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Abstract: In this research we apply a high-resolution optical emission spectroscopy technique for
spectrochemical analysis of collected diesel particulate matter. We use the laser-induced breakdown
spectroscopy technique (LIBS) for qualitative and quantitative measurements of major chemical
elements present in the particulate matter generated from different diesel engine passenger vehicles
in use. The high-resolution LIBS technique can instantly measure major chemical elements within the
diverse particulate matter matrices.
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1. Introduction

Actual problems with diesel-engine emissions and control failures [1–3] are prominent in public
perception around the world. To breathe clean air is very important for human health—not only for lungs
and cardiovascular system, but also for the brain and central nervous system [4,5]. Therefore, it should
be among our highest priorities to find out new technique(s) for accurate and sensitive measurement(s)
of actual exhaust emissions.

The existing emission standards Euro [6,7], Tier [8], or Low-Emission Vehicle Program (LEV) [9],
for diesel-engine vehicles specify the maximum allowable emissions of hydrocarbons, carbon monoxide,
nitrogen oxides and Particulate Matter (PM) from diesel exhaust fumes.

Generally speaking, these emission standards do not concern an additional compounds or chemical
elements contained in the exhaust emissions or exhaust vapour [10], PM, [11], black carbon/carbon black
(BC/CB) [12], or in the soot [13], formed by the diesel or biodiesel [14], from combustion engines [15].
Nevertheless, chemical elements adsorbed by carbonous particles present significant volumetric as
well as mass fraction of the total Diesel Particulate Matter (DPM) or soot emission contents.

Moreover, inhalation of metallic base particles or ions has numerous negative health effects,
especially upon long-term exposure. Automotive emissions are considered the dominant source for
airborne metal pollution in urban areas [16]. Therefore, accurate in-situ technique to assess the on-line
atomic elemental composition of particulate matter from automotive emissions would be desirable.

Among the early pioneers in measurement of particulate trace emissions from vehicles was the
group of Schauer et al. [11] as they used a comprehensive dilution source sampler, organic chemical
analysis and X-ray fluorescence analysis for mass and chemical composition measurements of fine
particles. Other groups [10,12,15,17], used Inductively-Coupled Plasma Mass Spectrometry (ICP-MS)
and X-Ray Fluorescence (XRF) for characterisation of metals and other particle-phase species from
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on-road motor vehicles. They found the following trace elements in the particles: Al, Ba, Be, Ca, Cd,
Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Pt, S, Sr, Ti, V, Zn.

Other groups [18–22], used Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
to characterize the different biodiesel samples with special concern to quantify the Al, Ca, Cu, Fe,
K, Mg, Mn, Na, Ni, P, Sr, B and Cl content, to evaluate the fuel quality and to control the emission
of pollutants to the atmosphere. In this case the samples were prepared using a high pressure asher
digestion procedure for metal determination in biodiesel samples. Different groups used ICP-MS to
characterise additional bound elements, like Cd, As, Ba and Ti in the particulate matter collected from
ultra low sulphur diesel and biodiesel powered engine exhaust emissions [23].

In this research we apply a high-resolution laser-induced breakdown spectroscopy technique
(LIBS) [24–26], for qualitative and quantitative spectrometric measurements of diesel particulate matter
collected from passenger diesel combustion engine vehicles in use.

Laser induced breakdown spectroscopy is an emerging measurement technique [27] for rapid
qualitative [28] and sensitive quantitative compositional analysis [29,30] of various forms of materials
like solids [31], liquids [32], gases [33], powders [34] or nanoparticles [35].

The first pioneering group, that investigated the metallic elements in diesel soot collected on
filter by means of laser induced breakdown spectroscopy, was Lombaert et al. [36]. They found that
Fe, Cu, Ca, Zn, and Mg appear as the main metallic species deposited within diesel particles on the
reference filter.

The aim of this study is to use the LIBS technique for qualitative and quantitative spectrochemical
analyses of major chemical elements contained in the diesel-engine exhaust emissions that are
contributing to the particulate matter composition from in-use vehicles. The presence of these elements
in the exhausts of diesel-engine vehicles originates from different sources. Mainly from the fuel
and additives, engine combustion process, incomplete catalytic reaction, inefficient diesel particulate
filtering technique, engine failure or even from contaminated intake air.

Every information revealed from these studies can be very beneficial for scientists or engineers,
like combustion physicists, engine developers, environmentalists, biomedical and medical scientists
or emission specialists, to better understand the DPM composition, for modelling of PM emissions
generated from diesel-engine vehicles, for the development of after treatment technologies and to set
the future emission standards.

2. Methodology

2.1. Laser-Induced Breakdown Spectroscopy (LIBS) Technique

If a high-power and short-pulse laser is focused into a target material, absorption of the laser
radiation followed by temperature rise and subsequent ablation of the material surface occurs.
This process is accompanied with the formation of laser plasma [25]. Laser-induced plasma is a very
intense and bright source of radiation. Its optical spectral information can be used as fingerprint of
emitting atomic and ionic or molecular species, contained in the studied sample. The collected emission
data can be further used for the basic spectrochemical analysis of the material’s composition [24].
In LIBS a high-power laser beam, usually with nanosecond pulse duration, is interacting with the target
material [37]. This short light—matter interaction generates plasma, from which an optical emission
spectrum is collected by the optical spectrometer and then further processed by software. From these
LIBS spectra, the elemental chemical composition of the examined sample is obtained. The qualitative
spectral information can be further calibrated, to obtain quantitative results. The LIBS technique
provides very sensitive and rapid analytical measurements, without sample pre-treatment, in the range
of ppm levels [38], almost instantaneously, in contrast to competing analytical techniques, such as
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) [39], Atomic Absorption
Spectrometry (AAS) [40], X-Ray Fluorescence Spectroscopy (XRFS) [41], or Secondary Ion Mass
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Spectrometry (SIMS) [42]. This advantage pushes the LIBS technique forward in many new research
areas [43], and makes it also attractive for industrial applications [44,45].

2.2. LIBS Technique for Quantitative Material Analysis

Qualitative and quantitative spectrochemical information about the composition of an examined
analyte is contained in the LIBS spectrum. This originates from excited neutrals, ions and molecules
within the 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
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. Calibration curves can be then used for the quantitative determination of unknown
concentrations in the examined material.

3. Experimental Procedures

3.1. LIBS Setup

The experimental setup for laser induced breakdown spectroscopy measurements of particulate
matter collected from in-use diesel-engine passenger vehicles consists of a high intensity pulsed laser
system, with nanosecond laser pulse duration, the experimental chamber, a collection of optics and
a high precision optical spectrometer. The plasma is generated by focusing the high-intensity laser
pulse into the target. Usually a solid state laser or diode pumped laser is applied at its fundamental
wavelength of 1064 nm or the second harmonic (532 nm) with repetition rates ranging from 1 Hz to
few kHz. A schematic of the experimental LIBS setup is shown in Figure 1.

Energies 2020, 13, x FOR PEER REVIEW 3 of 19 

 

X-Ray Fluorescence Spectroscopy (XRFS) [41], or Secondary Ion Mass Spectrometry (SIMS) [42]. This 
advantage pushes the LIBS technique forward in many new research areas [43], and makes it also 
attractive for industrial applications [44,45]. 

2.2. LIBS Technique for Quantitative Material Analysis 

Qualitative and quantitative spectrochemical information about the composition of an 
examined analyte is contained in the LIBS spectrum. This originates from excited neutrals, ions and 
molecules within the 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 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. Calibration curves can be then used for the 
quantitative determination of unknown concentrations in the examined material. 

3. Experimental Procedures 

3.1. LIBS Setup 

The experimental setup for laser induced breakdown spectroscopy measurements of particulate 
matter collected from in-use diesel-engine passenger vehicles consists of a high intensity pulsed 
laser system, with nanosecond laser pulse duration, the experimental chamber, a collection of optics 
and a high precision optical spectrometer. The plasma is generated by focusing the high-intensity 
laser pulse into the target. Usually a solid state laser or diode pumped laser is applied at its 
fundamental wavelength of 1064 nm or the second harmonic (532 nm) with repetition rates ranging 
from 1 Hz to few kHz. A schematic of the experimental LIBS setup is shown in Figure 1. 

 
Figure 1. Layout of the laser-induced breakdown spectroscopy (LIBS) experimental setup. 
LS—Laser Source, M—Mirror, P—Plasma, S—Sample, FL—Focusing Lens, L1 and L2—Optical 
Telescope, OS—Optical Spectrometer, D— Intensified Charge Coupled Device (ICCD) Detector. 

To generate the laser induced breakdown from diesel particulate matter, a Nd:YAG solid state 
laser from Quantel was used. It was operated at the fundamental laser wavelength of 1064 nm with 
pulse duration 8.5 ns and laser energy 300 mJ per single pulse. Due to the large number and different 
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Figure 1. Layout of the laser-induced breakdown spectroscopy (LIBS) experimental setup. LS—Laser
Source, M—Mirror, P—Plasma, S—Sample, FL—Focusing Lens, L1 and L2—Optical Telescope,
OS—Optical Spectrometer, D— Intensified Charge Coupled Device (ICCD) Detector.

To generate the laser induced breakdown from diesel particulate matter, a Nd:YAG solid state laser
from Quantel was used. It was operated at the fundamental laser wavelength of 1064 nm with pulse
duration 8.5 ns and laser energy 300 mJ per single pulse. Due to the large number and different origin
of DPM matrices, we applied higher laser energy, to enhance the optical emission from the plasma and
gain signals from the infrared, visible as well as ultraviolet spectral regions. The laser radiation has
been focused with a 10 cm focusing lens into the plane of the DPM solid target surface to create a plasma.
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Optical emissions from the plasma have been collected perpendicularly, via an optical telescope, into the
high-resolution Echelle spectrograph (Model Aryelle Butterfly from LTB Lasertechnik Berlin, equipped
with an Intensified Charge Coupled Device-ICCD) detector. The spectrometer consists of two separate
spectrographs, one for the UV range from 190 nm to 440 nm and the second unit for the visible (VIS)
optical spectrum in a range from 440 nm to 800 nm. The spectral resolution capability is from 3 p.m. to 7
p.m. for the ultraviolet (UV) range and from 4 p.m. to 8 p.m. for the VIS range, thus providing spectral
information of a broad range with very high-resolution and variability. Optical emissions from the
plasma have been collected from ultraviolet to infrared spectral window, thus the total spectrum from
190 nm to 800 nm were recorded. The delay time for starting recording of the optical spectral signal
was set to 1 µs after the trigger signal, and gate time for spectral acquisition has been set to 2 µs. In
earlier delay times than 1µs, the black body radiation dominates in the laser-induced plasma, while for
later time intervals like 3 µs the atomic and ionic emissions start decaying [46]. The LIBS emission was
measured in an open air atmosphere under atmospheric pressure and at room temperature.

3.2. Particulate Matter Collection and Sample Preparation

Sixty-seven different DPM samples were obtained from miscellaneous in-use diesel-engine
passenger vehicles of diverse types and models from major brand car producers in Europe. Vehicles
selected for the sample collection were from production models that are frequently encountered on
public roads. Neither preproduction vehicles nor experimental engines were used. It is important
to mention that these studies have not been concerned with the technical conditions and properties
of individual vehicles. As well as the air pollution has not been taking into the account as we have
neither measured the chemical composition of engine intake air nor the particles attached at the air
filters of the vehicles. Both conditions would be hard to assess, because vehicles were driving in
different environment during their life time. Diesel particulate matter has been extracted from the end
sections of the tailpipes of the passenger vehicles that means from position after the Diesel Particulate
Filter (DPF), Diesel Oxidation Catalyst (DOC) or catalytic converter if applied. For this purpose we
have carefully collected only upper part of particulate matter residual deposits from the tailpipe wall,
which has been stored individually for each vehicle. Each PM sample was produced from one different
vehicle. Even more vehicles and PMs were actually accessed, but due to the sample preparation and
measurements, not all samples were sustained or were sufficient for LIBS consistent measurements.
Vehicles were selected randomly and no manufacturer was preferred. All these samples were analysed
using the LIBS method. The results presented in this paper originate from eight largely diverse DPM
matrices with respect to the LIBS spectrum. The reason is to qualitatively and quantitatively describe
the elemental composition of these matrices by laser induced breakdown spectroscopy. A special
emphasis is given to analyse the major spectral lines that are mostly pronounced in the ultraviolet,
visible and infrared optical emission spectrum from diesel particulate matter. The collected exhaust
particles from individual in-use diesel-engine vehicles have been mechanically pressed into solid pellets
with a flat disc shape. These DPM samples were then analysed by LIBS without further preparation.
The optical spectra obtained were averaged over 12 laser shots. Also various positions on each pellet
were sampled, to assure the repeatability and reproducibility of the measurements.

4. Results and Discussion

4.1. Qualitative Measurements of Particulate Matter

To this end, the state-of-the-art laboratory laser-induced breakdown spectroscopy setup was used
to obtain precise and high resolution optical emission spectra recorded from laser induced plasma
interaction with different DPM matrices. The qualitative LIBS results of these measurements are shown
in Figure 2. Here, the signal is dominating by strong lines—optical emissions from: (a) carbon, (b) iron,
(c) magnesium, (d) aluminium, (e) chromium, (f) zinc, (g) sodium and (h) calcium spectral lines. A LIBS



Energies 2020, 13, 368 5 of 18

spectrum exhibits characteristic optical emissions with distinct lines of atomic, ionic and molecular
origin in the signal.
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Figure 2. Optical emission spectra of eight different diesel particulate matter (DPM) matrices measured
by laser-induced breakdown spectroscopy.

In Figure 2, the spectral line emission from DPM samples differs considerably. Thus the chemical
compositions of the particulate matter matrix also change. Consequently this is because of different
origin of DPM samples are the unique formation of the diesel exhaust emissions. In fact, the source of
composition differences is a combination of: the composition of diesel fuel and quality, additives in
the fuel, combustion process, type of the engine, performance of the engine and composition of the
intake air. Other parts that influence the final composition of DPM are applied aftertreatment devices,
like DPF or catalytic converter. All these input parameters influence the final chemical composition of
exhaust diesel particulate matter matrix from diesel vehicles.

4.2. Major Chemical Elements of Particulate Matter

Carbon Spectral Line

In Figure 3a a comparison of eight atomic carbon spectra (C I at 247.85 nm) from different DPM
samples with high content of C, Fe, Mg, Al, Cr, Zn, Na, Ca is shown. The peak intensity and width
varies for each spectrum. Additionally samples with a high content of iron (#6), aluminium (#8) or
chromium (#1) posses an additional iron peak (Fe II at 248.015 nm), that partially interferes with the
carbon spectrum.
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Iron Spectral Line

In Figure 3b comparisons of the ionic emission from iron spectral line Fe II at 238.20 nm of eight
DPM samples are shown. From the intensity of spectra lines, samples with high content of iron are
samples #1, #6, #8. Iron is one of the components often present in the DPM that mainly influences the
optical emission. It is responsible for matrix transition and affects the LIBS signal quite considerably.

Magnesium Spectral Line

In Figure 3c comparisons of the ionic doublet from magnesium spectral lines Mg II at 279.55 nm
and Mg II at 280.27 nm are shown. Optical emission from magnesium is present in most of the
DPM matrices.

Aluminium Spectral Line

In Figure 3d the ionic aluminium signal from Al II at 198.98 nm is shown. Strong aluminium lines
are present in three selected DPM matrices, in samples (1, 6, 8).

Chromium Spectral Line

The comparison of the LIBS optical emissions from the atomic chromium triplet lines Cr I at
520.44 nm, 520.60 nm and 520.84 nm is shown in Figure 3e. Chromium lines are pronounced in
samples (1,3–5,7).

Zinc Spectral Line

Signal from zinc line Zn II at 202.54 nm is shown in Figure 3f. Zinc is usually present in all DPM
matrices. With high intensity is present in samples (2, 3, 5). Zinc is the major trace element and
influences DMP matrices significantly.

Sodium Spectral Line

Optical emissions from the sodium doublet atomic spectral lines Na I at 588.99 nm and Na I at
589.59 nm are shown in Figure 3g. Sodium is principally present in all DPM matrices. Sodium lines are
relatively intense and dominate in the visible part of the LIBS spectra. This significantly influences the
overall composition of DPM.

Calcium Spectral Line

Calcium spectrum Ca I at 422.67 nm is shown in Figure 3h. Calcium lines pervasive in LIBS
spectra from DPM and due to the strong LIBS emission are considered as a major element.

In Table 1 are given the spectral atomic and ionic emission lines used for analytical LIBS
measurements. Data are obtained from the National Institute of Standards and Technology (NIST)
atomic spectra database [47], and are for major chemical elements in DPM.
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Figure 3. Optical emission spectrum of carbon (a), iron (b), magnesium (c), aluminium (d), chromium
(e), zinc (f), sodium (g) and calcium (h) measured by high resolution LIBS from selected diesel particulate
matter collected from in-use passenger diesel-engine vehicles.

Table 1. Spectral atomic and ionic lines used for analytical LIBS measurements.

Spectral Line Wavelength λ (nm)

C I 193.02
C I 247.85

Fe II 238.20
Fe II 259.93
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Table 1. Cont.

Spectral Line Wavelength λ (nm)

Fe II 248.01
Al I 309.27
Al II 198.98
Cr I 520.44
Cr I 520.60
Cr I 520.84
Zn II 202.54
Na I 588.99
Na I 589.59
Ca I 422.67
H I 656.27

Mg II 279.55
Mg II 280.27

4.3. Quantification of the LIBS Signal

Preparation of the Calibration Samples

For the quantification of the LIBS signal, calibration standards with different concentrations
of selected chemical elements in the particulate matter were prepared. In particular, carbon, iron,
magnesium, aluminium, chromium, zinc, sodium and calcium that form the main matrix elements of
DPM. Based on previous qualitative analytical research of individual DPM matrices by LIBS, similar
particulate matter matrices were produced as internal standards. Calibration standards have been made
of certified pure materials, either from Carl Roth GmbH or from Sigma-Aldrich Inc. (Germany). For all
calibration samples, mixtures of extra pure nano-powdered materials were used. Nano-powdered
materials were further milled together using a laboratory grinder to assure a well-mixed and fine
powder. The powder was mechanically pressed into small pellets with 6 mm diameter, similar to the
DPM samples.

Calculation of the Limit of Detection

The limit of detection (LOD) is defined as the minimum concentration of an element detected with
a specified degree of uncertainty. In our case of a linear calibration function with 95% of confidence
level, the LOD can be calculated as [25]:

LOD =
3σ
S

(1)

where the sensitivity S is the slope of the calibration curve for the specific atomic emission at the lowest
measured concentration. The standard deviation, σ, is the precision of the measurement given by:

σ =

√√ n∑
i=1

1
n

(
X −Xi

)2
(2)

where the mean value X is defined as:

X =
1
n

n∑
i=1

Xi (3)

with the obtained quantity Xi, measured n-times.

Measurement of Calibration Samples by LIBS

The calibration samples were measured under the same experimental conditions as the DPM matrices
above. Identical experimental parameters, optical setup, laser energy (300 mJ), optical spectrometer
and ICCD detector settings, particularly the delay time 1 µs and gate width 2 µs remained unchanged.
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Experimental LIBS measurements were performed in air atmosphere at normal atmospheric pressure.
Obtained calibration curves (together with calculated regression parameter R2, limit of detection (LOD),
95% confidence limits and prediction bands) for: carbon, iron—medium concentrations, iron—high
concentrations, magnesium, aluminium, chromium, zinc, sodium and calcium, in laboratory prepared
PM calibration samples, are shown in Figures 4 and 5.

Carbon Calibration Curve

Two carbon spectral lines that are available were selected to maximise the precision of the
calibration function. The product of carbon atomic line C I at 247.85 nm and C I at 193.02 nm
from the measured spectra, against the known concentration of carbon in the individual calibration
samples were plotted. The integral of the peak signal have been calculated for all calibration samples.
The calibration curve of carbon obtained for different particulate concentrations is shown in Figure 4a.
In this figure, the calculated ratios are denoted in the graph as black squares, linear fit by solid line (red),
95% confidence limits by dashed lines (green) and prediction bands by solid lines (blue). The regressive
parameter R2 was calculated to 0.97 and the LOD was determined from weighted linear fit and 95%
confidence limits to 4.9 wt%. It is important at this stage to mention that the LOD for carbon is relatively
high, due to the fact that we simply deal with a carbon dominated matrix, therefore this calibration
protocol is not intended to be applied to low carbon concentrations. The obtained calibration curve will
yield the possibility to predict the level of carbon concentrations in various diesel particulate matrices.

Iron Calibration Curves

Iron is very often present in the DPM matrices with either higher or lower concentrations. Due to
the dominant characteristic of the iron spectral lines, it was necessary in this case to construct two
calibration curves. The first calibration function for the range of medium iron concentrations was
calculated for 5 wt% to 20 wt% and the second function for higher iron concentrations from 20 wt% to
100 wt%. This is due to the fact, that between the first and second group the matrix begins to transform
from a carbon dominated matrix towards a more iron defined matrix. To increase the precision of
calibration, it is useful to apply an individual calibration curve for each matrix type.

To construct a calibration curve for iron with medium content, we calculated the ratio between
ionic iron lines, Fe II at 259.93 nm and carbon atomic lines C I at 247.85 nm. The result is shown in
Figure 4b where the linear fit, together with 95% confidence bands and prediction bands for calibration
sample data are shown. Here we obtained a regression parameter of R2 = 0.97 for the fit and identified
the LOD as 7.2 wt%. In the second case—the calibration curve for higher concentrations of iron in the
samples—we calculated the ratio between ionic iron lines, Fe II at 248.01 nm and the carbon atomic
lines C I at 247.85 nm, see Figure 4c. Here, the regression parameter was R2 = 0.96.
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Magnesium Calibration Curve

To obtain a magnesium calibration curve from the standardized samples we calculated the peak
integral of ionic spectral line Mg II at 279.55 nm. The R2 parameter was calculated from linear regression
to 0.96 and the LOD from 95% confidence bands to 0.74 wt%. Our calibration curve for Mg is shown in
Figure 4d.

Aluminium Calibration Curve

An aluminium calibration curve was constructed from the ratio between ionic line Al II at 198.98
nm and the carbon atomic line C I at 193.02 nm. The R2 parameter was calculated from linear regression
to 0.96 and the LOD from 95% confidence bands to 6.5 wt%. The linear fit for Al is shown in Figure 5a.

Chromium Calibration Curve

In Figure 5b the calibration data of chromium together with a linear fit are shown. The calibration
curve was calculated as the ratio between atomic line Cr I at 520.84 nm and hydrogen, H alpha line,
H I at 656.27 nm. The R2 parameter was calculated to 0.96 and the LOD to 1.52 wt%.
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Figure 5. Calibration curves including regression parameter R2, limit of detection (LOD), 95% confidence
limits and prediction bands for: (a) aluminium, (b) chromium, (c) zinc, (d) sodium and (e) calcium
obtained from laboratory prepared PM calibration samples.

Zinc Calibration Curve

To gain the calibration curve for zinc from calibration samples, the ratio between ionic spectral
line Zn II at 202.54 nm and the carbon atomic line, C I at 247.85 nm was calculated. In this case
the regression parameter R2 from the linear fit was 0.96 and the limit of detection LOD = 2.77 wt%.
The results for Zn are shown in Figure 5c, together with the confidence and prediction bands.
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Sodium Calibration Curve

The element sodium was calibrated through the ratio between sodium atomic spectral line Na I
at 588.99 nm and the hydrogen alpha line, H I at 656.27 nm. The integral of the spectral lines were
calculated and data are shown in Figure 5d. Thus the calibration curve was obtained from a linear fit
with the regression parameter R2 = 0.99. The limit of detection for sodium was determined from the
confidence bands to 0.26 wt%.

Calcium Calibration Curve

Calcium is also a major element in diesel particulate matter. To obtain the concentration level of
this element, the calibration function was constructed from the ratio of calcium atomic spectral line Ca
I at 422.67 nm and the carbon atomic line C I at 247.85 nm. The calculated data are shown in Figure 5e,
together with the linear fit, confidence and prediction bands. From linear regression, the R2 parameter
was calculated to be 0.98 and the LOD = 0.47 wt%.

Selected spectral lines used for calculation of LIBS signal, and obtained regression parameters R2

together with LOD from calibration functions of different analytes are summarised in Table 2.

Table 2. Summary of spectral lines used for LIBS signal calculation, calibration of major chemical
elements in DPM, obtained regression parameter R2, and limit of detection (LOD).

Calibration for Analyte Regression
Parameter R2 LOD in wt% Integrated Peak Ratio

Calculation

C 0.97 4.9 C I @ 247.85 nm, C I @ 193.02 nm
Fe–medium 0.97 7.2 Fe II @ 259.93 nm, C I @ 247.85 nm

Fe–high 0.96 - Fe II @ 248.01 nm, C I @ 247.85 nm
Mg 0.96 0.74 Mg II @ 279.55nm
Al 0.96 6.5 Al II @ 198.98 nm, C I @ 193.02 nm
Cr 0.96 1.52 Cr I @ 520.84 nm, H I @ 656.27 nm
Zn 0.96 2.77 Zn II @ 202.54 nm, C I @ 247.85 nm
Na 0.99 0.26 Na I @ 588.99 nm, H I @ 656.27 nm
Ca 0.98 0.47 Ca I @ 422.67 nm, C I @ 247.85 nm

4.4. Quantitative Composition of Particulate Matter from Selected In-Use Diesel-Engine Vehicles

The results from quantitative determination of selected major chemical elements of eight DPM
matrices acquired from different in-use diesel-engine passenger vehicles are shown in Figures 6 and 7.
The calculated concentration of carbon, iron, magnesium, aluminium, chromium, zinc, sodium and
calcium in DPM were achieved by means of calibration curves obtained from prepared calibration
standards. Each concentration number represented the average value of calculated concentration.
These average values were obtained from three different position measurements by LIBS at the same
DPM sample. The quantitative concentration of each element was determined from spectral line ratios
and by means of calibration curves acquired for each major element. Values obtained were average
concentrations of weight percent (wt%), because of the multiple LIBS measurements from different
sample positions and consequent averaging.

From Figures 6 and 7 one can observe that carbon concentrations are not consistent for all DPM
samples. The carbon concentration is changing in the individual matrices, from maximum measured
content of 64 wt% to minimum content 22 wt% for certain samples. Iron concentration also varies
significantly, from 54 wt% to 8 wt%. Magnesium content between 7 wt% and 1 wt%. Two samples
shown higher value of aluminium, more than 6 wt%. Almost all samples contain chromium with
concentration below 1 wt% to more than 6 wt%. Zinc concentration is from 1 wt% up to 7 wt%.
Sodium concentration is more than 11 wt% and calcium 13 wt%.
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Figure 7. Quantitative determination of selected major chemical elements measured by LIBS,
showing average values of wt% in different DPM matrices, (Sample 5, 6, 7 and 8) obtained from in-use
passenger diesel combustion engine vehicles.

To quantitatively describe different DPM matrices, we underline individual major chemical
elements and average concentrations in wt% for each sample.

Sample 1: consists of relatively high concentration of iron 54.4 wt%, carbon 23.8 wt%,
sodium 8.7 wt%, chromium 6.3 wt%, magnesium 4.7 wt%, calcium 3.4 wt% and zinc 1.9 wt%.

Sample 2: contains carbon 24.9 wt%, iron 8.1 wt%, calcium 6 wt%, zinc 5.8 wt%, magnesium 1.4 wt%,
sodium 1 wt%, chromium 0.7 wt% and other elements.



Energies 2020, 13, 368 15 of 18

Sample 3: is composed of carbon 63.7 wt%, iron 13.9 wt%, sodium 9.4 wt%, zinc 6.9 wt%,
magnesium 3.1 wt%, chromium 1.5 wt%, calcium 1.5 wt% and other elements.

Sample 4: carbon 61.1 wt%, iron 15.7 wt%, chromium 3.6 wt%, sodium 1.9 wt%, magnesium 1.8 wt%,
zinc 1.6 wt%, calcium 1 wt% and other elements.

Sample 5: carbon 31.2 wt%, iron 11.8 wt%, sodium 11.2 wt%, calcium ~6.6 wt%, magnesium 6 wt%,
zinc 3.2 wt%, chromium ~0.9 wt% and other elements.

Sample 6: iron 31.7 wt%, carbon 27.5 wt%, aluminium 5 wt%, sodium 2.5 wt%, zinc 1.4 wt%,
calcium 1.3 wt%, magnesium 0.9 wt%, and other elements.

Sample 7: carbon 45.8 wt%, iron 17.9 wt%, magnesium 6.7 wt%, calcium 2.2 wt%, zinc 1.8 wt%,
chromium 1.1 wt%, sodium 1 wt%, and other elements.

Sample 8: iron 43.3 wt%, carbon ~22.5 wt%, calcium 13.1 wt%, sodium 7.4 wt%, aluminium 6.3 wt%,
magnesium 6.1 wt%, zinc ~2.5 wt% and chromium ~0.8 wt%. A summary of major chemical elements
and their average concentration values in wt% for eight selected DPM sample, measured by LIBS using
calibration curves, is shown in Table 3.

Table 3. Composition of major chemical elements in selected DPM samples, measured by LIBS using
calibration curves. Showing average values in wt%.

Sample C (wt%) Fe (wt%) Mg (wt%) Al (wt%) Cr (wt%) Zn (wt%) Na (wt%) Ca (wt%)

1 23.8 54.4 4.7 - 6.3 1.9 8.7 3.4
2 24.9 8.1 1.4 - 0.7 5.8 1 6
3 63.7 13.9 3.1 - 1.5 6.9 9.4 1.5
4 61.1 15.7 1.8 - 3.6 1.6 1.9 1
5 31.2 11.8 6 - 0.9 3.2 11.2 6.6
6 27.5 31.7 0.9 5 - 1.4 2.5 1.3
7 45.8 17.9 6.7 - 1.1 1.8 1 2.2
8 22.5 43.3 6.1 6.3 0.8 2.5 7.4 13.1

Additionally most of the samples (2, 4, 5, 6 and 7) are consisting of other elements—major and
minor, depicted in the Figure 6 as “Others”. These are the elements not measured, detected or not
analysed by LIBS so far, in this paper. These can include e.g., sulphur or chlorine and other major,
minor as well as trace elements contained in DPM.

The main outline of this study was to qualitatively and quantitatively analyse major chemical
elements contained in the PM exhaust emissions from in-use passenger diesel-engine vehicles.
The presence of carbon, iron, magnesium, aluminium, chromium, zinc, sodium and calcium in the
particulate matter of diesel exhausts as principal components could have different reasons. Generally the
birthplace can be from diversified sources. One source is from engine intake (fuel, additives, air),
the second source is from engine combustion process (engine materials, piston, cylinder, bearings,
etc.), the third is from engine lubricating oil, and the last source from filtering like DPF and catalytic
converter devices.

These components altogether influence the total chemical composition of diesel exhausts and
particulate matter (PM) from in-use diesel-engine vehicles.

5. Conclusions

This research presents a LIBS technique for accurate qualitative and quantitative analytical
measurements of DPM. Particulate matter has been collected from in-use diesel-engine vehicles.
Diesel passenger vehicles were randomly chosen from a daily-life environment and major brand car
producers in Europe. From spectrochemical LIBS analysis we found that DPM from in-use vehicles
does not consist solely or at least mainly of pure carbon particles. Instead it consists of many chemical
elements with diverse concentrations. The high-resolution LIBS technique can instantly measure
major chemical elements within diverse types of DPM matrix. From qualitative LIBS measurements
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we obtained principal compounds of DPM: carbon, iron, aluminium, chromium, zinc, magnesium,
calcium and sodium elements.

Special concern has been given to the quantification of the LIBS signal obtained from the
different DPM matrices. We characterised quantitatively the different DPM samples and their main
elemental compositions.

In this study we have assessed the qualitative and quantitative composition of major chemical
elements in various DPM matrices using a high-resolution LIBS technique. Nevertheless, in future
research it will be necessary to obtain detailed information about additional major elements contained
in DPM, which were not measured, particularly Sulphur and Chlorine content. This is because of
spectral window gap in our current LIBS setup. Further interests are minor and trace elements in DPM.

General comprehension of DPM and its chemical composition can lead to better control of the
diesel exhaust emissions as well as diesel-engine and combustion processes. Therefore, in the future
the development of the in situ LIBS technique for particulate matter will be crucial for further help
in controlling and limiting unwanted pollutant emissions from diesel-engine driven vehicles in real
driving situations. However the composition of final PM emissions from the diesel-engine vehicles
besides the diesel fuel, fuel additives and lubricating oils can be further affected by aftertreatment
devices such as DPF, DOC or catalytic converters. Therefore, first it would be important to assess
individual components and traces from these devices to clarify and distinguish the proportion of
chemical elements and composition in the final PM matrix from the diesel-engine exhaust emissions.
This knowledge can in the future help to meet further emission standards and regulations.
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