt %, while the minimum concentration was 0.16 wt %, as shown
in Figure 7c. The mean value was calculated to 1.32 wt % and the median value was calculated to
0.72 wt %. A zero Mo signal and concentrations above 6 wt % were not included in the statistics.
For these statistics, 52 DPM samples within the accepted calibration interval were used.
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Table 4 summarises the results from the quantitative determination of minor chemical elements
in DPM collected from different in-use diesel engine passenger vehicles. In particular, the obtained
maximum, minimum, mean value, and median concentrations of minor elements in (wt %).

Table 4. Summary of quantitative determination of minor chemical elements in DPM obtained by
the high-resolution LIBS technique. Calculated maximum, minimum, mean value, and median
concentrations of minor elements in different DPM from in-use diesel engine passenger vehicles. Values
are in (wt %). For these statistics, only the samples where the minor element concentration was within
the accepted calibration interval were used.

Analyte
Max.

Concentration
(wt %)

Min.
Concentration

(wt %)

Mean Value
(wt %)

Median Value
(wt %)

Number of DPM
Samples Used for

Statistics

Si 2.33 0.22 0.94 0.81 37
Ni 6.36 0.57 2.22 1.76 37
Ti 3.95 0.36 1.21 0.95 29
K 2.23 0.1 0.48 0.37 50
Sr 0.99 0.01 0.09 0.04 35

Mo 5.9 0.16 1.32 0.72 52

By means of high-resolution LIBS and calibration procedures, we have quantitatively analysed
the minor chemical elements in DPM. From the presented results, we obtained the following mean
value concentrations. The mean value concentration of silicon in DPM was 0.94 wt %. The mean
value concentration for nickel was 2.22 wt %. The mean value concentration for titan was 1.21 wt %,
for potassium, it was 0.48 wt %, for strontium, it was 0.09 wt %, and for molybdenum, it was 1.32 wt %
in DPM samples collected from different in-use diesel engine passenger vehicles.

The resulting concentrations of these chemical elements in the DPM matrix are connected to various
processes involved in real vehicles. These are engine type, engine size, engine operation conditions,
type of fuel, quality of fuel, composition of fuel, additives of fuel, lubricants of engine, performance of
engine, particulate filters, catalytic reduction devices, engine deterioration, deterioration of engine
components, etc. Therefore, further research is important to perform and identify individual sources
of these elements in DPM.

4. Conclusions

The main task of this research was to spectrochemically analyse minor chemical elements contained
in diesel particulate matter, by means of the high-resolution LIBS technique. In this study, we prove that
LIBS can provide a sensitive qualitative as well as quantitative elemental composition of minor chemical
elements. DPM was extracted from in-use diesel engine passenger vehicles of diverse types and
models from major brand car producers in Europe. Qualitative spectrochemical analyses confirmed the
presence of minor chemical elements—silicon, nickel, titan, potassium, strontium, and molybdenum in
DPM. For quantitative analyses of LIBS results, we performed the calibration procedure. The laboratory
internal calibration standards were prepared from major and minor chemical elements contained
in DPM. Thus, the calibration functions for Si, Ni, Ti, K, Sr, and Mo were constructed by means of
LIBS. Different concentrations of detected minor elements were measured with respect to the type of
complex particulate matter. We provided data for the maximum, minimum, mean values, and median
concentrations of minor chemical elements in DPM.

The exact composition of DPM exhaust emissions from in-use diesel engine passenger vehicles is
related to different processes involved during the engine combustion as well as applied exhaust-filtering
devices. Due to the complex processes involved within the combustion, the agglomeration of chemical
elements in exhaust emissions occurred. These processes depend on the engine type, engine size,
engine operation conditions, type of fuel, quality of fuel, additives, lubricants, and aftertreatment
devices. All these conditions modify the exhaust emissions and final chemical composition of emitted
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PM from in-use diesel engine passenger vehicles. Up to now, it is not distinct which of these sources
are mostly influencing the composition of DPM.

In the future, it is important to identify individual sources of major and minor chemical elements
in the diesel exhaust emissions. It is necessary to find out where these elements come from. This would
improve the general understanding of DPM formation. The classification of primary sources responsible
for these elements would be important to acquire as well. Additionally, detailed information about
chemical elements such as sulphur and chlorine were not yet specified. This is due to the current
spectrometer limitation—spectral window gap in our spectrograph. Therefore, these spectral gaps
would be important to explore, too.

The knowledge gained from these studies can be very beneficial for scientists and engineers to
better understand the diesel particulate matter formation, for modeling of PM emissions generated
from diesel engine vehicles, for the development of aftertreatment devices, and for future emission
standards. All this information will help to minimise unwanted pollutant emissions from in-use diesel
engine vehicles.
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