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Abstract: The particulate matter (PM) and soot emissions generated from Diesel combustion engine driven vehicles are forming significant
sources of toxic and metallic nanoparticles into the air and surrounding atmosphere in heavily traffic areas or locations. Previously, we
reported that particulate matter from in-use Diesel engine passenger vehicles are chemically composed of major and minor chemical
elements with different concentration. Here, we apply laser induced breakdown spectroscopy (LIBS) technique for qualitative comparative
study of trace chemical elements adsorbed in different PM and soot matrices. The adsorption of these chemical elements in generated PM
exhaust emissions occurs due to the complex combustion processes. The main responsible sources are: injected fuel type (Diese l, Biodiesel),
fuel quality, fuel additives, engine lubricants, engine combustion process, incomplete catalytic reaction, inefficient PM filterin g devices,
engine failure or polluted intake air. All these factors as well as current engine state alter final chemical composition of particulate matter
generated from in-use Diesel engine passenger vehicles -exhaust emissions.
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1. Introduction

2. Methodology

The vehicle's exhaust emissions are forming major sources of
toxic gases as well as particulate matter (PM) including metallic
nanoparticles and pollutants into the environment and surrounding
air atmosphere [1,2]. Most of these emissions are from Diesel
engine driven vehicles either passengers, light-duty or heavy-duty
Diesel engines. For human being and his health it is extremely
important to inhale pure, non-polluted air. Non-contaminated air is
consequential for proper function of our lung, respiratory function
or cardio-vascular system, as well as for the brain and central
nervous system [3,4]. After regular and long term exposure to
Particulate Matter emissions, accumulation of nanoparticles in our
body can cause the pulmonary disease, lung infection, pneumonia,
asthma, cardiovascular diseases as well as neurological and mental
diseases [5,6].
Current existing European emission standards [7] for dieselengine driven vehicles specify the maximum allowable values for
hydrocarbons, carbon monoxide, nitrogen oxides, Particulate Matter
(PM) with certain diameter (PM2.5 and PM10 sizes in m) and
Particulate Number (PN) from exhaust emissions. However, these
emission standards do not concern any additional compounds or
chemical elements contain in PM or in the soot emissions formed
by in-use Diesel engine vehicles. Nevertheless, chemical elements
adsorbed by carbonous particles present significant fraction of
Diesel Particulate Matter (DPM) or soot emission contents. Since
PM emissions from vehicles are considered as dominant source of
air pollution in urban areas and in the cities with heavy traffic;
therefore accurate in-situ technique for on-line / off-line
measurement of PM / DPM and its chemical composition from
automotive exhaust emissions would be desirable [8].
From our previous research, where we apply Laser Induced
Breakdown Spectroscopy (LIBS) method to investigated DPM from
in-use Diesel engine passenger vehicles, strong optical emission
were observed from major spectral lines, mainly from Carbon, Iron,
Magnesium, Aluminium, Chromium, Zinc, Sodium, Calcium and
others. These elements were identified as major components of
Diesel Particulate Matter [9]. Beside the major elements of DPM, in
Diesel Particulate Matter are also present minor chemical elements,
particularly: Silicon, Nickel, Titan, Potassium, Strontium,
Molybdenium and others. Different concentrations of detected
minor elements were measured with respect to the type of complex
particulate matter, this topic is further discussed in [10]. The main
goal of this research is to spectrochemically by means of LIBS
method analyse and identify trace chemical elements adsorbed in
Diesel Particulate matrix.

Laser induced breakdown spectroscopy (LIBS) technique 1113 is an analytical spectrochemical measurement technique 14
which can be use for rapid qualitative 15 as well as for sensitive
quantitative 16 compositional characterisation of different forms
of materials: solids 17, liquids 18, gases 19, powders 20 or
nanoparticles 21. In LIBS technique, high power laser radiation,
with nanosecond or shorter pulse duration, is interacting with the
investigating material. Short pulse laser radiation is focused into the
studied material and generate the plasma. Optical emission
spectrum from plasma is collected by the optical spectrometer into
the ICCD detector and processed by PC. From LIBS spectra, it is
possible to obtain chemical composition of the examined sample. In
this research we apply laser - plasma spectroscopy technique for the
measurement of trace chemical elements in PM emitted from
exhaust emissions generated from in-use Diesel engine passenger
vehicles. We use the high resolution LIBS technique for diagnostics
of soot and Particulate Matter (PM). Here we analysed soot and
PM, extracted from exhaust manifold part, from different passenger
vehicles, that are use in daily life environment. The main aim of this
study is to qualitatively analyse trace chemical elements in different
PM matrices.

3. Experimental procedure
Laser induced breakdown (plasma) was generated by the
Nd:YAG (Neodymium doped Yttrium Aluminum Garnet) solid
state laser, model Yasmin, from Quantel, France. This laser is
emitting laser radiation at fundamental wavelength 1064 nm with
8.5 ns pulse duration. In this research we apply laser pulses with
300 mJ energy per single pulse. The emerging laser radiation has
been focused with 10 cm focusing lens into the plane solid target
surface to create a laser plasma. Optical emission from plasma has
been collected perpendicularly via optical telescope into the high
resolution Echelle spectrograph model Aryelle Butterfly from LTB
Berlin, Germany. Spectrograph is equipped with sensitive
Intensified Charge Coupled Device (ICCD) detector PI-Max 4 from
Princeton Instruments, USA. A layout of experimental Laser
Induced breakdown Spectroscopy - LIBS setup for DPM
measurement is shown in Fig. 1. This spectrometer consists of two
separate spectrographs, one part for UV spectrum and second part
for VIS spectrum of electromagnetic radiation. The UV part is from
190 nm to 440 nm and the VIS part is for the optical spectrum from
440 nm to 800 nm. Spectral resolution is from 3 picometres to 7
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picometres (pm) for VUV part and from 4 pm to 8 pm for VIS part.
Thus this Echelle spectrograph provide spectral information in
broad spectral range and with very high spectral resolution. Optical
emission from laser - plasma has been collected from VUV as well
as from VIS parts, therefore the total spectral window from 190 nm
to 800 nm wavelength has been recorded. The delay time of 1 s
after the trigger signal and gate width of 2 s was used. The LIBS
emission was measured in open air atmosphere at atmospheric
pressure and at room temperature.

Trace elements of Diesel Particulate Matter
To identify the trace elements in various DPM matrices the
LIBS setup was optimised for optical detection, to obtain high
quality spectral data. Acquired LIBS signals show optical emissions
from trace elements like: Barium, Boron, Cobalt, Copper,
Phosphorus, Manganese and Platinum with high resolution. From
LIBS spectra it is possible to obtain the analyte signal emitted at
certain wavelength, with specific line peak intensity, line peak
shape, and line peak width, different for each DPM sample. The
intensity strength and profile of particular atomic or ionic line is
basically proportional to the concentration of analyte in the studied
material. To obtain qualitative comparison of DPM samples we
numerically calculated the responded LIBS spectral line signal, the
integral value of peak area for each spectral line of interest, using
background correction and spectral line fitting procedure. In this
way we could obtained the peak area information related to
individual atomic / ionic spectral emission from corresponding
chemical elements adsorbed in different types of Diesel particulate
matter matrix. Results from LIBS measurements are shown in Fig. 3
(a-g), while results from numerical calculations are shown in Fig. 4
(a-g).

Sample preparation and collection
Different PM samples from in-use Diesel engine passenger
vehicles of major brand car producers in Europe have been analysed
by LIBS. Particulate matter has been collected from the tail pipe at
the end of the exhaust manifold, while selections of in-use vehicles
were performed randomly. More than seventy different samples
from vehicles were collected and analysed by LIBS. The collected
particulate matter from Diesel engine passenger vehicles - exhaust
manifold has been mechanically pressed into small pellets with flat
disc shape profile. Laser induced breakdown spectroscopy signal
from DPM shows spectral lines that are characteristic in ultraviolet
and visible spectral region. Each measured spectrum has been
accumulated from twelve laser shots and averaged on ICCD
detector.

Identification of trace elements in various DPM matrices:
Ionic emission from Barium spectral line (Ba II @ 455.40 nm)
is shown in the Fig. 3(a). In this figure a raw, not filtered spectral
data from LIBS measurements are shown. Here we select only six
different Diesel particulate matter samples with most pronounced
Barium signal. Selected samples with Barium ionic line are samples
with number # 61, 4, 51, 26, 41 and 60. Barium signal have been
measured in 26 samples, from 67 different DPM, see Fig. 4(a).
In Fig. 3(b) measured atomic emission from Boron doublet
spectra line (B I @ 208.88 nm and B I @ 208.95 nm) are shown.
Here we selected six different samples with line emission from
Boron, where the LIBS signal is clearly visible. The comparison of
calculated integral peak values is shown in Fig. 4(b). Samples with
high content of Boron are #4, 2, 22, 30, 15 and 64. Boron is in DPM
present as trace element in 27 different samples.

Fig. 1 Layout of the Laser Induced Breakdown Spectroscopy experimental
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 - ICCD detector (PI-Max 4, Princeton Instruments,
USA).

Optical emission from Cobalt spectral line (Co II @ 228.61 nm)
is shown in Fig. 3(c). Here, the relatively higher content of Cobalt
were measured in samples #54, 12, 57, 56, 65, 64, 67 and 55. From
numerical calculation of Co II spectral line, signal from cobalt
emission was measured in 14 different DPM matrices, as shown in
Fig. 4(c).

4. Results and discussion
Characteristic Laser Induced Breakdown Spectroscopy signal
obtained from Diesel Particulate Matter matrix is shown in Fig. 2.
LIBS spectra measured from Diesel particulate matter collected
from in-use Diesel engine passenger vehicles exhibits characteristic
peaks, optical spectral lines with specific atomic, ionic and
molecular transitions in the signal. Strong optical emission signal is
appearing from major spectral lines, particularly from Carbon, Iron,
Magnesium, Aluminium, Chromium, Zinc, Sodium and Calcium.
However, also minor chemical elements like Silicon, Nickel, Titan,
Potassium, Strontium, Molybdenium lines are present. In this
research we focus our attention to identification of trace chemical
elements in the Diesel Particulate Matter from in-use Diesel
powered engine vehicles.

Copper is shown in Fig. 3(d), as ionic spectral line (Cu II @
224.70 nm) in ultraviolet spectral range. High content were
measured in sample #44, 12, 59, 20, 5, 41, 37 and 28. The
comparison of calculated integral values are shown in Fig. 4(d).
Copper is present in 62 different samples.
Signal from Phosphorus spectral line measured from six DPM
samples are shown in Fig. 3(e). Phosphorus ionic line (P II @
221.03 nm), is present in UV spectral range. Compared results from
numerical calculation are shown in Fig. 4(e). Phosphorus trace
element has been measured in 26 different DPM samples.
Relatively strong LIBS signal from phosphorus trace element is in
sample #44, 12, 4, 5, 34 and 20.
Atomic emission from Manganese triplet (Mn I @ 403.07 nm,
Mn I @ 403.30 nm and Mn I @ 403.44 nm) is shown in Fig. 3(f).
From this spectral graph it is possible to observe content of
manganese in samples #12, 4, 55, 59, 34 and 67. Manganese trace
element has been measured in 18 different DPM and comparison of
integral values are shown in Fig. 4(f).
Atomic emission from Platinum spectral line is shown in Fig.
3(g). Here, the spectral line (Pt I @ 203.24 nm) from eight different
DPM samples is clearly visible. Platinum as the trace element were
measured in 30 different samples. While most intense signal were
recorded from samples # 12, 55, 59, 58, 34, 20, 27, 64.

Fig. 2 Optical emission LIBS spectra from Diesel particulate matter sample.
Spectrum contains major, minor and trace elements spectra patterns. Intense
spectral lines are from major components: Carbon, Iron, Magnesium,
Aluminium, Chromium, Zinc, Sodium and Calcium.
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Fig. 3 Optical emission spectra from: Barium (a), Boron (b), Cobalt (c), Copper (d), Phosphorus (e), Manganese (f) and Platinum (g), measured by high
resolution LIBS technique from Diesel particulate matter collected from in-use Diesel engine passenger vehicles.
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Fig. 4 Comparison of calculated integral values from LIBS optical emissions spectrum of : Barium (a), Boron (b), Cobalt (c), Copper (d), Phosphorus (e),
Manganese (f) and Platinum (g) trace chemical elements in Diesel Particulate Matter.
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In Table 1 are summarised measured analytes, the spectral
atomic or ionic lines used for analytical LIBS measurements and
number of samples where the trace chemical element has been
successfully detected.
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Table 1: Spectral lines used for analytical measurements and number of
samples with detected trace element.
Spectral
Wavelength
Detected in / total
Analyte
line
(nm)
number of samples
Ba
B
Co
Cu
P
Mn
Pt

Ba II
BI
Co II
Cu II
P II
Mn I
Pt I

455.40
208.95
226.61
224.70
221.03
403.07
203.24

26 / 67
27 / 67
14 / 67
62 / 67
26 / 67
18 / 67
30 / 67
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